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Derivation of Human Embryonic Stem Cells
in Xeno-Free Conditions
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Summary

Human embryonic stem cells (hESC) have the potential to treat a wide range of diseases.
Currently, the use of existing hESC lines in human clinical applications is limited, as they are
derived from blastocysts subjected to immunosurgery with animal derived antibodies, and are
maintained on mouse embryonic feeder (MEF) cells, in the presence of either fetal calf serum
(FCS) or on Matrigel or with conditioned media from MEFs. Successful derivation of hESCs
in xeno-free conditions is crucial in advancing stem cell therapy applications. Two hESC lines,
one from chromosomally abnormal embryos and another cell line from normal embryos from
the inner cell mass of human blastocysts are derived using a culture media that had 20% serum
replacement (SR) and human FGF2 on human foreskin fibroblasts as feeder cells. Derivation and
characterization of such xenofree hESCs suitable for clinical studies is described in this chapter.
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1. Introduction
Human embryonic stem cell (hESC) biology is rapidly progressing toward

clinical transition and potential therapies. Despite the increasing interest and
demand for hESCs, the available number of hESC lines is limited and their
use in clinical cell therapy is restricted, as existing lines express the non-
human antigen Neu5Gc (1). In addition, prolonged culturing of hESCs induces
genomic alterations (2), and the presence of high levels of major histocompat-
ibility complex-1 (MHC-1) antigens makes them susceptible to immunological
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rejection following transplantation (3). Hence, derivation of hESCs in xeno-free
conditions is crucial to develop successful stem cell therapy approaches. Recent
advances in the long-term maintenance of hESCs in feeder-free and serum-free
conditions (4), as well as medium optimization that enables hESC growth in
an undifferentiated state, have contributed toward a new generation of hESCs
grown in animal component-free systems. The molecular events taking place
during hESC derivation must be better understood, and development of feeder-
free and serum-free media will facilitate their scrutiny (5). Existing hESCs have
been derived in the presence of fetal bovine serum, maintained in conditioned
medium from mouse embryonic feeder cells, or using Matrigel substratum.
Use of these complex media systems with ingredients of animal origin not
only makes it difficult to understand the molecular mechanisms that control
hESC pluripotency but also renders them unfit for clinical use. KnockOut
Serum Replacement, a serum-free proprietary formulation of GIBCO-BRL,
Grand Island (Patent WO 98/30679, 1998, Invitrogen, Carlsbad, CA, USA), has
presented a major advance in hESC culture medium development. However,
serum replacement still contains animal-derived proteins, and its composition
remains proprietary in nature.

The Inzunza et al. (6) team derived two hESC lines, HS293 and HS306, using
human foreskin fibroblasts (HFFs) feeder cells and a medium containing serum
replacement. Here, a reliable method is described for the derivation and culture
of hESCs from human blastocysts, using HFF feeder cells. Following passages,
hESCs are propagated in feeder-free conditions through clonal selection in a
chemically defined medium (7). This method is simple, as it requires minimal
blastocyst manipulation and obviates the need for inner cell mass isolation.
Because these hESCs are derived and maintained in xeno-free conditions, they
will be suitable for use in clinical disease models of tissue repair and tissue
engineering.

2. Materials
1. Human embryos: Derivations of hESC were made possible through donation of

surplus human embryos following in vitro fertilization procedures. These donations
complied with local regulations, received institutional review board clearance and
specific donor consent.

2. Global medium: A medium containing reduced glucose and amino acids (cat. no.
LGGG-050, LifeGlobal) was supplemented with 5% human serum albumin (HSA)
(cat. no. ART3003, Cooper Surgical, TrumBull, CT, USA).

3. Pronase: 10 U/mL (cat. no. P6911, Sigma, St. Louis, MI, USA).
4. Human tubal fluid (HTF) in 4-(2-hydroxyethyl)-1-piperayineethanesulfonic acid

(HEPES) (cat. no. GMHH-100, LifeGlobal) supplemented with 5%.
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5. HFFs (cat. no. CRL-1634, ATCC, Manassas, VA, USA).
6. Feeder cell culture medium: D-MEM/F-12 (cat. no. 11330-032, Invitrogen)

containing 20% KnockOut Serum Replacement (GIBCO-BRL; cat. no. 10828-028,
Invitrogen), 100 �M non-essential amino acids (cat. no. 11140-050, Invitrogen),
2 mM l-glutamine (cat. no. 25030-081, Invitrogen), 50 U/mL penicillin, 50 �g/mL
streptomycin (cat. no. 15070-063, Invitrogen) and 100 �M 2-mercaptoethanol (cat.
no. 21985-023, Invitrogen).

7. Mitomycin C (cat. no. M-0503, Sigma): Prepared in feeder cell medium at
10 �g/mL.

8. N2B27 Complete Defined Medium (N2B27 CDM): The composition of
N2B27CDM was adopted with slight modification of the medium developed
by Yao et al. (8). N2B27CDM contained D-MEM/F-12 (cat. no. 11330-032,
Invitrogen) supplemented with 1 × N-2 Supplement (cat. no. 17502-048, Invit-
rogen), 1×B-27 Supplement (cat. no. 17504-044, Invitrogen), 2 mM l-glutamine
(cat. no. 25030-081, Invitrogen), 110 �M 2-mercaptoethanol (cat. no. 21985-023,
Invitrogen), 100 �M non-essential amino acids (cat. no. 11140-050, Invitrogen),
20 ng/mL basic fibroblast growth factor (bFGF), (cat. no. 13256-029, Invitrogen)
and 50 mg/mL HSA (cat. no. ART3003, TrumBull, CT, USA).

9. Stem cell cutting tool (Swemed, Sweden, http://www.swemed.com).
10. Stereomicroscope.
11. Stem cell marker kit: Primary antibodies specific for hESC markers TRA-1-60,

TRA-1-81, SSEA-4, SSEA-3 and Oct-4 (cat. no. SCR002, Chemicon, Temecula,
CA, USA) and isotype controls. Alkaline phosphatase activity kit (cat. no. SCR004,
Chemicon).

12. TRI Reagent for total RNA extraction (cat. no. TR118, Molecular Research Center
Inc., Cincinnati, OH, USA).

13. Primers for Oct-4, reverse transcription and polymerase chain reaction (PCR)
amplication. Taq polymerase �0�5 �L� (Promega Corp., Madison, WI, USA). The
primers used were specific for the Oct-4 gene (5′-CTTGCTGCAGAAGTGGGTG
GAGGAA-3′, 5′-CTGCAGTGTGGGTTTCGGGCA-3′), with human �-actin
as control.

14. Four-well Nunclon tissue culture dishes (cat. no. 144444, Nalge Nunc Interna-
tional, Rochester, NY, USA).

3. Methods
3.1. Human Embryo Culture

Embryos were cultured to the blastocyst stage using Global medium.
Blastocyst morphology was graded for symmetry, cytoplasmic appearance,
extent of fragmentation and blastomere nuclear status (see Note 1). Preimplan-
tation genetic diagnosis (PGD) samples that scored as relatively high quality
were selected for use.
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3.2. Preparation of Human Material

Previous studies have isolated the inner cell mass from the trophoectoderm,
using complement and laser surgery or micromanipulation. In the current
method, manipulations were minimized to retain the inner cell mass in its
native configuration (1–3). The zona pellucida was removed by treatment with
pronase at 37 �C for 2 min, and the embryo was then washed in global medium
supplemented with 5% HSA (see Note 2). The use of pronase to digest the
zona was closely monitored so as to retain the inner cell mass, while still
allowing the removal of zona and trophoectoderm cells (see Fig. 1A and B).F1

The cellular mass retained following digestion was carefully transferred to pre-
warmed wash medium consisting of HEPES-buffered HTF supplemented with
5% HSA. Following two washes, the cell mass was pipetted through a sterile
glass capillary tube and transferred to a HFF feeder cell layer (see Fig. 1C).

3.3. Human Embryo Culture

Embryos were cultured to the blastocyst stage in a single complex formu-
lation termed Global medium. PGD samples with relatively high quality blasto-
cysts were used following morphological grading based upon features of
blastomere symmetry, cytoplasmic appearance, extent of fragmentation and
blastomere nuclear status (see Note 1).

3.4. Preparation of Human Material

In order to efficiently derive hESCs, previous studies have isolated the inner
cell mass from the trophoectoderm using complement and laser surgery or
micromanipulation. In the current method, minimal manipulations were done
to retain inner cell mass in its native configuration. The zona pellucida was
removed by treatment with pronase at 37 �C for 2 min, and the embryo was
then washed in global medium supplemented with 5% HSA (see Note 2). The
process of pronase digestion was closely monitored so as to retain the inner
cell mass but still allow the removal of zona and trophoectoderm cells (see
Fig. 1A and B). The cellular mass retained after pronase digestion was carefully
transferred into pre-warmed wash medium, consisting HTF in HEPES and
supplemented with 5% HSA. Following two washes, the cell mass was pipetted
through a glass capillary and placed on to human feeder cell layer (see Fig. 1C).

3.5. Feeder Cell Preparation and Adaptation to Xeno-Free Conditions

HFF need to be pre-adapted to growth in feeder cell culture medium. When
the cells were about 70–80% confluent, HFFs were mitotically inactivated
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Fig. 1. De novo process of human embryonic stem cell derivation and cell
morphology in xeno-free culture system. (A) Image of a day 5 human blastocyst at
early hatching stage with inner mass of cells and outer zona pellucida. (B) Mass of cells
isolated following pronase treatment of blastocyst to remove zona and other cells. (C)
Pronase-treated cell mass transferred onto inactivated human foreskin fibroblast feeders.
(D) Appearance of cells with stem cell-like morphology by day 7. Note the appearance
of apoptosis of several cells in the culture during initial attachment, settlement of cells
and proliferation of stem cell-like colony. (E) Embryonic stem-like colony acquires
characteristic embryonic stem cell-like colony morphology between days 12 and 15.
(F) Subsequent passaging of this colony results in the formation of a typical embryonic
stem cell colony that expresses stem cell markers.

by exposure to feeder cell medium containing 10 �g/mL mitomycin C for 3
hours at 37 �C (see Note 3). Following inactivation, the medium was replaced
with fresh feeder cell culture medium, and cells were incubated overnight in
order to recover from treatment. Cells were trypsinized and transferred to 4-
well Nunclon tissue culture dishes at a density of 70,000 cells per well, in
N2B27CDM. These mitotically inactive HFF dishes were used only after 24 h
of plating (see Note 4).
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3.6. Culture Initiation to Derive hESCs

The initial hESC culture was established by transferring a zona-free
blastocyst to inactivated HFF feeder cells, using N2B27CDM. Culture medium
was changed each day, and the cell/colony morphology was recorded daily.
The first stem-cell like colony (see Fig. 1D) was observed approximately 7–12
days after initial plating. (see Note 5).

3.7. Early Steps of hESC Clonal Expansion

After an initial growth period of 12 days, the cell aggregates were removed
mechanically from the original plate and transferred to fresh inactivated human
feeder cell layers. Mechanical passages were performed by cutting the colony
into six to eight pieces using a Swemed stem cell cutting tool, while observing
cultures under the stereomicroscope. Mechanical passaging was carried out
every week. Undifferentiated cells, as judged by morphology (see Note 6), were
further passaged by clonal expansion (see Note 7). Culture kinetics, population
doubling times and growth variation from passage to passage were evaluated
by assessing colony and cell numbers.

3.8. Analysis of Stem Cell Marker Expression
and Immunocytochemistry

Stem cell phenotype and differentiation status of hESCs were evaluated
using an immunocytochemical stem cell marker kit. Antigen expression specific
for the hESC markers TRA-1-60, TRA-1-81, SSEA-4, SSEA-3 and Oct-4
was analyzed. The immunocytochemical profiles were captured using confocal
microscopy (see Fig. 2). Alkaline phosphatase activity was assayed in hESC
cultures using an alkaline phosphatase activity kit, following manufacturer’s
instructions.

3.9. Expression of Oct-4 as a Pluripotency Marker

Cells from different hESC passages were assessed for pluripotency by
examining Oct-4 gene expression. Oct-4 is expressed in hESCs and thought to
be involved in maintaining their pluripotent state.

Total RNA was extracted with TRI reagent. Four micrograms of total
RNA was reverse-transcribed in a 30 �L reaction mixture containing 6 �L of
Reverse Transcription (RT) buffer, 1 �L 10 mmol/L dNTP, 1 �L 0.5mg/mL
Oligo (dT)15, 0�5 �L 50 IU/mL ribonuclease inhibitor and 1 �L 200 IU/mL
M-MLV transcriptase (Promega Corp.). After reverse transcription, 2 �L of
cDNA was amplified in 50 �L of PCR mixture containing 5 �L PCR buffer,
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Fig. 2. Immunofluorescence staining to characterize undifferentiated state of human
embryonic stem cell line RGK230 with a panel of antibodies specific for human stem
cell markers. (A) positive staining for Oct-4 (green) and weak staining with SSEA-
3 (red). (B) Positive staining for SSEA-4 (green) and TRA-1-60 (red). (C) Nuclear
counter staining with Hoechst 33342 (blue) and positive staining with TRA-1-81(red)
antibody. View the figures in color in the accompanying CD.

Fig. 3. Analysis of pluripotent marker gene, Oct-4 expression by polymerase chain
reaction in human embryonic stem cell line RGK230. Lane 1, (from right) DNA marker;
lanes 2–4, expression of Oct-4; lanes 5–7, �-actin.
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Fig. 4. Fluorescence in situ hybridization analysis of human embryonic stem cell
line RGK230 (A) for the chromosomes 13 (red), 16 (aqua), 18 (blue), 21 (green) and
22 (yellow) and (B) chromosomes 15 (red), 17 (blue), X (green) and Y (pink). View
the figures in color in the accompanying CD.

3 �L 25 mmol/L MgCl2, 1 �L 10 mmol/L dNTP, 5 IU/mL Taq polymerase
0�5 �L and 1 �L 10 pmol/mL of each primer pair. The primers used were
specific for the Oct-4 gene (5′-CTTGCTGCAGAAGTGGGTGGAGGAA-3′

and 5′-CTGCAGTGTGGGTTTCGGGCA-3′), with human �-actin as control
(see Fig. 3).

3.10. Fluorescence In Situ Hybridization

Chromosomal analysis of hESC cells was carried out using fluorescence in
situ hybridization (FISH) with probes specific for chromosomes X, Y, 13, 15,
16, 17, 18, 21 and 22 in two consecutive hybridizations, following previously
published protocols (7). The first hybridization was performed using a cocktail
of probes for chromosomes 13, 16, 18, 21 and 22. The second hybridization
used a homemade cocktail of probes for chromosomes X, Y, 15 and 17 prepared
as previously described (9). Slide preparations were viewed using a fluorescent
microscope. Images were photographically captured and adjusted for signal
intensity through image analysis software (see Fig. 4). Additional information
on hESC derivation from trisomic embryos is described (10).

4. Notes
1. In the first phase of the study, a total of 13 blastocysts with variable inner cell

mass quality were used for embryonic stem cell derivation.
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2. On day 5 or 6 after fertilization, blastocysts selected for hESC isolation were
processed for zona pellucida removal by short-term exposure (2–5 min) to pronase
in embryo culture medium. We intentionally avoided laser biopsy in view of
possible failure of laser-biopsied cells to establish cell lines. We also avoided the
procedure of immunosurgery, as this involves the use of complement, a product of
animal origin. The inner cell mass was isolated by mechanical micromanipulation,
and the cells were collected as aggregates rather than as single cells. The aggregates
were plated onto mitotically inactivated HFF cells.

3. Mitomycin C undergoes rapid degradation in acidic solutions (when pH < 6). It
is stable in solutions and buffers at a pH of 6–9. It is better to prepare a working
solution and pre-warm it to 37 �C, just prior to exposing HFF cells to mitomycin
C treatment.

4. It is essential to have inactive feeder cell cultures prepared at least one day prior
to starting hESC derivation or for routine hESC passaging.

5. Following the initial plating of blastocyst cells, half-medium changes were
carefully conducted daily in a sterile environment, with minimal disturbance to the
cultures for the first 3 days. After day 3, full-medium changes were carried out
daily. Cell and colony morphology were recorded daily. Appearance of the first
stem cell-like colonies occurred approximately 7 days after plating (see Fig. 1).

6. Differentiated cells were first noticed around the periphery of the colony, while
undifferentiated cells were primarily located toward the center of the colony. This
has been observed consistently by hESC laboratories. Using the Swemed tool
or custom fire-polished sterile Pasteur pipettes, these differentiated cells can be
removed at the time of passaging.

7. Early hESCs are heterogeneous in nature, as they are derived from the inner cell
mass of the blastocyst. This heterogeneity can be addressed by subcloning and by
evaluating ESC-specific surface marker expression (see Fig. 1E and F).
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Feeder-Layer Free Culture System for Human
Embryonic Stem Cells

Michal Amit

Summary

Human embryonic stem cells (hESCs) are pluripotent stem cells derived from the inner
cell mass of the blastocyst. Due to their unique properties, hESCs might be used for research
fields such as self-renewal, specific lineage differentiation, human developmental biology, and
teratology. hESCs also have outstanding potential to serve for clinical purposes as a source for
cell-based therapies. Traditionally, these cells are cultured and derived with mouse embryonic
fibroblast as supportive layer, using a medium supplemented with fetal bovine serum. Future indus-
trial and clinical implementation of hESCs will require the use of a defined medium and an animal-
free culture method that will prevent their possible exposure to animal pathogens. This chapter
discusses the advancements in the development of methods for the defined culture of hESCs and
describes a simple method for animals serum-free and feeder layer-free culture of hESCs.

Key Words: Embryonic stem cells; Transforming growth factor �1; Basic fibroblast growth
factor; Fibronectin.

1. Introduction
Human embryonic stem cells (hESCs) are pluripotent stem cells derived

from the inner cell mass of embryos at the blastocyst stage, first isolated at
1998 (1). As is evident from the extensive research with mouse ESCs during
the last 25 years, hESCs could serve for the study of self-renewal processes,
identification of early human developmental events, and for the induction of
differentiation into specific cell types. During the first few years of study,
hESCs were cultured using the methods developed in the 1970s for culture
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of embryonal carcinoma cell lines, that is, co-culture with mitotically inacti-
vated mouse embryonic fibroblasts (MEFs) using a medium supplemented with
20% fetal bovine serum (FBS). Although these traditional culture conditions
allowed the propagation of hESCs to reasonable amounts (2), they presented
two major disadvantages: (i) exposure to animal pathogens through the MEFs
or FBS and (ii) variations between different batches of MEFs and serum in their
ability to support culture of undifferentiated hESCs. Thus, although the tradi-
tional culture methods facilitated 25 years of fruitful research of mouse ESCs,
the possible future clinical and industrial applications of hESCs require their
culture in defined conditions, preferably animal serum-free products, without
the utilization of a feeder layer, and in a reproducible manner of the culture
system.

The development of defined culture systems for the successful propagation
of hESCs requires either the substitution of the MEF feeder layer with feeder
layers of human origin or the detection of conditions for the culture of ESC
without the need for a supportive cell line. Both options require animal serum
substitutes such as the existing commercial serum replacements. Indeed, in
recent years, extensive research to accomplish the goal of developing defined
culture systems for hESCs has yielded four major achievements: (i) propagation
of hESCs in serum-free culture conditions (3); (ii) maintenance of hESCs as
undifferentiated cells using a feeder layer-free culture method based on Matrigel
matrix combined with 100% MEF-conditioned medium (4); (iii) substitution
of MEFs with human supportive layers such as embryonic fibroblasts, adult
Fallopian tube epithelium (5), or foreskin fibroblasts (6–8); and (iv) culture
of hESCs without any feeder layer while using a medium supplemented with
serum replacement, selected growth factors, and substitute matrix (9–12).

The easiest resolution to avoid the presence of animal products in hESCs
culture is using human supportive layer and human serum (5). This culture
method had been demonstrated to promote both the prolonged culture of hESCs
and the isolation of new hESC lines (5,8). Although these methods were demon-
strated to efficiently promote hESC culture while maintaining low background
differentiation rates, stable karyotype, and cell pluripotency, the culture remains
exposed to variations between serum and supportive cell batches and to the
complexity of co-culture.

In view of the possible need for large-scale culture and defined culture
conditions required for industrial or clinical uses, the ideal culture method
for hESCs would be one using human serum and feeder layer-free condi-
tions. The first step toward this goal was achieved by Xu et al. (4), who
introduced for the first time a culture system for hESCs in which no direct
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contact exists between the ESCs and MEFs, using Matrigel matrix and 100%
MEF-conditioned medium supplemented with serum replacement and basic
fibroblast growth factor (bFGF). Although several misgivings exist in this
culture system, which include the need for parallel culture of both hESC
and MEFs, the exposure of the cultured ESCs to variations between MEF
batches, and the risk of exposure to animal pathogens, the method is never-
theless widely used by researchers due to its simplicity and efficiency. This
chapter focuses on the culture method offered by Amit and colleagues (9) that
is a feeder-free culture system where no conditioned medium is used. The
method is based on the implementation of human fibronectin matrix together
with medium supplemented with serum replacement, bFGF, and transforming
growth factor �1 �TGF�1�. When cultured under these conditions, hESCs were
able to retain their stem cell characteristics for over a year while maintaining
a stable karyotype and demonstrating both the expression of genes specific to
their undifferentiated state and Embryoid body (EB) and teratoma formation. A
hESC colony propagated under these culture conditions is illustrated in Fig. 1. In
addition to the described method, other techniques for feeder layer-free cultures
were developed based on a non-conditioned medium supplemented with high
concentrations of bFGF (40–100 ng/ml) and the utilization of either Matrigel,
Laminin, or fibronectin as matrix (10,11). Although these methods were able to
support prolonged undifferentiated culture of hESCs, these culture systems are
based on the use of mediums supplemented with serum replacement, containing
“Albumax,” which is a non-defined material derived from lipid-enriched bovine
serum albumin.

The majority of the reported hESC lines were isolated while using MEFs
as a supportive layer (1,13–16), whereas some were derived using human
cell lines as feeder layers (5,8). The first account on the derivation of new
hESC lines without the use of any supportive layer whatsoever, reported by
Klimanskaya and colleagues (17), described the isolation of the hESCs while
using MEF-manufactured matrix together with a medium supplemented with
a high dose of bFGF (16 ng/ml), Leukemia inhibitory factor (LIF), serum
replacement, and plasmanate. This new hESC line preserve hESC characteristics
including retainment of stable normal karyotypes for over 30 passages of
continuous culture (17). Thus for the first time, the principle of supportive
layer-free derivation of hESC lines was demonstrated. A current publication by
Ludwig and colleagues overcomes the main obstacle of the Klimanskaya study.
While Klimanskaya and colleagues used both non-defined and animal-derived
materials such as MEF matrix and konockout serum replacement, Ludwig and
colleagues (12) demonstrated utilization of defined serum and an animal-free
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Fig. 1. Human embryonic stem cell (hESC) colonies of I4 cell line cultured (A)
with mouse embryonic fibroblasts (MEFs), (B) with human foreskin fibroblasts and
medium supplemented with growth factors, (C) and with fibronectin and serum-free
medium supplemented with growth factors. Bar = 50 �m.

medium suitable both for the prolonged culture of hESCs and for the isolation
of new lines under culture conditions that are feeder layer free. Interestingly,
the medium combination offered by Ludwig et al. requires the addition of both
bFGF and TGF�1. However, one disturbing difficulty regarding the karyotypic
stability of the cultured hESCs still needs to be answered. The authors described
two new hESC lines isolated while using these defined conditions: one was
reported to harbor 47 chromosomes with an XXY abnormality and the second
carried a trisomy of chromosome 12 after 4 and 7 months of continuous culture
respectively. Whether these karyotype abnormalities are exceptional occasions
known to occur during prolonged culture or if the offered method does not
sustain karyotype stability is yet to be clarified.

Although the technique to culture and isolate hESCs under defined and
supportive layer-free conditions is available, the mechanisms controlling
hESC self-maintenance are still unrevealed. This chapter discusses a culture
system based on medium supplemented with TGF�1 and bFGF. Recently, the
involvementofmembersof theTGF� superfamily inmaintainingundifferentiated
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culture of hESCs was offered, and increasing evidences indicate that TGF�1,
activin, and nodal might be involved in mechanisms supporting hESC self-
renwal through the action of the transcription factor SMAD2/3 (18–20). James
and colleagues (18) demonstrate that SMAD2/3 signaling is increased in undif-
ferentiated cells, decreased at early stages of differentiation, and that the
expression of some markers specific to the undifferentiated stage depends
on its activation. Additional studies suggested that TGF�1/activin/nodal and
Wnt signal transduction pathways have a positive effect on Nanog or Oct
4 activities in the nucleus through SMAD2/3 and therefore might partic-
ipate in hESC self-renewal mechanisms (19). These growth factors, TGF�1,
activin, or Bio (an activator of the Wnt signaling, a GSK3� inhibitor),
were indeed demonstrated to be essential supplements to the medium for
maintaining the hESCs as undifferentiated cells in feeder layer-free culture
systems (9,12,21–23). All existing feeder layer-free culture methods require
bFGF as an essential factor at the high concentration of 100ng/ml solely to
support the undifferentiated state of hESC culture (10). However, none of the
offered factors was proven yet to be directly involved in the hESC mechanism
of self-renewal. Thus, extensive research is needed to reveal the mechanism(s)
controlling hESCs self-maintenance.

A major component of supportive layer-free culture systems for hESCs
is the matrix. One of the commonly used matrix is Matrigel, containing
collagen, laminin, fibronectin, and growth factors. In the described culture
system fibronectin is used as a substitute matrix (9). Fibronectin, a basal lamina
component, is known to increase cell adhesion to the culture dishes and to
mediate cell adhesion to extracellular matrix proteins, through integrin receptor.
Integrin receptors participate in pathways which activate a variety of intracel-
lular signal transduction pathways which might be involved in cell prolifer-
ation, apoptosis, shape formation, polarity, motility, gene expression profiles,
and differentiation (24). The fibronectin-specific integrin receptor, �5�1, was
demonstrated to be expressed on undifferentiated hESCs (9). Further comple-
mentary research is required to clarify the possible role of extracellular proteins
such as fibronectin in hESCs maintenance. In this chapter, a simple method for
feeder-free and serum-free propagation of hESCs is described.

2. Materials
2.1. Culture Medium

1. Feeder layer-free culture medium—85% knockout Dulbecco’s Modified Eagle’s
Medium (DMEM) (cat. no. 10829018, Invitrogen Corporation, Carlsbad, CA, USA),
15% knockout serum replacement (Invitrogen Corporation, cat. no. 10828028), 1%
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non-essential amino acids (cat. no. 11140035, Invitrogen Corporation; see Note 1),
1 mM l-glutamine (cat. no. 25030024, Invitrogen Corporation; see Note 1),
0.1 mM �-mercaptoethanol (cat. no. 31350010, Invitrogen Corporation; see Note 1),
4 ng/ml bFGF (cat. no. 13256029, Invitrogen Corporation; see Note 2), and
0�12 ng/ml TGF�1 (cat. no. 240-B, R&D Systems, Minneapolis, MN, USA; see
Note 2).

2. Freezing medium: 60% DMEM (cat. no. 41965039, Invitrogen Corporation), 20%
dimethyl sulfoxide (DMSO) (cat. no. D-2650, Sigma-Aldrich Inc., St Louis, MO,
USA), and 20% defined FBS (cat. no. SH30070.03, HyClone, Logan UT, USA).

3. Serum-free freezing medium: 50% DMEM (cat. no. 41965039, Invitrogen corpo-
ration; see Note 1), 20% DMSO (cat. no. D-2650, Sigma-Aldrich Inc.; see Note 3),
30% serum replacement (Invitrogen Corporation, cat. no. 10828028).

4. Splitting medium: DMEM (cat. no. 41965039, Invitrogen Corporation; see Note 1),
supplemented with 1.5 mg/ml type IV collagenase (cat. no. 17104019, Invitrogen
Corporation; see Note 1).

5. Freezing box (cat. no. 5100-0001, Nalgne, Rochester, NY, USA).
6. Fibronectin (human): 5 �g/cm2 human plasma fibronectin (cat. no. FC010-10,

Chemicon International Temecula, CA, USA; see Note 4).

3. Methods
3.1. Medium Preparation

1. Culture medium, 500 ml: Add 416.5 ml of knock out-(ko)-DMEM, 75 ml of serum
replacement, 5 ml of non-essential amino acids, 2.5 ml of l-glutamine, 1 ml of �-
mercaptoethanol, 2000 ng of bFGF, and 60 ng of TGF�1 into 0�22-�m filter unit
and filter (see Note 5).

2. Freezing medium, 10 ml: Add 6 ml of DMEM, 2 ml of DMSO, and 2 ml of defined
FBS into a tube and filter through a 0�22-�m filter (see Note 6).

3. Serum-free freezing medium, 10 ml: Add 5 ml of DMEM, 2 ml of DMSO, and 3 ml
of serum replacement into a tube and filter through 0�22-�m filter (see Note 6).

4. Splitting medium, 100 ml: Add 100 ml of DMEM into filter unit, add 150 mg of
type IV collagenase, let set for 2 min for the powder to be dissolved and filter (see
Note 5).

5. Preparation of fibronectin-coated plates: Dilute 1 mg of fibronectin in 10 ml of
sterile water to create a fibronectin stock solution. Coat plates according to the
amounts described in Table 1 to achieve desirable concentration of 5 �g/cm2. The
plates should be placed at room temperature for at least 1 h before hESC plating
(see Notes 7 and 8).

3.2. Splitting hESCs

The following protocol is suitable for hESCs plated on fibronectin-covered
plates. Cells should be split in a ratio of 1:2 or 2:3 every 4 to 5 days. The medium
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Table 1
Recommended Amount of Fibronectin Stock
Solution per Well

Plate/dish Volume of fibronectin stock
solution per well (ml)

4 wells �2�5 cm2� 0.3
6 wells �10 cm2� 0.5
35 mm 0.5

should be changed on a daily basis. It is recommended to scrape differentiating
colonies every 5–7 passages.

1. Remove medium from well. Add 0.5 ml of splitting medium (for one well in a
six-well plate) and incubate for 25 min or until most colonies float (see Note 9).

2. Add 1 ml of culture medium and gently collect cells with a 5-ml pipette (differ-
entiated cells will remain attached to the plate). Transfer collected cells into a
conical tube.

3. Centrifuge for 3 min at 90 g at 4 �C.
4. Re-suspend cells in fresh culture medium and plate directly on a ready-to-use

fibronectin-covered culture plate.

3.3. Freezing hESCs

1. The recommended freezing ratio is all cells seeded on one 10-cm2 well per vial
(one well in six-well plates) or 1–2 million cells/vial.

2. Remove medium from well. Add 0.5 ml of (for one well of a six-well plate) splitting
medium and incubate for 25 min or until most colonies float (see Note 9).

3. Add 1 ml of culture medium, gently scrape the cells using a 5-ml pipette and transfer
cells into a conical tube.

4. Centrifuge cells for 3 min at 90 g at 4 �C.
5. Resuspend cells in culture medium (see Note 10).
6. Drop by drop, add an equivalent volume of freezing medium and mix gently (see

Note 11).
7. Pour 0.5 ml into a 1-ml cryogenic vial (see Note 12).
8. Freeze overnight at −80 �C in a freezing box (see Note 13).
9. Transfer to liquid nitrogen on the following day (see Note 14).

3.4. Thawing hESCs

1. Remove a vial from the liquid nitrogen.
2. Gently swirl the vial in a water bath warmed to 37 �C.
3. When only a small clump of unthawed ice remains, wash the vial in 70% ethanol.
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4. Pipette the content of the vial up and down once to mix.
5. Place the content of the vial into a conical tube and add, drop by drop, 2 ml of

culture medium (see Note 11).
6. Centrifuge cells for 3 min at 90 g at 4 �C.
7. Remove the supernatant and resuspend the cells in 2 ml of fresh medium.
8. Place the cell suspension in one well of a six-well plate (or on a four-well plate)

pre-covered with fibronectin (see step 5 in Subheading 3.1.).

4. Notes
1. The material can be replaced with other manufacturer’s products.
2. The growth factors are crucial supplements of the medium; it is not recommended

to change the source of the factors as different manufacturers might produce factors
with reduced efficiency. In case of change, the concentration of the factors should
be adjusted according to the materials ED50 ≤ 0�5ng/ml.

3. It is not recommended to replace the DMSO source, not all available DMSOs are
suitable for freezing.

4. Human foreskin fibroblast cellular fibronectin (cat. no. F6277, Sigma-Aldrich Inc.)
and human plasma fibronectin (cat. no. F2006, Sigma-Aldrich Inc.) were also
found to support hESC feeder layer-free culture.

5. Should be kept at 4–8 �C for no more than 5 days.
6. It is better to prepare fresh freezing medium. If kept, it should be stored at 4–8 �C

for no more than 3 days.
7. Fibronectin-coated plates can be prepared in advance and stored in a clean place

at room temperature or in a 37 �C incubator.
8. It is not necessary to remove fibronectin residues before hESC plating.
9. Incubating the cells in the splitting medium for more than 1 h might harm the cells.

10. Do not break the cells into small clumps.
11. Adding the medium in this stage drop by drop is highly important. If the medium

is added all at once the survival rates decrease dramatically.
12. A volume of 250 �l per tube can also be successfully used.
13. In our experience, the use of Nalgene special freezing boxes increases cell surviv-

ability.
14. It is not recommended to leave the vials at −80 �C for less than 24 h, or more than

2 days.
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Digital Imaging of Stem Cells by Electron Microscopy

A. Henry Sathananthan and Stefania A. Nottola

Summary

This chapter deals with basic techniques of scanning and transmission electron microscopy
applicable to stem cell imaging. It is sometimes desirable to characterize the fine structure of
embryonic and adult stem cells to supplement the images obtained by phase-contrast and confocal
immunofluorescent microscopy to compare with the microstructure of cells and tissues reported
in the literature. This would help confirm their true identity whilst defining their surface and
internal morphology. The intention is to put a face on stem cells during their differentiation.

Key Words: SEM; TEM; Stem cells; Embryonic; Adult, Microstructure; Imaging.

1. Introduction
The electron microscope (EM) has been an invaluable tool in the study

of the fine structure of cells and tissues in the past 75 years of biomedical
research. This includes both scanning electron microscopy (SEM) and trans-
mission electron microscopy (TEM) in exploring the surface structure and the
internal structure of cells and tissues, respectively, at high magnifications (1–4),
well beyond the resolution of the light microscope (LM) and fluorescent micro-
scope (FM). It is well known that stem cell research is a continuously and
rapidly expanding field of investigation that could gain considerable momentum
from ultra structural studies. Most stem cell researchers publish their images
using phase-contrast and confocal microscopy applying immunofluorescence
at the LM level (5). They use specific surface markers or stains to image cells
by FM. Others use routine histological techniques, as well, to demonstrate the
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microstructure of stem cells, both embryonic and adult. It is desirable, however,
to examine the fine structure of these cells to compare with cells and tissues
widely documented by SEM and TEM in the literature. This can be done using
simple, basic techniques, if there are established facilities in the institution.
Although time-consuming, these techniques can be used to document the fine
structure of stem cells to confirm the results obtained by LM and FM (6–9).
Since its pioneering application to the study of biological material, SEM has
been regarded as an useful tool in both basic and clinical research, in that
it reveals the microstructure of whole cells. In fact, due to a combination of
the three-dimensional (3D) perspective and surface morphology, magnification,
and depth of field, SEM can provide vivid, attractive, and readily interpretable
images (2,10). 3D images, combined with LM and TEM images, and possible
visualization of biomolecules, allow a better insight into important micro-
topographical features of tissues and cells, even in minute cell microdomains.
In fact, the combined use of high-resolution SEM and specific techniques in
sample preparation are capable of revealing biological surfaces, including the
intracellular organization of a cell or tissue (11).

2. Materials
1. Dulbecco’s phosphate-buffered saline (PBS).
2. Sodium cacodylate buffer (pH 7.2–7.4) (see Note 1).
3. Glutaraldehyde: Stock solution (EM grade) in buffer solution (v/v) = Fixative

solution (see Note 2).
4. Primary fixative for SEM: 1.5–2.5% glutaraldehyde in 0.1 M PBS.
5. Primary fixative for TEM (Fixative A): 3% glutaraldehyde in 0.1 M cacodylate

buffer (pH 7.3). Stock solutions: glutaraldehyde 25% solution EM grade (store at
4 �C in dark); 0.2 M cacodylate buffer.

(a) Prepare fixative A: 110 ml 0.2 M cacodylate buffer, 110 ml distilled water (DW),
30 ml of 25% glutaraldehyde (Keeps for 3–6 months at 4 �C).

6. Post-fixative for SEM and TEM (Fixative B): Osmium tetroxide. Crystals are
contained in glass ampoules. It is usually used in aqueous solution (see Note 3).

(a) Prepare1% Osmium tetroxide in DW: 1 g Osmium tetroxide crystals sealed in
a glass vial, 95 ml DW.

7. Tannic acid: Usually in the form of a yellowish-white or pale brown powder, soluble
in water (see Note 4).

8. Ethyl alcohol or ethanol: anhydrous, purity >99�9%.
9. Acetone: Colourless liquid used as a solvent (see Note 5).
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3. Methods
3.1. Preparation of Stem Cells for SEM

Cells have to be prepared carefully for EM studies. Hence, the principles
of the routine preparation of isolated cells, cell aggregates and observation of
specimens, and different approaches in the preparation of cultured stem cells
are reviewed and summarized.

3.1.1. Principles and Routine Preparation of Specimens for SEM

Conventional SEM utilizes a focused beam of high-energy electrons that
systematically scans across the sample surface, influenced and converged by
electromagnetic lenses. The interaction of the beam with the sample produces
a large number of signals at or near the surface of the sample. These signals
include secondary electrons, which become concentrated and are drawn to
a positively biased detector system. The electron signal is converted to an
electronic signal that is portrayed on a cathode ray tube (12).

Biological samples have to be adequately prepared for SEM. The following
steps require care and special attention: specimen selection, surface preparation,
fixation, post-fixation, conductive staining, dehydration, mounting, coating,
and, finally, observation.

1. Specimen selection: A small specimen is generally desirable, although specimen
size mostly depends upon the size of the specimen holder and the size of the
specimen chamber of the microscope. Of course, this problem is less critical when
preparing isolated cells or monolayered cultured cells.

2. Surface preparation: Loosely adhering natural materials (such as mucoid substances
or serum) or contaminants from the surrounding environment (including salts and
other chemicals from fixatives and solutions) may obscure surface details. Thus,
gentle and careful rinsing eventually followed by enzymatic or mechanical cleaning
techniques (performed without injuring the specimen surface itself) are needed in
order to expose a clean specimen surface to the electron beam. A routine buffer
solution or DW can be used.

3. Fixation: The aim of fixation is to preserve the cellular integrity during the subse-
quent treatments. Fixation can be mechanical (by rapid freezing) or chemical
(usually with glutaraldehyde). Chemical fixation can be performed by vapour,
immersion, and in vivo, by the perfusion method.

4. Post-fixation: We usually use osmium tetroxide, which enhances specimen conduc-
tivity. For high-resolution SEM observations, however, a conductive staining
method should be applied, especially when observing the samples with a reduced
working distance or “in lens.”

5. Conductive staining: There are several methods available. For isolated cells and
cultured cell monolayers, the method of choice is the so-called tannin-osmium
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method (13). It involves the sequential immersion of the samples in osmium
tetroxide, then in tannic acid, and then in osmium again, in order to obtain
the best specimen conductivity. If this method is applied properly and low
accelerating voltage SEM is used during observation (for example when using
field emission SEM), the metal coating may be very thin (around 4 nm with
platinum) or in some instances even avoided, when immuno-SEM is applied.

6. Dehydration: Water dispersion from wet specimens in the evacuated column of
the microscope can result in both contamination of the column and dramatic
alteration of the specimen surface; thus, it is necessary to remove water from
biological samples during preparation. Soft specimens cannot withstand air drying
and need to be subjected to freeze drying or critical point drying. By freeze
drying, specimens are quickly frozen and then subjected to ice sublimation at
low temperature and high vacuum. Chemical substitution of water with increasing
concentrations of organic dehydrating (intermediate) solvents, such as acetone and
ethanol, is commonly used as a prerequisite to critical point drying. The critical
point drying method is based upon the property of liquids to change from a
liquid phase to a gaseous phase without a latent heat of vaporization or density
change. This occurs at a given temperature and pressure for each liquid (“critical
point”). Applying this method, the specimen becomes dry without being exposed to
surface tension forces, which may damage the tissue. The final (transitional) solvent
commonly used for this procedure is the carbon dioxide �CO2�, chosen for its
acceptable critical point. Parameters (temperature and pressure not harmful for the
specimen) (12).

7. Mounting: After dehydration, specimens are mounted on stubs made of conductive
materials (aluminium for secondary electron imaging, carbon when using x-ray
microanalysis or backscattered electron probes). The sample is glued to the stub
using an adhesive (possibly electrically conductive) material, such as silver paint,
double stick tape, or carbon-based adhesives.

8. Coating: The primary aim of the coating procedure is to conduct electrical charge
and heat away from the specimen to the stub. Coating also leads to an improvement
in the strength of secondary electron signal from the specimen surface. Specimens
are generally coated with a heavy metal such as gold, platinum, or gold–palladium
or with carbon when using x-ray microanalysis or backscattered electron probes.
The conductive film must be continuous, uniform, and stable, and it should be thin
enough to avoid obscuring the surface details.

9. Observation: Evaluation of SEM micrographs is of course related to the power
of the instruments. Today, a huge variety of microscopes are available, and the
selection is mostly depending upon the financial availability. High resolution is
needed for studying cell surfaces. However, it is also important to visualize the 3D
micro-topographic relationships among cells or even cell-surface nanostructures.
Therefore, a compromise between best resolution and greatest depth of field should
be obtained (see Note 6) (for further information see refs (12,14)).
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3.1.2. Preparation of Isolated Cells and Cell Aggregates for SEM

1. Fix cells in 1.5% gultraldehyde in 0.1M PBS for at least 48 h.
2. Rinse in 0.1 M PBS.
3. Post-fix in osmium tetroxide (1%) in 0.1 M PBS for 20 min.
4. Rinse in 0.1 M PBS.
5. Treat with tannic acid (1%) in DW for 30 min.
6. Rinse in 0.1 M PBS.
7. Treat again with osmium tetroxide (1%) in 0.1 M PBS for 20 min.
8. Rinse in 0.1 M PBS.
9. Place in polyethylene microporous specimen capsules �meshes = 30 �m�.

10. Dehydrate in ascending series of graded ethyl alcohols.
11. Critical point dry in CO2 atmosphere.
12. Mount on aluminum stubs and coat with platinum (4 nm in thickness) in a sputter

coater.

SEM observations were performed in a field emission scanning electron
microscope operating at low accelerating voltage (5–10 kV).

The spongy structure of the zona pellucida (ZP) that surrounds oocytes and
early cleaving embryos as well as the general surface organization of the cells
attached to the outer ZP (shape, dimensions, presence of microvilli and blebs,
localization of intercellular contacts, and relationship with the ZP) were demon-
strated by applying this technique (see Figs 1 and 2) (see Notes 7 and 8)
(for further information see refs 15–18).

Fig. 1. Human mature oocyte. Round/oval cumulus-corona cells (C) provided with
numerous blebs and microvilli are seen in close contact with the zona pellucida (ZP).
SEM×1750 (Reproduced from ref. 17).
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Fig. 2. Human mature oocyte, inseminated in vitro with spermatozoa. Sperm heads
are seen attached to the spongy surface of the zona pellucida. SEM×5000 (Reproduced
from ref. 15).

3.1.3. Preparation of Cultured Cells for SEM

According to our recent experience (unpublished data), the following technique
for SEM could be applied to various types of cultured cells, including stem cells.

1. Transfer the cells with a sterile pipette from the stock bottle to a plastic Petri dish
(60 mm in diameter) and allow a period of adjustment of cells (it depends on the
cell type) until confluence.

2. Gently remove the medium.
3. Rinse in 0.1 M PBS.
4. Fix with 2.5% glutaraldehyde in 0.1 M PBS for 1–4 h at 0–4 �C.
5. Rinse in 0.1 M PBS.
6. Post-fix in osmium tetroxide (1%) in 0.1 M PBS for 1 h at 0–4 �C.
7. Rinse in 0.1 M PBS.
8. Dehydrate in ascending series of graded ethyl alcohols.
9. Cut the Plastic Petri dish into pieces small enough to be successively mounted on

the stubs.
10. Critical point dry.
11. Mount on stud.
12. Coat by SEM.
13. Observe wat with metal as detailed above.

When observed by SEM, cultured cell colonies generally appear as a
monolayer of cells often showing different shapes and exhibiting microvilli,
ruffles, and blebs on their surface, as well as long prolongations sometimes
occurring between cells. Dividing elements can be also found in the colonies.

干细胞之家www.stemcell8.cn ←点击进入

http://www.stemcell8.cn


Electron Microscopy of Stem Cells 27

Peculiarities in behavior and related surface appearance of cells are actually
dependent upon the cell type and the culture technique (19) (see Notes 9–13).

3.2. Preparation of Stem Cells for TEM

We present a rapid and proven method of preparing stem cells for TEM,
which was used extensively to image gametes and embryos in assisted repro-
ductive technology (20–22).

This can be used for human embryonic stem cells (ESCs) growing in colonies
or embryoid bodies (EBs) or neurospheres (NSs) and also human adult stem
cells cultured in the laboratory. Combined with advanced digital microscopy,
images showing fine details of microstructure can easily be documented
(6,7,9).

If a TEM is unavailable, a great deal of information could still be obtained
by examining epoxy-resin sections (1 �m thick) by advanced digital LM.
They show more structural details than routine paraffin or frozen sections
(see Figs 3–6). These sections could be cut with glass knives or histological
diamond knives, if there is an ultra-microtome. Microtomes are now available
for cutting resin sections with disposable blades, which might be an useful
alternative.

3.2.1. Principles and Methods of Specimen Preparation for TEM

The reader is referred to textbooks in electron microscopy for principles and
details of procedure (14,23).

Fig. 3. Hatched human blastocyst (serial sections). Note outer trophoblast and inner
cell mass at one pole. LM×400 (Reproduced from ref. 7 ).
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Fig. 4. Human ES cell colony in culture after 35 passages. The cells on the right
are differentiating. LM×1000 (Reproduced from ref. 9, 40).

Fig. 5. Human EB cultured in vitro. Note surface epithelium and stem cells within.
Some cells have differentiated into mesenchyme (right), neural-like tube (center), and
lipid cells (left), Note neural rosette (top). LM×100 (Reproduced from ref. 40).
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Fig. 6. Human ES cell colony showing differentiated cells–epithelium (left), fibrob-
lasts (center), and cardiac muscle (right). LM×1000 (Reproduced from ref. 40).

The steps involved in specimen preparation, examination and imaging are
the following:

1. Fixation
2. Processing and embedding
3. Sectioning
4. Staining
5. Microscopy

1. Fixation: The main objective of fixation is to preserve the structure of cells in a
more or less life-like state. Simple chemical fixation in buffered glutaraldehyde
and osmium tetroxide is usually used. The cells must be alive and fresh and in the
medium they were cultured. The ESC, EB, or NS can be fixed whole at the end
of the desired culture sequence or passage, whereas cells growing in monolayers
can be disloged, centrifuged at 160 or 350 g, pelleted in chemical-proof Eppendorf
tubes, and fixed, as we do for sperm samples (20,24). If the pellet breaks it can
be centrifuged again at 600 g after glutaraldehyde fixation. This applies to most
stem cells growing in flat Falcon tubes or plastic dishes. In all cases, the specimen
must be fixed with minimal medium but never dried. Fixation is the most critical
step in specimen preparation that will ensure preservation of the microstructure of
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the cells. No water should be used for washing before fixation, but a physiological
saline may be used for washing, if necessary.

2. Processing and embedding: The specimen has to be dehydrated and embedded in
a supporting medium such as a hard epoxy resin. Araldite or Epon resins give
good results. The resin imparts a hard texture to the soft specimen required for thin
sectioning. Dehydration involves the step-wise, progressive removal of water from
the specimen to make it penetrable with the resin. Ethyl alcohol and acetone are
used in our laboratory, and the specimen is infiltrated with the resin, embedded in
resin, and polymerized to produce a hard block for sectioning.

3. Sectioning: The block is mounted on a ultramicrotome holder, trimmed under
a binocular with a sharp razor blade, and sectioned with an ultramicrotome in
a histology or TEM laboratory. Glass knives and diamond knives are used for
thick sectioning and thin sectioning, respectively. Glass knives have to be made
with a knife maker, and diamond knives are available commercially and are very
expensive. Beginners should use glass knives for thin sectioning, as well. Thick,
survey sections �1 �m� are examined by LM, whereas thin sections �∼70 nm� are
examined by TEM. Thick sections are very useful to identify specific cells or
tissues for examination by TEM. One of the limitations of TEM is that only a
small region of the specimen could be examined. Hence, we use serial sectioning,
alternating a series of thick sections with thin sections, till we find the desired cell or
tissue.

4. Staining: Thick sections are stained with Toluidine or Methylene blue on a hot plate.
Sections are simply mounted on clean, glass slides, dried, and stained. Electron
stains like uranyl acetate and lead citrate are used routinely for thin sections. These
stains contain heavy metals that enhance the electron density of the cells and make
them more visible under the EM. The image is formed by scattering of electrons,
which produces translucent and dense areas. The cell membranes, granules, and
inclusions scatter electrons and appear dense, whereas the ground cytoplasm appears
translucent producing a black and white image. Unfortunately, color imaging is not
possible with TEMs.

5. Microscopy: Thick sections are examined with an LM, whereas advanced imaging
is done with a research microscope with a digital camera, hooked to a computer for
image processing and editing. We use Leica QWin or Olympus digital microscopes.
Alternatively the sections can be photographed on film and printed or mounted on
35-mm slides. The resolution of these images are superior to the digital images
and could be scanned onto a computer for editing. Thin sections are examined by
TEM. We have used Jeol or Philips microscopes but others like Zeiss and Hitachi
are equally good. The TEM has to be maintained by an experienced technician.
Lower magnifications are more useful to image whole cells, whereas high magni-
fications help identify small cell structures like ribosomes, centrosomes, filaments,
and membranes in cells (see Figs. 7–10). Higher contrast could be obtained with
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Fig. 7. Undifferentiated ES cells after 35 passages. Note large nuclei and scanty
cytoplasm. TEM×35� 000 (Reproduced from ref. 40).

Fig. 8. Mitotic ES cell showing metaphase chromosomes and a minute centriole
at right spindle pole. Note dense mitochondria and secretory vacuole outside spindle
zone. TEM×8750 (Reproduced from ref. 6).

干细胞之家www.stemcell8.cn ←点击进入

http://www.stemcell8.cn


32 Sathananthan and Nottola

Fig. 9. Colony of differentiated ES cells showing goblet-like cells with secretory
vacuoles, probably of endodermal origin. TEM×3500 (Reproduced from ref. 6).

voltages of 60 or 80 kV and by using smaller apertures in the microscope. The
electron beam needs to be always aligned before imaging. Do not focus on the
same spot for long periods of time. Images are photographed on plate or on 35-mm
film. Developing and printing is done in any dark room using chemicals and paper.
Printing has been replaced by negative scanners that can produce digital images for
editing. The images are then edited, cropped, or colored using the latest versions

Fig. 10. Neurogenic rosette in an embryoid body with radiating neural stem cells.
One cell is at metaphase near its lumen. LM×1000 (Reproduced from ref. 9, 40).
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of Adobe Photoshop or Paint Shop Pro and presented on Microsoft Power Point.
The latter is very useful for labeling and annotating for presentations in class or
conferences. Most of our images are saved in Tiff format and converted to JPEG
or GIF for publications online, transmission by email or the web.

3.2.2. Specimen Preparation for TEM (see Notes 14–37)

3.2.2.1. Fixation (see Notes 14–22)

1. Detach ESCs, EBs, or NS from Falcon dish with a fine needle or forceps.
2. Pick up with forceps or wide-bore Pasteur pipette with minimal medium.
3. Drop into glass vial with 5 ml Fixative A.
4. Fix for 1 h and store at 4 �C (keeps several weeks to months).
5. Rinse briefly in DW (5–10 min).
6. Post-fix in 1 ml of Fixative B for 1 h in dark (process immediately and rapidly).
7. Remove Fixative B with a glass pipette and add 5 ml of 70% ethyl alcohol.

Stem cell pellets (2–5mm), EBs, and NS can be fixed and processed in
Eppendorf tubes, chemical-proof plastic tubes, or glass vials, as well. For the
composition of Fixatives A and B see Subheading 2.

3.2.2.2. Dehydration (see Note 23)

Use ethyl alcohol and dry acetone (AR grade).

1. 70% alcohol (10 min).
2. 90% alcohol (10 min).
3. Absolute alcohol—2 changes 15 min each (dehydrant).
4. Acetone—2 changes 15 min each (dehydrant and resin solvent).
5. Acetone/Araldite mixture (1:1), 30 min.

3.2.2.3. Embedding (see Note 24)

1. Araldite (Durcupan) Fluka from Sigma, Switzerland. Preparation of Araldite
mixture (Epoxy resin): Use a 10-ml plastic measuring cylinder to measure 5 ml
of Durcupan ACM, 5 ml of Durcupan B, 0.3 ml of Durcupan C, and 0.3 ml of
Durcupan D. Mix in a plastic vial by vigorous agitation (10–20 min). Use immedi-
ately or store in a freezer (hardens on keeping).

2. Epon resin or Epon/Araldite may be used instead of Araldite for embedding.
3. Gently transfer colonies into solid watch glasses (embryological dishes).
4. Process under binocular microscope, if specimen is small.
5. Remove Acetone/Araldite mixture with a pipette.
6. Add Araldite mixture (1–2 ml).
7. Infiltrate 3–6 h, preferably overnight (use shaker or rotator if available).
8. Embed in fresh Araldite in rubber or plastic moulds with wells (use stainless steel

forceps or fine mounted needles).
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9. Orientate each colony at the tip of each well with a fine needle.
10. Polymerize in 60 �C oven (48–72 h).

Glass vials may be used for processing if the specimen is large and visible.
Plastic vial caps can be used for flat embedding. Beam capsules may be used
but orientation is difficult. Monolayers of cells can be grown on coverslips,
scaffolds, or collagen membranes, fixed, and processed in situ (23).

3.2.2.4. Sectioning—Thick and thin sections (see Notes 25–32)

THICK SECTIONING

1. Remove hardened block from the mould.
2. Trim the cone on all sides with a sharp razor blade under binocular.
3. Shape a rectangle or trapezium with parallel upper and lower edges.
4. Fix the block onto microtome holder (we use Reichert or LKB ultramicrotomes).
5. Align and orientate block with upper and lower edges parallel to knife edge.
6. Make fresh glass knives with a knife maker and attach a boat or use a histological

diamond knife (we used Diatome diamond knives).
7. Cut sections 1 �m thick (manual setting).
8. Mount 5–10 sections onto clean glass slides with a drop of water.
9. Place slide on a hot plate at 60 �C.

10. Dry to attach sections onto slide (1–2 min).
11. Add 2 or 3 drops of 1%Toluidine blue stain in 1% Borax in DW.
12. Leave on hot plate 1–2 min till stain steams (do not dry out).
13. Cool and wash by squirting DW from a wash bottle in a sink.
14. Wipe excess water and allow to dry in air.
15. Examine sections with an LM (we do not mount).
16. When the desired cells are obtained cut thin sections.

THIN SECTIONING
The following procedure has to be done by an experienced technician.

1. Replace glass knife with a diamond knife.
2. Fill boat with DW and focus knife-edge.
3. Re-align block and avoid cutting thick sections.
4. Use automatic cutting mode and cut silver–gold sections (∼ 70 nm thick).
5. Cut a ribbon of 10–15 sections.
6. Rinse copper grids (200 hexagonal mesh) in 1% HCl acid to etch.
7. With a fine forceps place grid under sections in boat and lift the ribbon upwards.

If ribbon breaks group sections with a hair mounted on a match.
8. Blot grids of excess water and place on a filter paper placed in a Petri dish.
9. Dry in 60 �C oven for immediate staining (15 min) or leave to dry in air.

10. Wash diamond knife immediately with a jet of DW.
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3.2.2.5. Staining (see Notes 33–35)

1. Alcoholic uranyl acetate (saturated solution): Make the solution fresh just before
staining. Dissolve approximately 600 mg of stain in 5 cc of 70% ethyl alcohol,
shake vigorously in a vial for about 20 min, and store in the dark (Stain A).

2. Reynold’s lead citrate: 1.33 g of lead nitrate, 1.76 g of Sodium citrate, and 30 ml
of Co2-free DW (Stain B)–follow steps 3–8 below.

3. Boil 100 ml DW for 30 mins to expel CO2 and air and cool.
4. Shake lead salts vigorously in 30 ml of DW in a volumetric flask (30 min).
5. Add 8 ml of 1 N NaOH to milky suspension while shaking—clears up.
6. Dilute to 50 ml with DW.
7. Store in the dark at 4 �C, wrapped in foil (keeps up to 3 months).
8. Fill 10-ml syringe with stain and filter before use. Use a 0�2-�m Arcodisc filter

from Gelman Sciences Michigan, USA or alternative.
A: Alcoholic uranyl acetate

9. Using a syringe, filter 2 ml of uranyl stain into a plastic cap. Use a 0�2-�m
Arcodisc filter.

10. Immerse grids in stain using a fine forceps, sections facing downwards.
11. Stain for 10–15 min in the dark.
12. Rinse grids in 50% alcohol.
13. Rinse in DW.
14. Dry grids on filter paper, sections on top.

B: Reynold’s lead citrate
15. Filter 2 ml of lead stain into a plastic cap.
16. Place cap in a Petri dish with LiOH or few pellets of NaOH (removes CO2).
17. Immerse grids, sections facing downwards.
18. Cover dish and stain for 10–15 min. Do not breathe onto dish.
19. Rinse (2 changes of DW).
20. Dry grids on filter paper, sections on top.

Grids may be stained on stain droplets but uranyl acetate must be made in
DW. Store grids in grid boxes for permanent storage and examination by TEM.

3.2.2.6. TEM Examination

Refer details in TEM manual. The following procedure has to be done by
an experienced operator.

1. Check vacuum and switch on TEM at 60 or 80 kV.
2. Align electron beam each time before use.
3. Insert grid into the column and pump down to restore vacuum.
4. Switch the filament on when high voltage comes on.
5. Remove apertures and examine sections at low magnifications.
6. Select areas of sections to be examined (see Step 3 in Subheading 3.2.1.

sectioning).
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7. Insert medium or small apertures for better contrast.
8. Switch to higher magnifications and photograph desired cells.
9. Use magnifications of ×2000 to ×10� 000 for routine work.

10. Remove grid, pump down, off filament and high voltage and leave microscope on
or shut down.

4. Notes
1. Cacodylate buffer may be fatal if swallowed. Known carcinogen in humans.

Harmful if inhaled, may be harmful by skin contact. Long-term exposure may lead
to kidney and liver damage. Eye and skin irritant.

2. Glutaraldehyde fixative solution can be prepared just before using it but it is
possible to store the solution in the refrigerator (4 �C, in firmly tight bottles) up to
several months. Please avoid the contact with skin and mucous membranes. The
solution should be transparent; if, after a long storage, it looks yellow, we suggest
you prepare a fresh solution.

3. Osmium telroxide: in order to prepare the aqueous solution, clean the ampoule
and remove the label, file the neck with a diamond pen but not completely, place
in a suitable flask (amber-colored, thick-sided glass reagent bottle) and break the
ampoule in the flask. Add DW (sometimes PBS is used) and seal the lid of the
bottle with parafilm. Dissolve for 1–2 days by occasional swirling; final solution
will be pale yellow; store at 4 �C in the dark. If, after a long storage, the solution
becomes gray or black, do not use it but prepare a fresh one. Osmium is extremely
expensive and poisonous. Avoid any contact, the exposure to osmium tetroxide
is very dangerous and known to produce ocular effects and respiratory irritation.
Also avoid metal contact and light. All chemicals must be handled in a fume
cupboard, preferably with gloves.

4. Tannic acid: in order to obtain the aqueous solution, weigh the needed amount of
powder, mix it in water (appropriate dilution) and stir until the solution becomes
clear, pale yellow in color.

5. If acetone is used for dehydration during TEM procedures, propylene oxide is not
needed as transition solvent.

6. In our experience a good compromise at a reasonable cost may be obtained using a
field emission SEM, with a short working distance and a low accelerating voltage
�< 7–8 kV�. In fact, the field emission tip allows the preservation of a good depth
of field even at a short working distance; in addition, it allows to reach very high
resolution (around 4–5 nm) even at a low accelerating voltage, if a short working
distance is associated to a very good specimen conductive staining. Finally, the
low accelerating voltage permits to scan the most superficial electrons avoiding
the loss of details caused when applying high accelerating voltage �>10kV�.

7. The use of the osmium-dimethylsulphoxide-osmium (ODO) method (25), causing
the extraction of the soluble cytoplasmic matrices from the freeze-cracked surface
of the cells, allowed the visualization of the intracellular organization of both
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germ and somatic cells. Applying the ODO method, the 3D micro-topography of
organelles and cytoskeletal elements could be traced (4,26,27).

8. Furthermore, the combined use of detergents, osmium-thyocarbohydrazide-
osmium (OTO) treatment, and ruthenium red staining made it possible to reveal
the finest 3D structure of the extracellular matrices, including the peculiar micro-
filamentous texture of the ZP (28).

9. In another study specifically addressed to define the ultrastructural morphology of
mouse ESCs by TEM and SEM, these cells were cultured on mouse embryonic
fibroblasts, cultivated on glass coverslips in 48-well dishes, and processed for
SEM observations after 60 h of culture. In detail, these cells were subjected to
primary fixation in 2% glutaraldehyde in 0.1 M sodium cacodylate buffer (pH 7.4),
then washed with the same buffer, post-fixed in 1% osmium tetroxide in the same
buffer, washed again, and dehydrated in ethanol series. Afterwards, the coverslips
were critical point dried, mounted on aluminium stubs, and finally coated with
gold using standard techniques (8).

10. According to other protocols, after fixation, mouse mast cells plated onto 12-mm
round coverslips coated with Cell Tak have been subjected to OTO treatment
before undergoing dehydration (29). For immuno-SEM, properly immuno-stained
mouse ESCs were fixed with 2.5% glutaraldehyde/50 mM cacodylate-HCl (pH
7.2), washed with the same buffer, post-fixed in 1% osmium tetroxide, dehydrated
and immersed in isoamyl acetate, CO2 critical point dried, mounted and coated to
3 nm thickness with an osmium plasma coater, and observed with a SEM equipped
with a backscatter electron detector. Immuno-SEM has been used to identify cell
adhesion-related molecules on the stem cell surface (30).

11. Even embryonic body development and morphology can be studied by SEM (31).
12. SEM has been also employed in investigating stem cell interactions with other

cell types in specific culture systems (32). Furthermore, the ability of different
supports to sustain stem cell growth and proliferation in culture has been
evaluated using conventional SEM (33–36), environmental SEM (36,37), and
cryo-SEM (38).

13. SEM has been also proven to be a useful tool in investigating the performance of
3D self-assembling peptide scaffolds that have been suggested to improve culture
conditions (39).

14. Keep the specimen as small as possible (2–5 mm)
15. Do not damage the specimen, particularly ESC, EB, or NS.
16. Never dry the specimen at any stage of processing.
17. Do not wash in water before fixation.
18. Fix at room temperature to preserve microtubules.
19. Never freeze specimen in storage. Store at 4 �C.
20. Process in a fume cupboard and wear gloves.
21. Most chemicals are hazardous, some carcinogenic.
22. Avoid breathing chemicals and vapors.
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23. Swirl often to promote penetration of chemicals at every stage.
24. Mix resin mixtures thoroughly. Store in freezer.
25. Trim specimen block as small as possible, remove excess resin.
26. Make sure the upper and lower edges are parallel to knife edge.
27. Tighten all screws properly on specimen holder and microtome.
28. Glass knives should be clean and dust free, keep closed.
29. Do not cut thick sections with the diamond knife.
30. Use fine stainless steel needles and forceps for handling specimens.
31. Forceps need to be sharpened with emery paper under a binocular.
32. Hold grids by the edge and bend gently with a forceps to collect thin sections.
33. Hold grids vertically when immersing in electron stains or rinses.
34. Rinse forceps with DW between stains and dry with tissue.
35. Do not overstain in electron stains.
36. All glassware and vessels used must be spotlessly clean.
37. Collect waste chemicals in a bottle for proper disposal.
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A Controlled-Cooling Protocol for Cryopreservation
of Human and Non-Human Primate Embryonic
Stem Cells

Carol B. Ware and Szczepan W. Baran

Summary

Freeze storage of human embryonic stem (hES) cells has not proven effective using the
methods employed for mouse ES (mES) cells, while rhesus ES (rhES) cells are only modestly
effectively frozen using common mES cell methods. Because human and rhES cells are passaged
and frozen in clusters that approximate the size of embryos, we employed a mammalian embryo
freezing method to cryopreserve primate ES cells. This protocol involves freezing in a dimethyl-
sulfoxide cryoprotectant using straws. An ice crystal seed is induced at –10 �C followed by
controlled cooling at –1 �C per minute down to –33 �C with a plunge from there directly into
liquid nitrogen �LN2� at –196 �C. Thaw is effected rapidly by moving the frozen cells directly
from LN2 into a water bath and placing directly into culture medium without step-wise cryopro-
tectant removal. Using this protocol, we have increased the survival of human ES cells from
≤ 1 to ∼ 80% and rhES cells from ∼ 30 to ≥ 90%. Thus, this protocol describes a technically
simple but effective means of long-term storage of primate ES cells.

Key Words: Human; Primate; Embryonic stem cells; Cryopreservation; Freezing.

1. Introduction
Successful long-term storage is crucial for any lab growing mammalian

cells. When cell quality is linked to passage number, as it is for embryonic
stem (ES) cells, effective cryopreservation of low passage cells takes on even
more importance. The usual method of tissue culture cryopreservation involves
placing the cells in a vial and cooling in a container approximating a temperature
drop of –1 �C/min down to –80 �C prior to storage in liquid nitrogen �LN2�
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or LN2 vapor phase. This method, though simple and reasonably effective,
is much less successful for human ES (hES) cells, where survival on thaw
is around 1% relative to the same cells that were passaged without freezing,
whereas rhesus ES (rhES) cell survival approaches roughly 30% (3,4). The
inefficiency of primate ES cell survival following freezing is concerning for
three major reasons: (i) the time it takes to get the cultures growing robustly
following freeze, (ii) the chance of inadvertent selection of a subpopulation of
cells through freezing and (iii) loss of valuable cells effectively necessitating
more cell doublings to complete experiments.

An open-pulled straw method of hES cell vitrification has been described (1).
The pulled-straw increases the surface area allowing ultra-rapid cooling. Vitri-
fication is attractive because it is inexpensive and quick. Because of the high
level of cryoprotectant used which can cause toxicity, the primary drawback
with vitrification is the need for tight adherence to technique including strict
time constraints upon both freeze and thaw, which can make the resulting
survival variable within a lab and means that transfer of cells to other labora-
tories can meet with unpredictable success. This is exacerbated by the large
surface to volume ratio of the pulled straws causing unintentional warming
when the straws are being transferred between LN2 tanks.

Slow controlled-rate cooling is often employed for mammalian embryo
cryopreservation. The advantages of controlled-rate freeze are that it is much
less technically demanding than vitrification, freezing containers with a smaller
surface to volume ratio can be used allowing less stringently rapid transfer
between LN2 reservoirs and thaw is simple allowing reproducible transfer
of cells between laboratories. The primary drawback is that controlled-rate
freezing most commonly requires the use of an expensive programmable
freezer. However, an easy and inexpensive apparatus (2) can be assembled
that is just as effective as a programmable freezer (3), but which requires
some technical attention during the freezing process (an estimated 10–15 min
above the time needed to use a programmable freezer) and a ready source of
approximately 3 l of LN2 must be available for each freeze run.

There are two primary points where the controlled-rate embryo freezing
technique differs from more conventional mammalian cell culture freezing. The
first is the inclusion of a hold of the freezing process at –7 to –10 �C to allow
the introduction of an internal ice crystal seed through supercooling a small
external portion of the freezing container. The introduced seed travels rapidly,
freezing the cryopreservation medium. In the presence of a cell permeable
cryoprotectant, like dimethylsulfoxide (DMSO), the cell interior is left in a
liquid state. As the extracellular medium is frozen, water exits the cells in
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an effort to equilibrate the internal and external salt concentrations. In the
absence of an ice crystal seed, the cells remain hydrated and both the internal
and external liquid spontaneously freeze at–20 �C, effectively slicing the cells.
When the freezing process continues after the seed, the intracellular milieu
continues to dehydrate so that intracellaluar ice crystals do not form at –20 �C.
The second difference is the controlled rate of subsequent temperature drop,
which assures it will neither be too fast to exceed the transit of water across the
cell membrane nor too slow, which can lead to high salt and/or cryoprotectant
toxicity (for reviews of embryo cryobiology see refs 5–7).

2. Materials
2.1. Equipment

A BioCool III programmable freezer (FTS Kinetics, Stone Ridge, NY, USA)
is routinely used to freeze primate ES cells in our laboratory (see Note 1).

2.2. Reagents

2.2.1. ES Cell Culture Reagents

1. Dulbecco’s Modified Eagle’s Medium/F12 (DMEM/F12, cat. no.11320-33, Invit-
rogen, Carlsbad, CA, USA).

2. GlutaMAX, 2 mM (cat. no.35050-061, Invitrogen).
3. Sodium pyruvate, 1 mM (cat. no. 11360-070, Invitrogen).
4. Nonessential amino acid, 0.1 mM (cat. no. 11140-050, Invitrogen).
5. Penicillin, 50 U/ml; streptomycin, 50 �g/mL (cat. no. 15070-063, Invitrogen);

20% Knockout serum replacer (cat. no. 10828-018, Invitrogen).
6. Basic fibroblast growth factor-2 ng/ml (FGF-2); cat. no. 100-18B, Peprotech,

Rocky Hill, NJ, USA).
7. �-mercaptoethanol, 0.1 mM (cat. no. M7522, Sigma, St. Louis, MO, USA).
8. Tissue culture plates treated with 0.1% gelatin (cat. no. G1890, Sigma).
9. Tissue culture grade water (cat. no. 15230-162, Invitrogen).

10. Phosphate-buffered saline (PBS) containing 10% ES-Qualified fetal bovine serum
(FBS) (cat. no. 14190-144, Invitrogen).

11. Dispase, 1.2 U/ml (cat. no.17105-041, Invitrogen).

All culture reagents are stored following manufacturer’s recommendations
and when thawed are stored at 4 �C.

2.2.2. Freezing Reagents

1. DMEM/F12 supplemented with 10% DMSO (DMSO hybridoma grade, cat.
no.D2650, Sigma) and 30% FBS (see Note 2).
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2. Cassou straws (0.25 ml) were used as the freezing container (cat. no.04170,
Veterinary Concepts Spring Valley, WI, USA; see note 3). Straws were loaded by
fixing the straw to the end of a microliter pipette loader (see Note 4).

3. Methods
3.1. Cryopreservation Protocol for Primate ES Cells

1. Remove cells for cryopreservation from the plate in clusters (see Note 5).
2. Pellet cells by centrifugation and aspirate supernatant.
3. Resuspend in culture medium without FGF (DMEM/F12 was supplemented with

2 mM GlutaMAX, 1mM sodium pyruvate, 0.1 mM nonessential amino acid, 50 U/ml
penicillin, 50 �g/mL streptomycin, 20% Knockout serum replacer and 0�1 mM
�-mercaptoethanol) and pellet.

4. Aspirate supernatant and add freezing medium (DMEM/F12+30% FBS+10%
DMSO) and note time.

5. Load straws by drawing in a small column of freezing medium without cells, a
small air bubble, followed by a long column of cells in freezing medium. Draw
the cell-free column into the plug end of the straw creating an air bubble at the
open end of the straw. Seal both ends by passing through a flame and squeezing
between gloved thumb and finger (see Fig. 1).

6. Allow cells to equilibrate in freezing medium for 15 min from first exposure
(see Note 6).

7. Place in –10 �C ethanol bath with the plug end up for 1–5 min.
8. Seed ice crystal (see Note 7).
9. Hold at –10 �C for a minute or two to allow the extracellular medium to freeze.

10. Begin controlled rate cooling at –1 �C per minute down to –33 �C (see Note 8)
11. Plunge into LN2 for storage (see Note 9).

Fig. 1. Loading the freezing straw. The straw is attached to a syringe by the plug
end. A small column of freezing medium without cells is drawn up followed by a small
air bubble. A long column of cells in suspension is drawn in until the entire contents of
the straw are close to the plug end. The cell-free column is pulled into the plug leaving
a small air bubble at the end of the straw (right). A flame is used to heat seal both
ends of the straw. The heated ends are squeezed shut with fingers or forceps. Once the
straws are cooled to –10 �C a seed is initiated at the point indicated by “V” while the
seed “∗” becomes apparent within the straw as an opaque area adjacent to the straw
wall where the cooled forceps touched.
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3.2. Thaw Method

1. Thaw in a water bath warmed between 22 and 37 �C (see Note 10).
2. Empty straw into a waiting tube of culture medium, centrifuge, resuspend pellet in

culture medium and plate for standard culture.

3.3. Primate Culture Methods

1. Tissue culture plates treated with 0.1% gelatin are seeded with primary mouse
embryonic feeder layers inactivated using 3000 Rad �-irradiation (see Note 11).

2. hES cells are passaged using PBS containing 10% ES-Qualified FBS and 1.2 U/ml
dispase (see Note 5).

4. Notes
1. Many options are available for controlled-rate freezing equipment. Considerations

for the appropriate machine or device include the ability to hold the temperature
during freeze somewhere between –7 and –12 �C and the ability to cool at –1 �C
per minute down to a temperature ranging between –30 and –35 �C. Straws and
vials should be accessible to introduce the ice crystal seed.

2. The DMEM/F12 medium serves as a buffered physiological salt solution when
freezing. Other culture media can substitute for DMEM/F12 with equal effect (8).

3. Either 0.25-cc or 0.5-cc gas-sterilized Cassou straws can be used. When 0.25-cc
straws are used, more can be held in the same volume LN2 reservoir relative to
0.5-cc straws or vials. On the other hand, 0.5-cc straws have the advantage of a
smaller surface to volume ratio than 0.25-cc straws. This serves as a buffer against
transfer through room temperature air between LN2 tanks. The much smaller
surface to volume ratio of vials allows a relatively leisurely transfer between
storage containers, but vials take up a tremendous amount of LN2 space relative
to straws and have a tendency to leak LN2, which can cause transmission of
pathogens resident in the LN2 reservoir, most notably mycoplasma. Poorly sealed
straws are not likely to remain intact when LN2 has leaked in, self-selecting the
straws where the contents have been protected from LN2 contamination. Thus,
this protocol recommends the use of 0.25-cc straws, while freezing container is,
in fact, a matter of personal choice.

4. The tubing attached to the microliter pipette holder was cut to about 1.5 cm and
fixed to a 1-ml syringe. Thus, the straw could be aspirated by manipulating the
plunger of the syringe.

5. Cells can be removed from the plate by enzymes (dispase or collagenase) or by
manual cutting. We use dispase and expose the cells until neighboring feeder cells
begin to separate as the cells lift from the plate. The cells are removed along
with the feeder by gentle washing with the enzyme solution to pull the monolayer
away in small strips. They are pelleted and washed one time before being exposed
to freezing medium. When suspending in the wash medium they are broken into
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clusters by aspirating up and down vigorously using a 5-ml pipette. This technique
relies on practice to break up the cell clusters. It is worthwhile assessing the
resulting clusters in the microscope to be sure they are disrupted appropriately.
We have only tested the freezing ability of cells in clusters using this protocol.
Cluster size averages around 100 �M, with a range of single cell �∼ 20 �M� up to
clusters exceeding 300 �M.

6. The actual time for equilibration was not explored and there is likely much leeway
in this parameter as DMSO controls exposed for more than 30 min did not lose
viability relative to unfrozen cells and cells frozen after 5 min of equilibration did
not suffer noticeably upon thaw.

7. Dip forceps in LN2 until the tips are supercooled. The straw is pulled out of
the –10 �C ethanol bath just to the point of the air bubble near the plug end. The
cooled forceps are used to touch the outside of the straw until an opaque crystal
is seen inside the straw. If this does not take cool the forceps again until the
seed is apparent, keeping the straw cool throughout. The ice crystal seed travels
rapidly through the straw and causes almost instantaneous crystallization of the
extracellular freezing medium in vials. This step is crucial for success.

8. The final temperature following controlled cooling should reach at least –30 �C.
However, the warmest possible temperature was not explored. Controlled cooling
can be stopped and held at any point from –30 �C down to –196 �C prior to LN2

plunge.
9. It is important to devise a rapid method of transferring straws from the freezing

machine to the LN2 tank. An open thermos holding the labeled cane in LN2 works
well. The sleeve containing the freshly transferred straws then holds a reservoir of
LN2 to buffer the transfer from the thermos into the tank.

10. Thaw temperature is another important factor in survival and varies depending on
the freezing protocol employed. hES cells frozen by this protocol in 0.25-cc straws
thaw well in a 22–37 �C water bath, whereas non-human primate ES cells survive a
room temperature water bath thaw most effectively. The final temperature at thaw
is less relevant than the rate of thaw. Thus, surface to volume ratio will determine
the rate. Use of vials requires that the temperature of the thaw bath be 37 �C.

11. Cells grown on Matrigel without feeders can be frozen successfully following this
protocol, but they are not broken as vigorously as clusters passaged on mouse
embryonic fibroblasts.
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Cell Surface Markers in Human Embryonic Stem Cells

Raj R. Rao, Alison Venable Johnson, and Steven L. Stice

Summary

The pluripotent nature of human embryonic stem cells (hESCs) is based on their potential to
form every cell type in the body. Prior to use in directed differentiation strategies, these cells need
to be thoroughly characterized. The large number of glycoproteins and carbohydrates that exist
on the cell surface provide an excellent opportunity for characterizing hESCs and a means to
delineate pluripotent and differentiated cell types. A panel of 14 lectins, based on their specificity
for a variety of carbohydrates and carbohydrate linkages, along with stage-specific embryonic
antigen-4 (SSEA-4), have been chosen to examine hESCs for other potential pluripotent markers.
These studies have been achieved by binding quantitation by flow cytometry and binding local-
ization in adherent colonies by immunocytochemistry. We have shown that certain lectins may
be used as markers that are associated with the pluripotent state of hESCs because binding
percentages and binding localization of these lectins are similar to those of SSEA-4. This presents
options for systematic classification of pluripotent hESCs and for distinguishing differentiated
hESC types based on glycan presentation that accompanies differentiation.

Key Words: Lectin; Human embryonic stem cells; Immunocytochemistry; Flow cytometry;
Pluripotency.

1. Introduction
Humanembryonicstemcells (hESCs)arepurported toserveasvaluablemodels

for studying basic human development in addition to their proposed potential for
cell-based therapies. The large number of glycoproteins and carbohydrates that
reside on the hESC surface (glycolsignatures) can be used to better characterize
hESCs.ThemostcommonhESCsurfacemarkersare thestage-specificembryonic
antigen-3 and 4 (SSEA-3 and SSEA-4). SSEA-3 and SSEA-4 are globoseries cell
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surface glycoproteins that were first used to delineate embryological changes in
the developing mouse embryo (1,2). The glycol signature of hESCs is altered
during development and in vitro differentiation (3,4).

Lectins are carbohydrate-binding proteins that recognize diverse sugar struc-
tures and have been extensively used to identify and characterize cell surface
glycosylation patterns. Lectin studies have led to the delineation of embryologic
developmental stages in some species. For example, lectins have been used to
investigate and identify cell types based on presentation of specific cell surface
carbohydrates (5–10). Additionally, many developmentally regulated glycans
identified as lectin receptors on (mouse ESCs) are displayed on cell surfaces at
the preimplantation and implantation stages of development. Examples include
Concanavalin A (Con A), Peanut agglutinin (PNA), Wheat Germ Agglutinin,
Dolichos biflorus agglutinin (DBA), and Ricinus communis agglutinin (RCA)
(see Table 1). These results indicate that glycans may contribute to specific
developmental function and also indicate that they can be used as markers to
define stages of mouse embryogenesis.

Using enriched high SSEA-4-expressing hESCs, the binding percentages of
selected lectins was monitored by flow cytometry and immunocytochemistry
(10). Our findings indicate that there are many surface carbohydrate antigens
that could be exploited to further characterize hESCs, and these lectins could
also provide a source of unique markers for characterizing subpopulations that
exist in colonies of adherent hESCs.

2. Materials
2.1. Cell Culture and Expansion

1. NIH approved human embryonic stem cell lines BG01 and BG02
(http://.stemcells.nih.gov/research/registry) (11)

2. hESC medium: Dulbecco’s Modified Eagle’s Medium (DMEM/F12) supplemented
with 15% fetal bovine serum (FBS, HyClone, Ogden, UT, USA), 5% knockout
serum replacer (KSR), 1× non-essential amino acids, 20 mM l- glutamine, 0.5 U/ml
penicillin, 0.5 U/ml streptomycin, 0.1 mM �-mercaptoethanol (Sigma, St. Louis,
MO, USA), 4 ng/ml fibroblast growth factor-2 (Sigma), (all from Gibco/Invitrogen,
Carlsbad, CA, USA, unless otherwise labeled). Store formulated medium at 4 �C
and use within 1 week.

3. Mouse embryonic fibroblast (MEF) medium: DME Medium High Glucose (DMEM-
HiGlu) supplemented with 10% FBS (HyClone), 2 mM l-glutamine, 0.5 U/ml
penicillin, 0.5 U/ml streptomycin, (all from Gibco/Invitrogen, unless otherwise
labeled). Store formulated medium at 4 �C and use within 2 weeks.

4. Collagenase (1 mg/ml) preparation: Weigh out 10 mg Collagenase Type IV
(Gibco/Invitrogen) and dissolve in 10 ml of DMEM/F12 medium supplemented
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with 15% FBS, 5% KSR, at 37 �C. Filter sterilize and store at 4 �C and use within
1 week.

5. Trypsin solution (0.05%) and ethylenediamine tetraacetic acid (EDTA) (1 mM)
from Gibco/Invitrogen.

2.2. Antibodies for Immunocytochemical Analysis

1. SSEA-4 [Developmental Studies Hybridoma Bank (DSHA); Iowa City, IA, USA;
1:100 dilution].

2. Biotinylated lectins: Con A; Phaseolus vulgaris erythro-agglutinin (PHA-E);
Phaseolus vulgaris leuco-agglutinin (PHA-L); Sambucus nigra agglutinin; Arachis
hypogea peanut (PNA); Vicia villosa agglutinin; Maackia amurensis; RCA; Wisteria
floribunda agglutinin; Ulex europaeus agglutinin; Lotus tetragonolobus lectin; DBA;
Hippeastrum hybrid lectin; Lycopersicon esculentum tomato. All lectins used
obtained from Vector Laboratories, Burlingame, CA, USA; 10 �g/ml; 1:2 dilution
for staining). Details of lectins are shown in Table 1.

3. Streptavidin conjugated Alexafluor 594 (Molecular Probes, Eugene, OR, USA;
1:250 dilution) and antigoat Mouse IgG conjugated Alexa 488 (Molecular Probes;
1:2000 dilution).

2.3. Magnetic Bead Sorting

1. Staining buffer (SB): 50 ml of SB consists of 0.5 ml of 0.5 U/ml penicillin, 0.5 U/ml
streptomycin, 0.5 ml of 100 mM EDTA, 46.5 ml phosphate buffered saline (PBS)
and 2.5 ml FBS.

2.4. Immunocytochemical and Flow Cytometry Analysis

1. Paraformaldehyde (PFA) (Fisher, Pittsburgh, PA, USA): Prepare a 4% (w/v)
solution in PBS, fresh for each experiment. Work in a fume hood and wear gloves,
as PFA is toxic. Weigh out 4 g PFA and add to glass beaker. Weigh out 4 g sucrose
and add to PFA in glass beaker. Add 75 ml distilled water and place on heated
stirrer to dissolve. The solution needs to be carefully heated (use a stirring hot-plate
at temperature ∼56 �C), in a fume hood, to dissolve. Add 2 drops of 1 M sodium
hydroxide, and once all has gone into solution, add 10 ml of 10X PBS++ (with
Ca and Mg; Hyclone Labs). Make sure that pH is between 7.2 and 7.4. Make up
volume to 100 ml with distilled water. Store at 4 �C and use within 1 week.

2. Blocking solution: 3% (w/v) goat serum (Hyclone) in PBS++. Store at 4 �C and use
within 48 h.

2.5. Fluorescence Microscopy

1. Microscope coverslips �22 × 40 × 0�15 mm� from Fisher and Lab-Tek four-well
glass chamber slides from Nalge Nunc, Naperville, IL, USA.

2. Nuclear stain: 300 nM 4,6-diamidino-2-phenylindole (DAPI) in water.
3. Mounting medium: Antifade (Molecular Probes).
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Table 1
Comparison of the Specificity for Monosaccharides and Oligosaccharides of a
Panel of 14 Biotinylated Lectins Used in Immunocytochemistry and Flow
Cytometry

Lectin origin Monosaccharide
specificity

inhibitor

Concanavalin A Man or Glc 200 mM �-methylmannoside
or �-methyl glucoside

Phaseolus vulgaris erythro-agglutinin Gal Galactose
Phaseolus vulgaris leuco-agglutinin Gal Galactose
Sambucus nigra agglutinin Sialic Acid 500 mM lactose in acetic acid
Arachis hypogea peanut Gal 200 mM galactose
Vicia villosa agglutinin GalNAc 200 mM

N -acetylgalactosamine
Maackia amurensis Gal 200 mM lactose
Ricinus communis agglutinin Gal 200 mM galactose or lactose
Wisteria floribunda agglutinin GalNAc 200 mM

N -acetylgalactosamine
Ulex europaeus agglutinin Fuc 50–100 mM l-fucose
Lotus tetragonolobus lectin Fuc 50–100 mM l-fucose
Dolichos biflorus agglutinin GalNAc 200 mM

N -acetylgalactosamine
Hippeastrum hybrid lectin Man 100 mM mannose
Lycopersicon esculetum tomato GlcNAc Chitin Hydrolysate

Source: Reproduced from ref. 11 (BioMed Central Ltd.).

3. Methods
3.1. Passage of Human Embryonic Stem Cells

1. Using at least 3-day-old MEF plates �1�2 × 105 cells/cm2�, aspirate off medium
and replace with 2 ml of hESC medium (see Note 1). Place dish at 37 �C until
ready to plate out cells.

2. Add 1ml of collagenase solution per 35-mm dish containing hESC colonies.
Place on 37 �C stage for 2–3 min. Colonies can be observed rounding under
dissection scope.

3. Aspirate off collagenase solution and add 1 ml of 0.05% trypsin solution.
4. Allow trypsin to contact cells for no more than 40 s, then aspirate off the trypsin

solution.
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5. Add 1 ml of 10% FBS in DMEM/F12 to 35-mm dish and begin to gently pipette up
and down to dislodge or knock off and break up cell clumps, while continuously
observing cells under microscope.

6. Place harvested cells in 15-ml tube containing 8 ml hESC medium.
7. Add fresh medium to the dish and wash off and collect any remaining trypsinized

cells, add to 15-ml tube. (see Note 2).
8. Spin harvest cells for 4 min at 200 g at room temperature.
9. Resuspend trypsinized pellet in 2 ml of hESC medium per 35-mm dish used.

10. Count cells using hemocytometer by taking 10 �l cell suspension and mixing with
10 �l Trypan blue.

11. Aspirate medium from pre-equilibrated dishes and plate cells at 150,000 cells
per 35-mm dish in 2 ml medium. Place at 37 �C in a 5% CO2 incubator. Evenly
distribute cells on the plate through a uni-directional quick movement of the plate
on shelf the incubator (do not swirl cells in the plate) (see Note 3).

12. Feed every day with a 50% medium change until ready to passage again in 3–
4 days. The cells at this stage should exhibit distinct colony morphology (high
nuclear to cytoplasmic ratio) characteristic of hESCs.

3.2. Enrichment for SSEA-4-Positive Cells (see Note 4)

1. Cultures of hESCs are grown in 100-mm MEF dishes and trypsin passaged into
single cell suspensions as described above (see Subheading 3.1.).

2. Cells are then incubated on ice for 15 min in 1:10 dilution of SSEA-4 (MC 813-70,
DSHA) in 1 ml of SB in a 15-ml screw-capped tube. Flick the tube every 5 min to
resuspend the cells.

3. After incubation, 10 ml SB is added and cells resuspended as described above and
centrifuged at 3000 g for 5 min.

4. Supernatant is removed, leaving the cell pellet intact, and cells washed again in
10 ml of SB

5. After centrifugation, a 1:4 dilution of secondary anti-mouse IgG (magnetic beads)
in 100 �l of stain buffer is added to the cell pellet, and the resuspended pellet is
incubated on ice for 25 min.

6. After incubation, 10 ml SB is added to wash the cell pellet, followed by centrifu-
gation �3000 g� for 5 min. This process is repeated two more times in 5 ml SB.

7. Cells are finally resuspended in 500 �l of SB before being applied to a pre-washed
magnetic bead column. Wash three times with 0.5 ml of SB and collect flow through
from the column.

8. Remove the column from the magnet and elute with 1 ml of SB using plunger (see
Note 5).

9. The flow through from the column is collected and saved for counting, and the
retained eluate collected separately. Both flow through and eluate are brought up to
5 ml in SB after collection and counted to provide an estimate of the enrichment,
prior to immunocytochemical and flow cytometry analysis.
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3.3. Fixing Cells for Immunocytochemical and Flow
Cytometry Analysis

1. Work in a fume hood. Wash cells obtained after completing the steps described in
Subheading 3.2, 1 time in PBS++ (with Ca and Mg). Use aspirator to remove and
a transfer pipette to add PBS (see Note 6).

2. Add enough PFA solution �∼0�8 ml/1�8 cm2� to cover bottom of well of chamber
slides or dish.

3. Let sit at room temperature for 15–20 min.
4. Wash cells three times in 1 ml of PBS++.
5. Store fixed cells at 4 �C until ready to stain with chosen markers.

3.4. SSEA-4 and Lectin Binding Profiling by Flow Cytometry

1. One milliliter of blocking solution is added to the fixed cells from dish (see
Subheading 3.3.) for 30 min.

2. Cells are then placed in sterile 15-ml conical tubes in aliquots of 500,000 cells each
and double stained with one of the 14 lectins at 5 �g/ml and SSEA-4 in a 1:100
dilution.

3. Cells are washed three times with 5 ml of PBS and then stained with secondary
antibodies that include streptavidin–allophycocyanin (1:250, BD Biosciences,
Franklin Lakes, NJ, USA) for recognition of biotinylated lectins and antigoat
Mouse IgG conjugated Alexa 488 (1:2000) for recognition of SSEA-4. These
secondary antibodies are chosen so that there is no overlap in the emission/excitation
wavelengths and for double staining to be performed.

4. Unstained and stained enriched hESCs stained with secondary antibodies alone are
used as controls (see Note 7).

5. Cytometry is performed using a Beckman Coulter Cytomics FC 500 Flow
Cytometer, although obviously other cytometers will work well. Data analysis is
performed using the RXP Analysis Software by Beckman Coulter and Windows
Multi Document Interface for Flow Cytometry (WinMDI 2.8). Examples of flow
cytometry histograms in hESCs are shown in Fig. 1.

3.5. Localization of Lectin and SSEA-4 Expression
by Immunocytochemical Analysis

1. Cells fixed in wells of chamber slides (see Subheading 3.3.) are washed 1 time
with 1 ml of PBS++. Use aspirator to remove and transfer pipette to add PBS
(see Note 6).

2. Add 0.8 ml of block solution to each well. Incubate at room temperature for 45 min.
3. Prepare cell surface marker (Lectin/SSEA4) in block solution at supplier recom-

mended dilution. This is the primary antibody (1� antibody) solution.
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Fig. 1. Flow cytometry histograms of lectin binding in unstained and stained
human embryonic stem cells (HESCs). (A–D) Histograms of stage-specific embryonic
antigen-4 (SSEA-4) binding and representative lectins that were used in this study. To
validate that double staining can be performed without signal interference, we deter-
mined that SSEA-4 expression was not found in the FL1 channel. (A) A histogram
plot with the overlay image of SSEA-4 (black tracing) matching the histogram plot
of unstained cells (gray fill). (B) a positive peak shift in the histogram overlay with
Tomato lectin in black tracing and unstained cells (gray fill). (C) Lack of Lotus
tetragonolobus lectin (black tracing) binding in the histogram overlay with unstained
cells (gray fill). (D) a histogram overlay with Maackia amurensis (MAA) (black tracing)
binding and two peaks, one representing a large population that overlays unstained
cells and a smaller population denoted by arrow that shows a smaller population of
MAA+/SSEA4+ cells. (E) plots of unstained hESCs. (F) subpopulations of cells charac-
terized as SSEA-4+/MAA– or as SSEA-4+/MAA+ cells (circle). (Source: Reproduced
from ref. 12 with permission from BioMed Central Ltd, under the terms of the Creative
Commons Attribution License.)
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Fig. 2. Carbohydrate expression as determined by lectin binding using immuno-
cytochemistry. (A–C) a human embryonic stem cell (hESC) colony that represents
uniform lectin binding. Ricinus Communis agglutinin binding (A) is shown throughout
this stage-specific embryonic antigen-4 (SSEA-4) positive colony (B). The 4,6-
diaminodino-2-phenylindole (DAPI) nuclear stain image is also shown (C). Other
lectins showed partial binding patterns, such as Vicia Villosa agglutinin binding, which
is shown in a hESC colony (D) that has uniform SSEA-4 antibody binding (E).
Arrows denote distinct SSEA-4-positive regions lacking VVA binding. DAPI nuclear
staining is also shown (F). Phaseolus vulgaris erthyro-agglutinin (PHA-E) binding
is shown in two separate images in (G–H). (G) There are two adjacent colonies,
one that expresses strong binding of SSEA-4 antibody and weak to no binding of
PHA-E and an adjacent colony showing binding of PHA-E without SSEA-4 antibody
binding. (H) Another colony with a streak of stacked cells (as determined by high
DAPI expression, see arrow) in the middle of the colony that are beginning to lose
SSEA-4 expression but have strong PHA-E binding. However, the rest of the colony
adjacent to this streak of cells is uniformly positive for SSEA-4 but is lacking PHA-E
binding. (2I) lack of Dolichos biflorus agglutinin binding and presence of SSEA-
4 and DAPI staining. Images and scale bars: (A–G) 20× magnification, 100 �m;
(H–I) 10× magnification, 100 �m. (Source: Reproduced from ref. 12 with permission
from BioMed Central Ltd, under the terms of the Creative Commons Attribution
License.)

干细胞之家www.stemcell8.cn ←点击进入

http://www.stemcell8.cn


Extracellular Markers in hESCs 59

4. Aspirate off block solution from wells and add 300 �l of 1� antibody solution.
Cover to prevent exposure to light and incubate for 1 h at room temperature. This
can be extended to over night at 4 �C if necessary.

5. Wash cells 4 times in 1 ml of PBS++ for 5 min each wash.
6. Whilst completing washes in step 5, prepare 2� antibody in block solution

at supplier recommended dilution. This solution contains secondary antibodies
specific to both the lectin and SSEA-4.

7. Aspirate off last wash from wells and add 300 �l of 2� antibody solution. Cover
and incubate for 1 h at room temperature. During incubation cover sample with
foil to prevent fluorescence bleaching.

8. Wash wells four times in 1 ml of PBS++ for 5 min each wash.
9. Add 0.8 ml of a 1:10,000 dilution of DAPI in distilled H2O to each well. Incubate

for 5 min at room temperature. Cover with foil during incubation to prevent
exposure to light.

10. Wash cells three times in 1 ml of PBS++.
11. Verify that staining has taken place under fluorescence microscope before

mounting.
12. Gently remove sides of chamber and aspirate excess surrounding PBS.
13. Place one drop of mounting media directly in center of each well area.
14. At an angle gently lower a coverslip onto the slide trying to avoid air bubbles

where possible. Remove excess mounting media from slide and seal with nail
varnish on all four sides.

15. Keep in dark storage until results are observed and documented. It is recommended
to document the same day. Examples of carbohydrate expression as determined
by lectin binding are shown in Fig. 2.

4. Notes
1. Our experience with the BG01 and BG02 cell lines have shown that at least

3-day-old mitotically inactivated MEFs are best for sustaining the undifferentiated
state of the cell lines. Mitotically inactivated MEFs that are less than 3 days in
age result in increased differentiation of the cultures.

2. While obtaining cells for analysis, the best cells are those that come off first. Once
feeder layer begins to roll or break it is time to stop. It is best not to try hard to
collect everything on the feeder layer or those that remain attached to plate.

3. We have noticed that this step is extremely important for an even distribution
of cells across the dish so as to produce uniform-sized colonies across the dish.
This helps maintain the undifferentiated nature of the stem cells during routine
passaging.

4. It is important to note that depending on culture conditions, the percentage of
SSEA-4-expressing cells within a hESC colony can vary. It is generally agreed that
there is a high correlation between SSEA-4 expression and the presence of markers
correlated with undifferentiated morphology. In our study, pluripotent hESCs have
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been defined as those populations with 98–99% expression of SSEA-4, obtained
after magnetic bead sorting

5. This step needs to be done very delicately as increased shear can lead to loss of
viability of the cells.

6. The PBS wash in this step needs to be performed very gently as the cells have a
tendency to dislodge easily.

7. An extra stringency control could also utilize isotype control antibodies. However,
these have shown negligible cross-reactivity with cell surface antigens on hESCs.
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Generation of a Monoclonal Antibody Library Against
Human Embryonic Stem Cells

Micha Drukker, Christina Muscat, and Irving L. Weissman

Summary

Differentiated cell types derived from human embryonic stem cells (hESCs) may serve in
the future to treat various human diseases and to model early human embryonic development in
vitro. Fulfilling this potential, however, requires extensive development of methods and reagents
for studying hESCs self-renewal and differentiation. One of the most widely used experimental
approaches in the field of stem cell research is the identification of cell surface markers that
can be used to prospectively define and isolate specific populations of stem cells and their
progenitors. Here, we review an efficient method for generating monoclonal antibodies against
cell surface antigens expressed by hESCs and stem cells at different stages of differentiation. This
method may have profound implications for many aspects of hESC research and therapeutics.

Key Words: Human embryonic stem cells; Monoclonal antibodies.

1. Introduction
Human embryonic stem cell (hESC) lines are excellent candidates to serve as

a valuable source of cells in transplantation medicine as they have the capacity
to grow indefinitely in culture conditions without losing pluripotency and to
differentiate to all cell types of the body upon induction of differentiation (1–3).
Moreover, owing to their broad differentiation potential, they may serve as an
excellent tool to study commitment of pluripotent human cells to different cell
types. For example, detailed differentiation protocols are available today for
the derivation of neurons (4–8), cardiomyocytes (9–14), endothelial cells (15),
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hematopoietic precursors (16,17), keratinocytes (18), osteoblasts (19), hepato-
cytes (20,21) and others.

Central to our understanding of how hESCs commit to different fates is the
ongoing effort to identify and purify subpopulations of cells emerging during
differentiation. Prospective isolation is also critical for therapeutic purposes;
one must be able to sort out undifferentiated cells with the hazardous potential
to form teratomas following transplantation (22). Isolations of specific cell
types are mainly based on either genetic tagging or the expression of cell
surface markers. Genetically tagged cells are manipulated to express a reporter
protein when the cells commit to a certain lineage. For example, Lavon et al.
(23) used the pancreatic and duodenal homeobox factor-1 promoter fused to
the enhanced green fluorescent protein encoding gene to study differentiation
of hESCs to the pancreatic lineage. On the other hand, the cell surface marker
identification method relies on immunoselection by antibodies recognizing
lineage-specific or population-specific surface antigens. Cell surface marker-
based isolation offers several advantages over gene manipulation techniques.
First, antibody staining is simple and rapid whereas genetic manipulation
of hESCs involves laborious plasmid construction, transfection and clone
screening. Second, several antibodies can be used at once to examine the
expression of multiple markers, whereas a similar genetic-based isolation would
require multiple rounds of reporter construction and transfections. Finally, gene
manipulation is only applicable in cases where the relevant genes are known in
advance as this method requires detailed information about the gene promoter
and the expression pattern. Thus, this method is rarely used as a screening tool
for new types of cells, in contrast to the use of antibody combinations that can
be utilized to identify and purify subsets of cells without any prior knowledge
about their gene expression.

Here, we describe in detail a protocol for the generation of a hESC specific
antibody library. This method may apply to any given type of cell if the
number of cells available for immunizations exceeds 10 million. However,
this procedure is not easily applied for rare populations of cells such as
hematopoietic stem cells because they constitute only a small fraction of the
peripheral blood and the bone marrow. Screening of the newly generated
antibodies is simple, rapid and often yields couple of hundred monoclonal
antibody clones. Antibody generation can be followed by studies to identify
the target antigens and uncover their role in the biology of hESCs.

Monoclonal antibodies against human cell types are commonly generated
by multiple rounds of injections of the target cells into the peritoneum of
immunocompetent mice followed by harvesting the sensitized lymphocytes
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from the spleen and lymph nodes. The cells are fused to mouse myeloma
cells and each hybridoma clone secretes monoclonal antibodies encoded by a
specific B-cell genome (24). Most of the antibody clones, however, are directed
at human antigens that are broadly expressed by many cell types and are not
unique for the cell type of interest. To enrich for hESC-specific antigens,
we adopted a modified immunization technique, termed the Decoy Footpad
Immunization (25). It takes advantage of the fact that circulating T and B
cells meet their cognate antigens in secondary lymph nodes and mature there
for 4–6 days before their progeny cells are mobilized (26). Decoy Footpad
Immunization is initiated by repeated injections of human peripheral blood
mononuclear cells (PBMCs) as “decoy” into the left hind footpad. This leads
to trapping of B cells specific for generic human epitopes in the lymph node
of the left hind limb. hESCs are then injected into the right hind footpad as the
immunogen (target antigen). Most of the B cells trapped in the draining inguinal
and popliteal right lymph nodes are hESC-specific as the non-specific B cells
were already trapped in the draining lymph nodes of left hind limb. To boost
the immune response against hESCs and to improve antibody diversification
and specificity, repeated injections of the decoy and the target cells are carried
out for a month, prior to harvesting of the popliteal lymph node from the right
hind limb. Following hybridoma generation, hybrid-derived clones are selected
and screened for their capacity to secrete hESC-specific antibodies. Resulting
clones may also recognize antigens expressed on spontaneously differentiating
hESCs that are present in the immunization mixture.

2. Materials
2.1. Cell Culture

1. hESC culture medium: 400 mL Dulbecco’s Modified Eagle Medium: Nutrient Mix
F-12 (DMEM/F-12) �1×�, liquid, 1:1, with l-glutamine and 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES) buffer (cat. no. 11330-032) supplemented
with 100 mL Knockout Serum Replacement (cat. no. 10828-028), 5 mL MEM non-
essential amino acids—100× solution (cat. no. 11140-050), 5 mL GlutaMAX™-I
Supplement (cat. no. 35050-061), 5 mL penicillin–streptomycin (cat. no. 15140-
122), 0.5 mL 2-mercaptoethanl (cat. no. 21985-023) (all from Invitrogen, Carlsbad,
CA, USA) and one vial of 200 �L fibroblast growth factor FGF-basic (see step 2).
Filter the medium using 0�22-�m filter unit and store refrigerated in the dark.

2. Recombinant human FGF-basic (Peprotech Inc, Rocky Hill, NJ, USA) is dissolved
in 5 mM Tris–HCl at pH 7.6 to a concentration of 25�g/mL and stored as 200 �L
aliquots in −80 �C. Add one aliquot per 500 mL hESC medium, to reach a final
concentration of 10 ng/mL. Avoid freezing and thawing.
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3. Mouse embryonic fibroblast (MEF) medium: 500 mL DMEM High Glucose (cat.
no. 11965-092, Invitrogen) supplemented with 50 mL characterized fetal bovine
serum (FBS, cat. no. SH30071, HyClone, Ogden, UT, USA) and 5 mL penicillin–
streptomycin (cat. no. 15140-122, Invitrogen). Filter the medium using 0�22−�m
filter unit and store in refrigerator.

4. Basic RPMI 1640 medium: 400 mL RPMI 1640 medium without l-glutamine
(cat. no. 21870-076, Invitrogen) supplemented with 50 mL characterized FBS (cat.
no. SH30071, HyClone), 5 mL MEM non-essential amino acids—100× solution
(cat. no. 11140-050, Invitrogen), 5 mL GlutaMAX™-I Supplement (cat. no. 35050-
061, Invitrogen), 5 mL penicillin–streptomycin (cat. no. 15140-122, Invitrogen),
5 mL of 100 mM sodium pyruvate solution (cat. no. 11360-070, Invitrogen) and
0.5 mL 2-mercaptoethanl (cat. no. 21985-023, Invitrogen). Filter the medium using
0�22−�m filter unit.

5. RPMI 1640 complete medium: Same as described above, with 50 mL controlled
process serum replacement (CPSR) heat inactivated Hybri-Max serum (cat. no.
C0786-500 mL, Sigma, St Louis, MO, USA) instead of FBS.

6. RPMI 1640 complete fusion medium: Same as RPMI 1640 complete medium,
supplemented with 50 mL P388D1 conditioned medium (described in step 7) and
10 mL hypoxantrine aminopterin and thymidine (HAT) medium supplement.

7. RPMI 1640 complete post-selection medium: Same as RPMI 1640 complete
medium supplemented with 50 mL P3881 conditioned medium (described below)
and 10 mL hypoxanthine and thymidine (HT) medium supplement.

8. HAT medium supplement, 50× (cat. no. H-0262, Sigma). Prepare by adding
10 mL RPMI 1640 medium directly to the vial.

9. HT medium supplement, 50× (cat. no. H-0137, Sigma). Prepare by adding 10 mL
RPMI 1640 medium directly to the vial.

10. Polyethylene glycol 1500 (PEG 1500) (cat. no. 783641, Roche, Mannheim,
Germany).

11. Gelatin solution: Prepare 1% autoclaved Gelatin Type A solution (cat. no. G-1890,
Sigma) in distilled water.

12. Dulbecco’s phosphate-buffered saline (PBS, 1×) without calcium/magnesium (cat.
no. 14190-144, Invitrogen).

13. Sterile 1 mg/mL Collagenase Type IV (cat. no. 17104-019, Invitrogen) solution in
DMEM/F-12.

14. Solution of trypsin (0.25%) with 1mM ethylenediaminetetraacetic acid (EDTA)
(cat. no. 25200-056, Invitrogen).

15. Basement Membrane Matrix (Matrigel), Phenol Red-free, 10 mL (cat. no. 356237,
BD, San Jose, CA, USA). Thaw the vial overnight on ice in a cold room (4 �C). In
the hood, while the vial remains on ice, transfer 1 mL aliquots into chilled 1.5-mL
microtubes. Store in −20 �C.
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16. Basement Membrane Matrix, diluted solution. Thaw 1 mL aliquot overnight on
ice in a cold room (4 �C). In the hood on ice, transfer the 1 mL aliquot to a 50-mL
conical tube containing 19 mL DMEM/F-12 medium. Mix briefly and keep on ice.
Store in −20 �C.

17. Dimethylsulphoxide (DMSO) (cat. no. D2650, Sigma).

2.2. Peripheral Blood Mononuclear Cell Isolation

1. Ficoll-Paque PLUS, 1.077 g/mL (cat. no. 17-1440-02, GE Healthcare, Uppsala,
Sweden). Store at 4 �C in the dark.

2. Human peripheral blood, 30 mL, anticoagulated with heparin.

2.3. Animals and Injections

1. Four-week-old to eight-week-old Balb/c mice. Five animals per group. Use one
gender to avoid mating.

2. Avertin stock solution: In 20-mL glass vial dissolve 25 g of 2,2,2-tribromoethanol
(cat. no. T48402, Sigma) with 15.5 mL of tert-amyl alcohol (cat. no. 152463, Sigma).
Store at room temperature (RT) wrapped with aluminum foil in a glass jar for up
to 6 months.

3. Avertin working solution: Add 1 mL of stock solution to 49 mL of PBS (1.25%
solution). Maintain constant stirring of PBS that is warmed to 37 �C while adding
Avertin to avoid formation of crystals. Aliquot and store protected from light at 4 �C.

2.4. Immunization

1. Tuberculin syringe, 0.5 mL (cat. no.305620, BD).
2. Ethanol, 70%.

2.5. Surgery

1. Ethanol, 70%, surgical scissors, sharp dissecting scissors and surgical forceps.
2. Nylon Cell Strainer, 70 �m (cat. no. 352350, BD Falcon, Bedford, MA, USA).

2.6. Fluorescent-Activated Cell Sorter

1. Cell dissociation solution (cat. no. C5914, Sigma).
2. Staining medium. Filtered 2% FBS in PBS. Keep refrigerated.

3. Methods
Efficient generation of monoclonal antibodies against target cells relies on

two major factors: the capacity to elicit strong immune response toward the
injected cells and the efficiency of lymphocyte fusion with myeloma cells.
For best results, it is advisable to immunize each animal with approximately
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1–2 × 106 hESCs at 3–4 days intervals for 1 month, meaning that a total of
40–80×106 hESCs are required for a group of five animals. Thus, it is advisable
to prepare for continuous tissue culture work for a period of 1 month.

3.1. hESC Culture

This protocol assumes that the hESC culture starts from one plate of 1×106

cells (see Chapter 2 for detailed protocols for hESCs propagation).

1. Transfer approximately 1×106 4000 rad irradiated MEFs (see Note 1) in 10 mL
MEF medium to 10-cm culture dish that was pre-coated with 6 mL gelatin solution
for 10 min. Incubate overnight.

2. Aspirate MEF medium. Transfer approximately 1 × 106 hESC cell suspension to
the MEF-coated plate in a total volume of 10 mL hESC culture medium. Incubate
overnight.

3. Change culture medium every day for 3 to 5 days. The cells should form medium
size colonies.

4. One day before splitting the cells, prepare three fresh MEF-coated plates.
5. To split hESCs, aspirate the medium, wash the plate with 6 mL PBS and aspirate

again. Add 3 mL Collagenase Type IV solution to the cells. Incubate at 37 �C for
15 min (see Note 2).

6. Aspirate the solution and add 2 mL of fresh Collagenase Type IV solution. Incubate
for additional 10 min.

7. The edges of the colonies should become loose. Gently spray 5 mL of medium
on the colonies, until they become loose, and transfer to 15-mL conical tube.
Spin 5 min at 400 g at RT. Discard the medium and resuspend in 3 mL of hESC
medium.

8. Aspirate MEF medium from the new plates. Transfer 1 mL hESC suspension to
each MEF-coated plate and add 9 mL hESC culture medium. Incubate overnight.

9. For each immunization set (five animals) trypsinize one or two hESC plates,
depending on the cell density: aspirate the medium, wash with 6 mL PBS, aspirate
the PBS and add 1 mL 0.25% trypsin/EDTA solution to each plate (see Note 2).
Incubate for 5 min (RT) and wash the cells with 4 mL hESC medium to quench
trypsin.

10. Transfer to 15-mL conical tube and spin 5 min at 400 g (RT). Aspirate the super-
natant, resuspend in 1 mL PBS and count the cells using hemocytometer. There
should be a total of 5–10 × 106 cells. Spin again under the same conditions.
Aspirate the PBS carefully, leaving the cell pellet in a total volume of 100 �L.
Tap gently on the tube to loosen the cells. Incubate on ice until injected to the
animal (see Note 3).

11. Repeat steps 4–11 to prepare cells for the next set of immunizations. Use the extra
plate that was prepared in step 8.
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3.2. Preparation of Peripheral Blood Mononuclear Cells

Human PBMCs are prepared to serve as the decoy immunogen. They can
be prepared once and then frozen as aliquots of 5–10×106 PBMCs for a group
of five animals.

1. PBMCs are prepared by density gradient centrifugation. Place 15 mL Ficoll-Paque
in 50-mL conical tube, tilt the tube and overlay very slowly with 30 mL of human
blood diluted 1:1 with PBS. Do not disrupt the surface tension of the density
gradient material.

2. Centrifuge at 800 g for 30 min (RT). Centrifuge brake should be off. Using 10-mL
pipette carefully collect the mononuclear cell band at the Ficoll-Paque and serum
interface and transfer the cell suspension to a new 50-mL tube. Make sure that
you take as little of the density gradient as possible. Add 1 volume of PBS and
centrifuge at 400 g for 5 min (RT).

3. Discard the supernatant, resuspend in 50 mL PBS and spin under the same condi-
tions. Repeat this step twice.

4. Discard the supernatant, resuspend in 10 mL MEF medium and count cells using
hemocytometer. There should be a total of 50–150×106 cells if starting with 30 mL
of blood.

5. Adjust the cell suspension to a concentration of 5–10 × 106 cells/mL with MEF
medium. Add 10% DMSO to the cell suspension and freeze aliquots of 1 mL in
cryofreezing containers.

3.3. Immunization

1. The first two rounds of immunizations are carried out with decoy cells alone.
Each time thaw one vial of PBMCs in 37 �C bath, add 5 mL of MEF medium and
spin at 400 g for 5 min (RT). Discard the medium and resuspend in 5 mL PBS and
spin again.

2. Aspirate the PBS carefully, leaving the PBMC pellet in a total volume of 100 �L.
Loosen the pellet by gently tapping on the tube. Incubate on ice until administrated
to the animal.

3. From the third injection onwards, inject hESCs and PBMCs in parallel. Prepare
hESCs as described in Subheading 3.1.

4. Day 6, PBMCs only, left hind footpad; Day 3, PBMCs only, left hind footpad;
Days 0, 3, 6, 9, 12, 15, 18, 21: Immunization schedule should be as follows:
PBMCs (in left hind footpad) and hESCs (in right hind footpad).

5. Mouse anesthesia: Inject 15 �L Avertin (working solution) per 1 g of mouse body
weight into the peritoneum. After about 1 min, mouse will be immobilized and
will remain so for about half an hour.

6. Syringe loading: Use one syringe for each cell type and mark the syringe.
Resuspend the cells briefly and pull the plunger to load the cells into the syringe.
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Avoid making bubbles. There should be a total of 100 �L in each syringe
(see Note 3). Place the syringes on ice.

7. Pinch the mouse hind limb to verify that the mouse is fully anesthetized. If the
mouse can feel this, it will try to withdraw its leg from your grasp. Do not
commence immunization until there is no reflex to this test.

8. Wipe the footpad with 70% ethanol.
9. Inject the “decoy cells” (PBMCs) into the left footpad: The injection site should

be in between the “knuckles” of the mouse footpad (Fig. 1A and B). Insert the
needle until it reaches the underside of the cushion footpad and slowly inject
20 �L of the cell suspension (Fig. 1C). Pull out the needle slowly to prevent leaks.
Immediately after the needle is withdrawn, apply pressure (with thumb) for a few
seconds to prevent backflow of the cells from injection site (Fig. 1D). To inject
hESCs repeat the exact procedure in the right footpad immediately following left
footpad decoy injection.

10. Once immunization is complete, wrap the mouse in a tissue to help keep it warm.
A heating pad or indirect heat can be used to warm the animal until it regains
consciousness (see Note 4). Return the animal to its cage.

3.4. P388D1 Conditioned Medium

1. Interleukin-16 (IL-6) conditioned medium supports hybridoma growth. To prepare
conditioned medium, thaw 1–4 × 106 P388D1 cells in 37 �C bath and transfer
together with 5 mL of basic RPMI 1640 medium to 15 mL-conical tube. Spin at
400 g for 5 min (RT). Discard the supernatant, resuspend in 10 mL basic RPMI
1640 medium and transfer to a 10-cm plate. Incubate for 24 h.

Fig. 1. Mouse footpad injection. (A) The injection site is between the “knuckles”
of the mouse footpad. (B) The needle reaches the underside of the cushion footpad
and (C) then the area swells when 20 �L of cell suspension is injected. (D) To prevent
backflow apply pressure at the injection site for a few seconds.
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2. Transfer the cells to the hood, resuspend and count the cells using hemocytometer.
If the cells reached a density of 4–6 × 105 cells/mL then they should be split to a
final concentration of 2 × 105 cells/mL in 10 mL aliquots of the same medium in
T-75 flasks.

3. Split the cells again 2–4 days later when the cells reach a concentration of 4–6×105

cells/mL. Transfer the cells in 50mL aliquots of the same medium into T-175 flasks.
4. Grow the cells until they reach a concentration of 1 × 106 cells/mL. Transfer the

medium together with the cells into 50-mL conical tubes and spin at 400 g for 5 min
at RT (do not discard the flasks). Aspirate the supernatant and resuspend 1 × 106

cells/mL in basic RPMI 1640 without FBS to maximize IL-6 secretion. Add the
cells to the original flasks and return to the incubator.

5. At this point, it is recommended to freeze few cell aliquots for future use. Adjust
cell suspension to a concentration of 1–4 × 106 cells/mL, add 10% DMSO to the
cell suspension and freeze aliquots of 1 mL in cryofreezing containers.

6. Grow the cells for an additional 7–10 days. Transfer the medium together with the
cells into 50-mL conical tubes and spin at 400 g for 5 min at RT. Transfer 50 mL
supernatant aliquots to fresh 50-mL conical tubes and freeze in −20 �C refrigerator.
These aliquots contain high concentration of IL-6 and will be used to support
hybridoma growth. Discard the cells.

3.5. Myeloma Cell Preparation

1. Seven to ten days prior to fusion, thaw 1–4 × 106 SP2/0 mouse myeloma cells in
37 �C bath and transfer together with 5 mL of RPMI 1640 complete medium to a
15-mL conical tube. Spin at 400 g for 5 min in RT. Discard the supernatant and
resuspend in 10 mL RPMI 1640 complete medium. Transfer to 10-cm plate and
incubate for 48 h.

2. Transfer the cells to the hood, resuspend and count the cells using hemocytometer.
If the cells reach a density of 4–6 × 105 cells/mL, they should be split to a final
concentration of 2 × 105 cells/mL in total volume of 10 mL RPMI 1640 complete
medium in T-75 flasks. Incubate for 48 h.

3. As before, count the cells, adjust to a concentration of 2 × 105 cells/mL in RPMI
1640 complete medium and transfer 50 mL aliquots into T175 flasks. There should
be approximately 3–4 flasks.

4. It is estimated that approximately 2–4 × 107 myeloma cells are required for every
fusion of popliteal lymph node (1–2 × 108 cells are harvested from every node).
Thus, if five animals are immunized, then a total of 1–2 × 108 myeloma cells are
required. It is important to note that for successful fusion, the cells should be
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cultured in log phase, therefore they should not be allowed to reach a density greater
than 8×105 cells/mL.

5. On the fusion day, collect the SP2/0 cells from T-175 flasks to 50-mL tubes, spin
the cells at 400 g for 5 min (RT), discard the supernatant, resuspend all the cells
in total volume of 10 mL RPMI 1640 complete medium and count the cells using
hemocytometer.

3.6. Lymph Node Isolation and Leukocyte Preparation

On injection day 25, or 4 days after the final injection, harvest the popliteal
lymph node from the right hind limb. The isolated leukocytes from the lymph
nodes would serve as fusion partners to the myeloma cells. Have the following
setup ready before operating:

• Pre-warm the PEG 1500 tube in tissue culture incubator. It is important that the
fusion is carried out at 37 �C. Leave the tube in the incubator until used.

• Pre-warm the RPMI 1640 complete fusion medium in 37 �C water bath.

1. Humanely euthanize the mice by terminal CO2 inhalation.
2. Place the mouse in a supine position and pin down the forelimbs and the hind limbs

with needles to a dissecting board.
3. Swab the right hind limb with 70% ethanol.
4. Make a small incision in the skin above the ankle (Fig. 2A) and loosen skin

by gently inserting forceps jaw underneath the skin and sliding it left and right
(Fig. 2B).

5. Enlarge the incision upward toward the leg. Grab the skin, stretch it down and pin
it to the board. That will expose the area where the popliteal node is located or
hidden within a fat pad (Fig. 2C).

6. Separate the fat pad from the muscle, exposing the lymph node, and gently dissect
out the lymph node (Fig. 2D).

7. Transfer the lymph nodes to a 50-mL conical tube. For best results, it is better to
carry out two independent fusions. Thus, it is advisable to separate the lymph nodes
into two tubes, each containing 1–3 lymph nodes (see Note 5).

8. In the hood, transfer the nodes to a sterile cell strainer atop a 50-mL conical tube
and homogenize the nodes by mincing them with the sterile thumb rest end of
a syringe plunger until most of the tissue is dispersed. Then, wash the strainer
thoroughly with 50 mL of basic RPMI 1640 medium in order to collect the cells in
the suspension.

9. Spin for 5 min, 400 g, at RT. Remove the supernatant carefully (with a pipette, do
not aspirate) and resuspend in 5 mL basic RPMI 1640 medium. Count the cells
using hemocytometer.
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Fig. 2. Isolation of mouse popliteal lymph node. (A) Mouse is pined down in supine
position and a small incision is made in the skin above the ankle. (B) Skin is stretched
down and pinned to the board. (C) The popliteal lymph node is located within a fat
pad. (D) Fat pad is separated from the muscle, exposing the lymph node and the node
is removed by fine forceps.

3.7. Fusion with Myeloma Cells

Successful fusionbetween the lymphnodecellsand themyelomacells iscritical
for the generation of monoclonal antibody library (see Note 6). Carry out the
following steps carefully.

1. In a fresh 50-mL conical tube combine 2×107 myeloma cells per 1×108 lymph
node cells. Centrifuge for 5 min at 400 g (RT). Remove the supernatant carefully
using a pipetman, do not aspirate.

2. Resuspend the cells with 10 mL basic RPMI 1640 medium. Spin again and discard
supernatant. Repeat this step twice.

3. Remove the PEG 1500 from the incubator, swab with 70% ethanol and place in
the hood.

4. Gently tap the cell pellet to loosen it.
5. Add 4 mL of PEG 1500 down the side of the tube at a rate of 1 mL/min while

gently stirring (be very gentle).
6. Inactive the PEG 1500 by adding RPMI 1640 complete medium in the following

manner: 1 mL/min while gently stirring; 3 mL/3min gently; 3 mL/3min directly to
cell suspension; 5 mL/min; 10 mL/min and 25 mL/min.
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7. Let the cells sit for 5 min in RT or 37 �C incubator. Spin for 5 min at 400 g (RT).
Resuspend gently in RPMI 1640 complete fusion medium.

8. For each lymph node harvested, seed the cells in five 96-well plates in RPMI
1640 complete fusion medium (i.e., for 5 lymph nodes plate 25 96-well plates).
The total volume of each 96 plate is approximately 18.5 mL. Transfer the cells
together with the calculated volume of RPMI 1640 complete fusion medium into
square medium bottle and swirl gently.

9. Pour 40 mL cell suspension into 50-mL cell reservoir well and using 12-channel
or 8-channel micropipette dispense 190 �L into flat-bottom 96-well plates.

10. Place the plates in the incubator at 7% CO2.

3.8. Propagating and Screening Clones

Following 4–5 days of culture, it is recommended to carry out partial medium
change due to massive cell death. Propagate the clones in HAT-containing
medium until they are expanded and screened. Later the cells are transferred
to HT-containing medium instead of HAT-containing medium (see below). It
is important to add the HT supplement as hypoxanthine and thymidine are
necessary for the salvage nucleoside synthesis pathway (see Note 6).

1. Using multi-channel micropipette, draw 100 �L/well from the 96-well plates (do
not resuspend). Use barrier tips once and immediately discard them to ensure that
cells are not passed between wells.

2. Pour RPMI 1640 complete fusion medium into 50-mL cell reservoir well and using
12-channel or 8-channel micropipette dispense 150 �L into each well of the 96-well
plates.

3. Return the plates to the incubator.
4. Positive clones should appear within 2–3 weeks. You can identify the clones by

examining the plates under the microscope. Massive clusters containing thousands
of dividing cells should form. When the clones expand further, the medium turns
yellow and cell aggregates become apparent to the naked eye.

5. Positive clones should be expanded in the following manner: count the number of
the positive clones. Prepare 500 �L RPMI 1640 complete fusion medium in each
well of a 24-well plate for all the clones and 96-well plates containing 100 �L of
the same medium. Using 200 �L fresh barrier tip, resuspend each expanded clone
once and transfer 100 �L to a 24-well plate. Resuspend twice and transfer 100 �L
to a 96-well plate. Mark both plates in the same manner, so you will be able
to know which clones were transferred to the 24-well plate and matched 96-well
plate.

6. You may want to add 100 �L RPMI 1640 complete fusion medium to each of the
original 96-well plate and to keep it for additional few days as a backup.

7. Return all the plates to the incubator for additional 2–3 days. It is essential that
during these days, preparations for clone analysis would be carried out.
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8. Following clone screening (see Subheading 3.9.) expand the positive clones from
the 24-well plates to six-well plates by transferring each clone to one six-well
plate containing RPMI 1640 complete post-selection medium. Grow the cells for
additional 2–3 days and then freeze aliquots as described in Subheading 3.11. If
you choose to keep growing the clones maintain them in RPMI 1640 complete
post-selection medium.

3.9. Clone Screening

There are several methods that one may use to test antibody secretion from
hybridoma clones. In our opinion the best method to test secretion and at the
same time to examine the staining pattern is by FACS (see Note 7).

1. As described in Subheading 3.1 carry out steps 1–9 for the analysis of 100
hybridoma clones. The only difference is that the cells are not seeded on MEF-
coated plates as given in step 8. Instead, plate the cells on three Matrigel-coated
plates.

2. Add 2 mL diluted Matrigel to each 10-cm tissue culture dish. Swirl the plate until
it is uniformly covered with Matrigel.

3. Incubate in the hood for 3 h.
4. Aspirate the remaining solution and pass the hESC suspension to these plates.

Typically 3–5 days later, the cells will form medium large colonies.
5. At the day of clone analysis, dissociate the culture by cell dissociation solution (see

Note 2). Aspirate the medium, wash with 6 mL PBS and add 2 mL cell dissociation
solution to each plate. Return cells to the incubator for 15 min. Occasionally tap
on the plates to break cell aggregates.

6. Take the plates to the hood and using 1-mL micropipette dissociate the cells by
sucking the buffer and spraying it on the attached colonies. Then, pass the cells
through a 70-�m nylon cell strainer. Add 10 mL staining medium and spin down
for 5 min at 400 g �4 �C). Aspirate the supernatant, resuspend in 1 mL staining
medium and incubate on ice.

7. Count the cells using hemocytometer. You will need between 8–12 × 104 cells
per analysis. Therefore, if you plan to test approximately 100 clones a total of
8–12×106 cells are required. Adjust the cell-suspension to 1�6–2�4×106 cells/mL
in staining medium. One milliliter is sufficient for 20 stains.

8. Transfer the cells to a reservoir well and dispense 50 �l aliquots into 96-well
U-bottom plates. Place the plate on ice.

9. Spin the 96-well clone-containing plates, which were prepared as described
in subheading 3.7 (step 5), for 10 min at 400 g (RT). Using a multichannel
micropipette, transfer 50 �L from the supernatant of each clone into the 96-well
U-bottom plates that contain the hESCs and resuspend once (see Note 8). Change
tips between clones.
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10. Incubate on ice for 1 h. Spin the 96-well plate for 10 min at 500 g �4 �C). Discard
the supernatant by briefly overturning the plate over a sink and immediately return
the plate to upright position.

11. Using multichannel micropipette, resuspend the clones in a 100 �L of FACS
medium containing anti-mouse IgG secondary antibody. Incubate for 1 h on
ice. We recommend using anti-mouse IgG polyclonal phycoerythrin-conjugated
antibody such as eBioscience (cat. no. 12-4012, San Diego, CA, USA).

12. Spin again under the same conditions and discard supernatant. Resuspend in
200 �L FACS medium and then spin again. Discard supernatant.

13. At the last step you will need to transfer the stained cells to FACS tubes and to
analyze the cells by FACS. This step depends on the machine used and on the
adequate volume of cell suspension needed. We recommend to resuspend the cells
in 250 �L FACS medium and to acquire 3×104 events per sample.

3.10. Analysis of FACS Data

Due to the heterogeneous nature of hESC culture (some differentiation
always takes place) generating a monoclonal antibody library against these
cells may yield antibodies that are not only specific to undifferentiated cells
but also to differentiated derivatives. Figure 3 illustrates four FACS analyses
of expression patterns that were generated by staining hESCs with monoclonal
antibodies that were produced using this protocol. The analysis in panel A
shows that only a minority of the cells expresses the antigen that is recognized
by this antibody clone. It indicates that this antibody may identify a marker for
differentiated cells. In panel B there is a clear staining of all the cells. Thus, it
is likely that this antibody recognizes a marker for undifferentiated hESCs. The
variation in expression may indicate that the cells are not uniform with regard
to the expression of the marker. On the other hand, in panel C, the expression
pattern indicates that most of the cells express very high levels of the antigen.
But still, a small population is not stained, and therefore, it may indicate that
some differentiated cells down-regulate this marker. In panel D, there is almost
uniform expression pattern, indicating that this antibody stains all the cells.

Before freezing the positive clones, it is important to establish that the
antibodies, which uniformly stain hESCs, do not stain other human cells. Those
that do should not be studied further as they recognize human antigens which
are not hESC specific. We recommend staining at least one additional human
cell line, such as Hela cells, in order to rule out this option.

3.11. Freezing and Thawing Clones

Ideally you may expect between 100–300 monoclonal hybridoma clones
from a typical lymph node fusion. Usually about half of the clones do not
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Fig. 3. Fluorescent-activated cell-sorter analysis of four monoclonal antibodies that
were raised against human embryonic stem cells (hESCs). Note the different expression
patterns. (A) Clone that recognize only a minority of the cells. (B) Monoclonal antibody
that heterogeneously stains the whole population. (C) All of the cells are stained by this
antibody and the majority of them express very high levels of the recognized antigen.
(D) This antibody detects almost uniform expression of an antigen that is expressed
in hESCs. The x-axis shows the expression level of the antigens that are recognized
in hESCs by the monoclonal clones. The y-axis shows the side-scatter of the analyzed
cells. Events inside the box indicate cells that are recognized by the antibody.

secrete antibodies or have anti-human specificity. After eliminating these, you
are likely to have between 100 and 200 clones. As soon as screening is done,
it is crucial to freeze at least two or even three aliquots of all of them due to
their unstable genome (see Note 9).

1. Centrifuge 1×106–1×107 cells for 5 min at 400 g �4 �C). Resuspend the pellet in
1 mL cold sterile freezing medium (FBS containing 10% DMSO) and aliquot in
cryofreezing containers.

2. Put the vials in freezing rack and place in −70 �C freezer. After several days remove
containers from the freezer and place then in liquid nitrogen tank.

3. Reviving hybridoma cell lines: The frozen cultures are thawed quickly at 37 �C by
placing the cryofreezing vials in a water bath. Then, transfer the cells with 5 mL
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RPMI 1640 complete medium to 15-mL conical tube. Centrifuge 5 min at 400 g
(RT) and resuspend the pellet in 10 ml RPMI 1640 complete medium.

4. Notes
1. It is recommended that the same strain of mouse that is used to produce the MEFs

would also be used as the immunized strain in order to prevent immune response
toward the MEFs. Alternatively, one may grow the hESCs prior to immunization
on Matrigel (described in Subheading 3.9.), for one passage, to dilute the MEF
content.

2. Three methods of cell dissociation are used in this protocol. The reason is that
passage by Collagenase IV yields excellent hESC culture as the cells are passed
as small clumps. However, this method is not ideal for injecting the cells due to
clogging of the needle and hence trypsin is preferred. The cell dissociation solution
is necessary to dissociate cells prior to FACS as trypsin might cleave some of the
antigens that are expressed by the cells.

3. To ensure sterility, a good practice would be to use a fresh syringe for every
animal. If you choose to do so, load 20 �L of each cell type into five different
syringes.

4. It is recommended to inject penicillin–streptomycin solution to the animals under-
going immunization, in order to prevent contaminations that might occur due to
injection through the footpad. We inject 5 �L of penicillin–streptomycin tissue
culture stock solution per 1 g body weight while the mice are still immobilized
following immunization.

5. It is recommended that at least two separate fusions be carried out as described in
Subheading 3.6 as fusion efficiency vary greatly We routinely separate the lymph
nodes to two groups and carry out two fusions in parallel.

6. HAT are used to select hybrid cells as myeloma cells are defective in either
the hypoxanthine–guanine phosphoribosyl transferase (HGPRT) or the thymidine
kinase (TK) gene. Therefore, both the salvage (by the mutation) and the de novo (by
aminopterin) nucleoside pathways are blocked in myeloma cells under selection.
Only B-cell myeloma hybrids are HGPRT+TK+(B cells have normal gene copies)
and can survive in the presence of aminopterin as HPRT and TK supply nucleosides
from hypoxanthine and thymidine.

7. If not enough cells are available for clone screening by FACS, the first round
screen may be carried out by ELISA test to detect mouse IgG secretion (ELISA
kit cat. no. 11333151001, Roche).

8. The supernatant from the 96-well plates that contain the propagated clones can
be used for future screening by storing it in 4 �C. Following centrifugation step
that is described in step 9 Subheading 3.9, the rest of the supernatant can be
transferred into new 96-well plates. Do not disrupt the cell pellet while transferring
the supernatant. To prevent evaporation, seal the microwells with adhesive plastic
covers.
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9. Due to the unstable genome of cell hybrids, hybridomas tend to lose multiple
chromosomes while they divide. Thus, it is critical to sub-clone clones of interest.
This is carried out by a limited dilution (0.5 cells/well) of the clone cells into
96-well plates. When subclones reappear, you should repeat the FACS analysis in
order to pick the best subclones. It is important to note that occasionally subclones
might also lose antibody secretion and therefore a second round of subcloning may
be required. Propagate the subclones in RPMI 1640 complete medium. However,
if the cells grow slowly or do not secrete the antibody effectively, grow the cells
in RPMI 1640 complete post-selection medium to support cell growth.
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Analytical Methods for Cancer Stem Cells

Vinagolu K. Rajasekhar

Summary

The primary characteristics of adult stem cells are maintaining prolonged quiescence, ability to
self-renew and plasticity to differentiate into multiple cell types. These properties are evolution-
arily conserved from fruit fly to humans. Similar to normal tissue repair in organs, the stem cell
concept is inherently impregnated in the etiology of cancer. Tumors contain a minor population
of tumor-initiating cells, called “cancer stem cells.” The cancer stem cells maintain some similar-
ities in self-renewal and differentiation features of normal adult stem cells. Therefore, various
methods developed originally for the analysis and characterization of adult stem cells are being
extended to evaluate cancer stem cells. Relevant methods that are used generally across normal
stem cells as well as cancer stem cells are summarized. Combination of two or more of these
methods for validation of cancer stem cells appears to be a promising approach for the precise
isolation and analysis of cancer stem cells.

Key Words: Cancer stem cells; Adult stem cells; Side-population assay; Sphere formation
assay; Lineage labeling assay; Organ/tissue repopulation assay; Slow-cycling population assay;
Self-renewal; Pluripotency.

1. Introduction
Several standardized assay protocols exist for the enrichment and analysis

of adult stem cells. Many of these assays are extended to characterize cancer
stem cells from lung (1), brain (2), prostate (3), myeloma (4), acute myeloid
leukemia (5), chronic myeloid leukemia (6) and acute lymphoblastic leukemia
(7), as these cells appear to share several of the primary characteristics of
adult stem cells. In principle, adult stem cells are characterized by adopting the
methods employed for analyzing embryonic stem (ES) cells. But, in contrast
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to the ES cells, the isolation and purification of these cells are hampered by
lack of universal adult stem cell phenotypic markers (8). Another technically
challenging problem is the scarcity of stem cell number in the pool of their
origin, although there appears to be more than one such pool in a given organ.

2. Current Protocols for Enrichment and Analysis
of Cancer Stem Cells

The following is a brief review of assays that are currently in use to
prospectively identify, isolate, characterize, and validate the adult stem cells
and cancer stem cells: (i) side-population (SP) assay, (ii) clonal sphere
formation assay, (iii) slow-cycling population assay, and (iv) organ/tissue repop-
ulation assay.

2.1. Side-Population Assay

Membrane pumps in stem cells effectively prevent influx of potentially
harmful chemicals. For example, many stem cells are known to efficiently
pump out DNA-binding dyes such as Hoechst 33342, which preferentially
binds A–T-rich regions of DNA. The Hoechst 33342 is excited by ultraviolet
light (395 nm) and emits blue light (450 nm). By exploiting this principle,
the SP assay, a method developed first by Margaret Goodell (9) and now
utilized for not only identifying the presence of putative stem cells and their
analytical separation from rest of the neighboring cells, utilizes fluorescence-
activated cell sorter (FACS). This analytical cell sorting procedure is popularly
called flow cytometry as the assay relies on selective ability of stem cells to
effectively efflux Hoechst 33342, a fluorescent and cell permeant DNA-binding
dye. By virtue of this property, it is possible to distinguish putative stem
cells as a sortable, Hoechst 33342 negative population of cells in a particular
peripheral location on the FACS scan (9). Therefore, this distinct pool of cells is
referred to as “SP”, which has been identified in several tissues of mammalian
species (10,11).

An SP is reported in a number of other organ tissues and respective tumors,
including mammary gland (12), skeletal muscle (13), prostate (14), pancreas
(15), lung (16), liver (17), skin (18), testis (19), heart (20), epidermis (18),
gastrointestinal tissues (21), retina (22), and soon. Cancer cell lines also
contained an SP (23), which is considered to be crucial for tumor malig-
nancy and drug resistance. Therefore, the SP phenotype is largely considered
a universal stem cell biochemical marker.

The transmembrane adenosine 5′-triphosphate (ATP)-binding cassette (ABC)
transporter MDR1 (P-glycoprotein/ABCB1) was originally speculated as
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responsible for this phenotype (9). Later, another ABC transporter, namely
Breast Cancer Resistance Protein (Bcrp1, which is also known as Abcg2
murine/ABCG2 human), is identified as largely responsible for the SP
phenotype (24). Physiologically both the transporters appear to protect stem
cells against the cytotoxic actions of xenotoxins or endogenous compounds
by transporting them out (23). Overexpression of ABCG2 directly conferred
the SP phenotype to bone marrow cells and caused a reduction in maturing
progeny in both in vitro and transplantation assays. The hematopoietic stem
cells (HSCs) are a subset of bone marrow cells that are capable of self-renewal
and also multipotent in forming all types of blood cells. Following a loss of
hematopoietic cells, the HSC that is assayable in the SP phenotype is mobilized
to cycling, become, non-SP, and can reconstitute hematopoiesis when trans-
planted into lethally irradiated mice. Thus, the SP has been the most suitable
marker to detect quiescent HSC in combination with some of the assayable cell
surface markers (25).

2.2. Clonal Sphere Formation Assay

The clonal sphere formation assay is another method utilized for isolating
putative stem or progenitor cells, expanding and thereby purifying them from
rest of their neighboring cells. This assay involves dissociation into single
cell suspension of stem cell containing tissues and subsequent culture on non-
adherent substrata in the presence of media supporting growth of stem cells till
they form organized floating aggregates called spheres. Each sphere normally
contains a minimum about six cells. However, there remain interesting queries
like what is the exact nature of dividing cells within these spheres, how a
certain number of cells within a sphere decide to shut down their further
proliferation and maintain the sphere homeostasis, do these sphere-derived
cells form secondary and tertiary spheres and if so what is the efficiency of
re-sphere formation, if all the cells in spheres form re-spheres and can the
sphere cells differentiate in situ, and so on are some of the questions that need
to be addressed in detail.

Although the assay relies on the unique ability of stem cells to form spheres,
it does not prove sphere clonality, which can be established by proving that
one primary sphere forming cell gives rise to a single clonal sphere. The
following types of evidences can establish the clonality of the spheres with
the increasing order of stringency: (i) Increasing the primary cell number
(1000–500,000 cells/ml) should increase the number of growth factor-dependent
spheres linearly, (ii) when cells labeled with enhanced green fluorescent or
yellow fluorescent (eGFP or YFP) reporter plasmids, and unlabeled control
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cells are mixed, the resulting spheres should be mutually exclusive (a situation
that can be regarded as competitive clonality assay), (iii) when immobilized
as individual cells on matrigel or methylcellulose, the primary cells should
generate the same growth factor-dependent spheres, (iv) when re-plated on any
of the above adherent or non-adherent substrata, single cells from the primary
spheres should generate secondary spheres that express the same functional cell
markers that could be evaluated by flow cytometry or immunohistochemistry,
and 5) if the primary and secondary spheres can be induced to differentiate to
specific lineages (26).

The growth capacity of the sphere-generating cells can be estimated by
measuring the size of the spheres (27). But, little is known with regard to
the developmental signaling pathways impinging on the clonogenic sphere
formation. Present day availability of potent small molecular inhibitors specif-
ically intersecting different steps in the crucial signaling pathways can be
exploited to set up a careful drug screening strategy with this clonal sphere
formation assays. Lastly, the practical advantage of this method is the ability to
cryopreserve the spheres for future analysis, which facilitates the development
of sphere banks. The sphere formation assay is utilized to identify adult stem
cells and cancer stem cells from a number of tissues, including mammary gland
(28), brain (29), skeletal muscle (30), pancreas (31), retina (32), skin (33), and
human melanoma (34).

2.3. Slow-Cycling Population Assay

Detection of proliferating cells based on a nucleotide label such as
5-bromo-2-deoxyuridine (BrdU) or tritiated �3H� thymidine incorporation and
determination of phenotype by immunofluorescence labeling are conventional
methods for recognizing stem and progenitor cell populations in adult tissues
(35). Because of their characteristic feature of slow-cycling nature of organ-
specific adult stem cells, this assay has been popularly called as slow-cycling
population assay method. The principle behind this assay is that cells with
slow-cycling time can be distinguished by retention of the label, which is
incorporated into the DNA of cells during DNA synthesis from the cells with
rapid cycling time. Following administration of a pulse of a label, the cells
are monitored for long periods of chase. Thus, only the slow-cycling cells
are expected to retain a concentration of label sufficiently high to allow their
detection with the anti-BrdU antibody staining or radioactive label. Therefore,
adult organ-specific stem cells can be identified as “label-retaining cells or
slow-cycling cells.” Almost 75% of HSCs are known to be quiescent in normal
bone marrow and can retain BrdU for relatively long periods, indicating that
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HSC are slow-cycling cells (36). As the BrdU labeling is specific for S-phase
of cell cycle, additional labeling with other antibodies such as phosphorylated
histone H3 which is a marker for cells in M phase or T187-phospho-p27(KIP1),
can be supplemented for distinction of stem cells from the proliferating cells
(37). The slow-cycling population assay is utilized to identify adult stem cells
and cancer stem cells from mammary gland (38), skeletal muscle (39), pancreas
(40), lung (41), heart (42), epidermis (43), epithelium (44), prostate (45), and
human hair follicle bulge cells (46).

However, various technical issues impede the accuracy in the incorporation
of BrdU or its detection in the cells that retain it as it is (i) difficult to
demonstrate that a pluripotent cell in vitro is a slow cycling one in vivo, because
of the destructive nature of BrdU detection procedure; (ii) because the BrdU
incorporation occurs only during the S phase of cell cycle, unless all cells are
synchronous it is not expected that all the stem cells will be equally labeled;
and (iii) the label retaining is dependent on the length of the cell cycle, and the
length of cell cycle in stem cells appear to alter as the organ matures (47). Thus,
quantification of stem cells through this assay will require their identification,
isolation, and characterization using non-invasive methods such as employing
specific surface markers of stem cells.

2.4. Lineage Labeling Assay

Lineage labeling assay was originally developed for understanding the devel-
opment at the cellular level such as identification of cellular origin, lineage
relationships, division patterns, migration streams, and differentiation (48). In
short, cells will be labeled and their fate is traced in vivo. Labeling of cells
is carried out through various approaches such as genetic fate mapping, devel-
opment of genetic mosaics by mitotic recombination (49) or Cre-recombinase-
mediated transgenesis (50), chromosome loss (51), interspecies bio-assays (52),
replication-defective retroviral vectors (53), and/or involvement of biochemical
approaches such as injecting activatable lineage marker fluorescent dyes (54)
or enzymes directly into target cells and transplantation of labeled donor cells
into unlabeled hosts (55). Mapping of destination of embryonic neural crest
and mesodermal stem cells utilizing a Cre-recombinase-mediated transgenesis
(56) and migration of myoblasts across basal lamina during skeletal muscle
development (57) are representative examples of this assay. Furthermore, by
combining with whole-mount labeling, lineage labeling assay revealed hither to
unidentified spatial relationships between stem cells and its transit amplifying
progeny in the basal layer of human epidermis (58). Due to several inherent
limitations with these techniques such as injury to the cells, cell separation from
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native environment, weak and/or transient expression of markers, unrestricted
clonality, and so on a modified lineage tracing method was developed to
follow the fate of central nervous system midline progenitors (48). In this case,
target cells are non-invasively labeled in their own natural environment with a
lipophilic fluorescent tracer (diI) and the development of a progenitor cell as
well as composition of their lineages can be followed. It remains to be seen if
the combination of these techniques can be extended to cancer stem cells and
also to metastasis initiating stem/progenitor cells.

2.5. Organ/tissue Repopulation Assay

Stem cells can be limitless sources for tissue or organ regeneration. The
organ/tissue repopulation assay is a method originally developed based on
intrinsic self-renewal property of adult stem cells and on expectation that
given a feasible cellular context such stem cells would functionally repopulate
tissue of their origin. These properties make stem cell transplantation therapies
feasible. A single HSC transplanted into an irradiated or immunocompromised
mice could regenerate entire hematopoietic and lymphoid systems (59). This
long-term multi-lineage repopulating activity was the most consistent marker
for adult stem cells such as (HSCs). Based on competitive in vivo prolif-
eration of fetal and adult HSCs in lethally irradiated mice for repopulation
(60), repopulating units (RUs) denoting the amount of repopulating activity
(61) and competitive repopulating units (CRUs) denoting the number of stem
cells (62) have been utilized to quantitatively express stem cell activity (63).
A mean activity of stem cells (MAS) can therefore be determined (MAS =
RU/CRU), when different stem cell population qualities are compared (64).
Recently, the role of fibroblast growth factors (FGF)-1, FGF-2, and FGF-4
have been realized to preserve the long-term repopulating ability of HSC in
serum-free cultures, although stem cell niche-dependent cell–cell contact and
associated short-range interactions appear to play a significant role during in
vivo repopulation (65). The long-term repopulating HSCs give rise to short-
term repopulating HSC, whose normal function appears to depend on stem cell
leukemia factor gene (66).

3. Future Outlook
It has been a practice to utilize more than one assay to identify and charac-

terize a stem cell population. For example, label-retaining undifferentiated large
light cells (distinguishable from that of small light cells) in breast epithelium
expresses the putative stem cell markers, p21CIP1, Musashi-1, and Keratin 19,
displays a “SP” phenotype and is enriched for steroid receptor expression
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(67). Recently, mouse ES cells were stably transfected with the enhanced
green fluorescent protein expressed under the control of an Oct4 promoter and
successfully isolated residual undifferentiated stem cells from the embryoid
body cultures by fluorescent tracking (68). The molecular basis for this exper-
imental design was that different pluripotent stem cells including the ES cells,
embryonal carcinoma cells, and primordial germ cells express the Oct4, which
is a POU-domain transcription factor family member as the pluripotency marker
(69). Such approaches may be extended to isolate the residual undifferentiated
cancer stem cells from the differentiated tumor tissues. Also, retroviral gene
transduction of circulating progenitor cells in metastatic breast cancer patients
has long been realized (70). Thus, identifying and cataloging distinct marker
proteins in various adult stem cells with more than one of these assays and
contrasting them with the respective tumor cell marker patterns will be an
invaluable asset for deriving pure populations of cancer stem cells by the
above-envisioned approaches.

Recently, Tomishima et al. (71), demonstrated a powerful method to
identify and purify stem cells and their differentiated progeny based on
gene transcription. The approach included modification of bacterial artificial
chromosomes (BACs) from a previously constructed green fluorescent protein
(GFP) transcriptional fusion library (Gene Expression Nervous System Atlas
[GENSAT]) for use in ES cells, and generation of multiple BAC transgenic
ES cell lines that fluoresce upon activation of target genes. GFP expressing
BACs can be selected from the library of Gene Expression Nervous System
Atlas [GENSAT] that consists of over 400 genes and continues to grow.
Through this approach, time-lapse imaging can be utilized to observe differ-
entiation, and cells that express the gene of interest can be separated for more
precise gene expression or further transplantation studies. Another application
for these reporter stem cells is in high throughput screens. Such screens could
identify small molecule inhibitors or genes that affect signaling pathways.
This method has a potential to be utilized for isolation and characterization
of cancer stem cells. Furthermore, by virtue of the in-built reporter system,
this method can be exploited in high throughput screens for identifying small
molecule inhibitors or genes that affect various signaling pathways in cancer
stem cells.
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Micro RNA Profiling
An Easy and Rapid Method to Screen and Characterize
Stem Cell Populations

Uma Lakshmipathy, Brad Love, Christopher Adams,
Bhaskar Thyagarajan, and Jonathan D. Chesnut

Summary

MicroRNAs (miRNAs) are small regulatory RNAs varying in length between 20 and 24
nucleotides. They are thought to play a key role during development by negative gene regulation
at the post-transcriptional level. Recent studies using quantitative polymerase chain reaction
(QPCR) and northern blot analysis have reported the presence of several miRNA unique to
specific cell types. The NCode™ multispecies miRNA array provides a means for simultaneously
profiling the expression patterns of hundreds of known miRNAs in a given cell type or biological
sample. Using this method, miRNA expression patterns in embryonic and adult stem cell lines
can be characterized and compared with each other. The accuracy of NCode™ miRNA array data
can be further confirmed by QPCR analysis of putative array hits. This array-based screening
platform is a fast and easy to use analytical tool that allows one to asses the state of stem
cell lines following multiple passages in culture as well as a discovery tool that eliminates the
need to screen large numbers of candidate regulatory miRNAs by northern blot or PCR. In this
chapter, we describe in detail the method to carry out miRNA array analysis in human embryonal
carcinoma cells and confirm the array results using QPCR.

Key Words: MicroRNA; Stem cell populations; Characterization; Array.
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1. Introduction
MicroRNAs (miRNAs) are small non-coding RNA molecules that regulate

gene expression across a wide range of cell types and species (1). They were
first discovered in the nematode Caenorhabaitis elegans (2,3) and have since
been shown in flies, plants, and mammals (4–6). They are approximately 21–
23 bases in length and are derived from precursors that are typically 70–110
bases long (1). miRNAs regulate gene expression by binding to sites within the
3′-UTR of mRNAs by either inducing degradation of the mRNA or blocking
its translation (1,7). They are distinct from endogenous small interfering RNAs
(siRNAs) as they are derived from genomic loci that are spatially separated from
the gene they target, whereas siRNAs are derived from mRNAs, transposons,
or viruses (8).

MicroRNAs have been shown to play an important role in mammalian
development as evidenced by studies in mammalian stem cells. It has been
shown that they are expressed in a tissue-specific and developmental stage-
specific manner (6,9–12). It was therefore not surprising that Houbaviy et al.
(13) discovered a set of miRNAs that were specifically expressed in mouse
embryonic stem cells. Although the targets for these miRNAs have not been
identified, they are believed to play a role in differentiation of these cells into
various lineages. More recently, human embryonic stem cell-specific miRNAs
have been identified (14) and shown to be highly related to each other in that
many are expressed as polycistronic primary transcripts. This group also showed
that differentiation of stem cells leads to rapid down regulation of embryonic
stem cell (ESC)-specific miRNAs, suggesting that they play an important role
in the maintenance of the pluripotent state of human ESCs (hESCs). Although
it is a general notion that miRNAs play an important role in the development
and differentiation, there have been only a few published studies that document
such function. A direct involvement of miRNAs in the development of mouse
neural lineages (15) and in the differentiation of hematopoietic stem cells into
skeletal muscle and skin cells (16–18) has recently been reported. It is therefore
crucial that the role of these molecules be elucidated in greater detail.

To further our understanding and delineate the role of miRNAs in stem cells,
it is imperative that we understand their expression patterns in stem cells and
in cells derived at different stages of differentiation. In this study, we describe
a protocol designed to determine global expression patterns of miRNAs and
compare them across different conditions of growth and differentiation by using
miRNA arrays. These arrays allow the monitoring of the expression of all
known miRNAs and thereby determine species that are differentially expressed
between different conditions. Knowledge gained from these experiments can
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be validated using more conventional means, and candidate miRNA species
could be studied in further detail using either gain or loss of function studies.

2. Materials
2.1. Cell Culture

1. Culture media for human embryonal carcinoma (hEC) cells: Dulbecco’s Modified
Eagle’s Medium (DMEM) high glucose (cat. no. 10310-021, Invitrogen, Carlsbad,
CA, USA) constituted with 10% ESC qualified Fetal bovine serum (FBS) (cat. no.
10439-024, Invitrogen) and Glutamax (cat. no. 35050-061, Invitrogen).

2. Trypsin–ethylenediamine tetra acetic acid (EDTA) (0.25%) (cat. no. 25200-056,
Invitrogen) for harvesting and dissociating 2102Ep hESCs (kindly provided by Dr
Peter Andrews, University of Sheffield, UK).

3. Trypan blue (cat. no. 15250-061, Invitrogen).
4. Sterile cell scrapers (cat. no. 15621-005, VWR, Westchesler, PA, USA) for

harvesting Ntera2 cl.D1 hESCs (cat. no. CRL1973, ATCC, Manassas, VA, USA).

2.2. RNA and miRNA Isolation

1. TRIzol reagent (cat. no. 15596-026, Invitrogen).
2. Micro-to Midi total RNA purification system (cat. no. 12183-018, Invitrogen).
3. Purelink™ miRNA isolation kit (cat. no. K1570-01, Invitrogen).
4. DNase I, Amplification grade (cat. no. 18068-015, Invitrogen).
5. Phenol: chloroform: isoamylalcohol, St. Louis, MO, USA (cat. no. 15593-031,

Invitrogen).
6. Chloroform (cat. no. C2432, Sigma (25:24:1, v/v)).
7. Absolute Ethanol, 75% ethanol.
8. Diethyl pyrocarbonate (DEPC)-treated water (cat. no. 750023, Invitrogen).
9. NovexR15% TBE-Urea denaturing gel (cat. no. EC6885BOX, Invitrogen).

2.3. miRNA Array/QPCR

1. Ncode™ miRNA labeling system (cat. no. MIRLS-20, Invitrogen): Kit has compo-
nents for 20 reaction or 10 dye swap experiments. Each kit has all the materials
required for the procedures described in subheadings 3.4.1 to 3.4.3. Additional
required materials are listed below.

2. Ncode™ multispecies miRNA micro array (cat. no. MIRA-05, Invitrogen): Contains
5 microarray slides. Each slide has probes targeting all the known miRNAs—
human, mouse, rat, drosophila, C. elegans, and zebra fish. In addition, several
human predicted as well as NCode controls are present on each array slide (19).

3. NCode™ miRNA QPCR kit (cat. no. MIRQ-100 and MIRC-10, Invitrogen).
4. Hybridization chamber (cat. no. 2551, Corning, Corning, NY, USA).
5. Hybridization ovens set to 55 �C and 62 �C.
6. Ultrapure™ EDTA (0.5 M), pH 8.0 (cat. no. 15575-020, Invitrogen).
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7. Glass Lifter cover slips (24×60 mm, Erie Scientific, Portsmouth, NH, USA).
8. Microarray wash solution 1: Prepare 2× sodium dodecyl sulfate (SSC), 0.2%

SDS-sodium Chloride (SDS) solution by diluting Ultrapure™ 20× SSC (cat. no.
15557-044, Invitrogen), and Ultrapure™ 10% SDS solution (cat. no. 15553-027,
Invitrogen) and store at room temperature. Just before start of the experiment,
prewarm to 42 �C for the wash step after the first hybridization and 55 �C for the
wash after the second hybridization step.

9. Microarray wash solution 2: Prepare 2× SSC solution and store at room
temperature.

10. Microarray wash solution 3: Prepare 0�2× SSC and store at room temperature.
11. Glass Coplin jars with lid (cat. no. 100500-230, VWR).
12. Microcentrifuge.
13. Microarray reader.

3. Methods
3.1. Experimental Design

Comparison of two samples can be carried out by differential labeling using
the NCode miRNA labeling kit using different methods:

1. Homotypic labeling: In this method, sample A is labeled with both green (Alexa 3)
and red (Alexa 5) dyes and are hybridized to a single miRNA array. The data
are then compared with data obtained from another miRNA array of sample B
hybridized with dual color in a similar way. This method is not optimal, because
chip to chip variability exists leading to potentially inconsistent results.

2. Heterotypic labeling: This method relies on two samples A and B labeled with two
different dyes and hybridized on the same chip. For example, sample A labeled
with Alexa 3 is co-hybridized with sample B labeled with Alexa 5. Such a direct
comparison of two samples on the same chip minimizes any chip to chip variability.
This method however does not rule out dye bias or tendency of labeling by one
particular dye to be more efficient than the other in a given experiment.

3. Heterotypic dye swap: This is the ideal method for comparing two samples. Here,
both the chip variation and dye bias are addressed and results obtained can be
normalized to yield results with more statistical validity. In this method, sample A
is labeled with the first dye (Alexa 3) and sample B with the second dye (Alexa 5)
on the first chip and on the second chip sample A is labeled with Alexa 5 and
sample B with Alexa 3.

3.2. Collection of Cells

1. Culture hEC cells, 2102Ep and Ntera2, in DMEM containing 10% FBS and
Glutamax at moderate to high density.

2. Remove growth media and wash cells twice with 1× PBS.
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3. Add 2 ml TyrpLE and incubate at room temperature for 3–5 min. Gently tap the
culture dish to loosen attachment and harvest cells into a 15-ml conical tube.

4. Spin at 800 g and discard supernatant. Resuspend cells in appropriate amount of
1× PBS or serum-free media and count the number of cells using a hemacytometer
in the presence of Trypan blue to exclude dead cells.

5. Aliquot 2–3×106 cells per 15-ml tube and spin cells and discard supernatant.
6. Cell pellets can be directly used for miRNA enrichment or stored at –80 �C for

future use (see Note, cat.no.1)

3.3. RNA and miRNA Isolation

To carry out 2–3 miRNA arrays and corresponding quantitative reverse
transcriptase polymerase chain reaction (qRTPCR) validation, it is ideal to start
with a cell pellet of 2–3 × 106 cells and isolate the total RNA using TRIzol
reagent or any other organic extraction method (see Note, cat.no.2) The general
work flow for miRNA array and qRTPCR is shown in Fig. 1.

3.3.1. Isolation of Total RNA From Cell Pellet

1. Lyse cells in 1 ml of TRIzol reagent per 5–10 × 106 mammalian cells by repeated
pipeting. Incubate the samples for 5 min at room temperature to ensure complete
dissociation of nucleoprotein complexes.

2. Add 0.2 ml of chloroform per milliliter of TRIzol reagent. Shake tubes vigorously for
15 s and incubate at room temperature for 2–3 min. Centrifuge samples at 12� 000 g
for 15 min at 4 �C.

3. Collect the upper aqueous phase into a fresh tube and add 0.5 ml isopropyl alcohol
per milliliter of TRIzol reagent. Incubate samples at room temperature for 10 min
and centrifuge at 12� 000 g for 10 min at 4 �C.

4. Remove supernatant and wash pellet with 1 ml of 75% ethanol. Mix by vortexing
and centrifuge at 7500 g for 5 min at 4 �C.

5. Air dry the pellet and resuspend in 50–100 �l of RNase-free water, and to ensure
complete dissolution of RNA, incubate at 55–60 �C for 10 min.

6. Determine the quality of isolated total RNA by measuring absorbance at A260 nm
and by running on a 15% Urea-TBE gel.

3.3.2. miRNA Enrichment From Cell Pellet or Total RNA

1. Resuspend cell pellet or 20 �g of total RNA in 300 �l of Binding buffer (L3)
provided in the Purelink miRNA isolation kit. Mix well by pipeting up and down
until the cells are uniformly lysed. If the cells are not uniformly lysed, giving
a cloudy viscous solution, add an additional 300 �l of the binding buffer and
distribute into two tubes equally.

2. Add 300 �l of 70% ethanol to the cell lysate and mix by vortexing.
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Fig. 1. Work flow scheme for Ncode™ microRNA (miRNA) profiling and subse-
quent Ncode QPCR validation. It is important to start with total RNA population,
preferably isolated using TRIzol or any other organic extraction method and not through
column-based methods which removes the miRNA fraction.

3. Transfer the 600 �l of the above cell lysate with binding buffer and ethanol to a
spin cartridge provided in the Purelink™ miRNA isolation kit.

4. Centrifuge at 12� 000 g for 1 minute at room temperature. The column contains
large RNA fraction and the flow through contains miRNA. (Transfer the spin
cartridge with the bound large RNA fraction into another collection tube for
subsequent wash with Wash solutions 1 and 2 and subsequent elution with 70 �l
water using the Micro-to-midi total RNA purification system.)

5. The flow through contains miRNA. Add 700 �l of 100% ethanol to 600 �l of the
flow through to yield a final concentration of 70% ethanol. Mix by vortexing.

6. Add 600 �l of the above mix to a fresh spin cartridge and centrifuge at 12�000 g
for 1 min at room temperature. Repeat the process with the remaining sample.

7. Discard the flow through and place the spin cartridge into a fresh collection tube
and proceed to the washing step.
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8. Wash spin cartridge with 500 �l of wash buffer (W5) with ethanol and centrifuge
for 12�000 g for 1 min at room temperature.

9. Repeat the above step wash with 500 �l of wash buffer and discard the flow
through. Centrifuge the spin cartridge at maximum speed for 2–3 min to remove
residual wash buffer and proceed to the elution step.

10. Transfer the spin cartridge to a clean 1.7-ml recovery tube. Add 70 �l of sterile,
RNase-free water and incubate for 1 min at room temperature.

11. Centrifuge the spin cartridge at maximum speed for 1 min at room temperature.
12. Discard the cartridge, measure the concentration of miRNA, and check the integrity

of the sample by running on a 15% Urea-TBE gel. Typically, enriched miRNAs
have a molecular weight of less than 100 bp (Fig. 2).

13. The eluted miRNA can be directly used for downstream application or stored at
–80 �C for future use. (see Note, cat.no.3)

Fig. 2. Simultaneous purification of large and microRNA (miRNA)-enriched RNA
using the micro-to-midi total RNA purification system and Purelink miRNA isolation
kit. Large RNA (A) and miRNA-enriched fraction (B) separated on a 15% Novex
TBE-Urea gel and stained with SYBR gold. Enriched miRNA has a molecular weight
of less than 100 bp.
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3.4. miRNA Array

The procedure described below is for two cell types (A and B) in a heterotypic
dye swap experiment. For the first array, sample A is labeled with Alexa 3 (1)
and sample B with Alexa 5 (2) while on the second slide the dye labels are
swapped with sample A labeled Alexa 5 (2) and sample B labeled Alexa 3 (1).

3.4.1. Poly A Tailing

1. Label four eppendorf tubes as 1A, 2A, 1B and 2B.
2. Dilute 500 ng of miRNA to 14�5 �l with DEPC water.
3. Add the following components to the above 14�5 �l of diluted miRNA.

a. 5 �l of 5× miRNA reaction buffer.
b. 2�5 �l of MnCl2.
c. 1 �l of diluted ATP (Dilute ATP 1:50-1 �l of ATP+49 �l of 1 mM Tris, pH 8).
d. 1 �l of Poly A Polymerase (PAP).
e. 1 �l of Ncode control.

4. Mix gently and centrifuge. Incubate for 15 min at 37 �C.

3.4.2. Ligation of Capture Sequence

1. Briefly centrifuge the tailed miRNA to collect the sample at the bottom of the tube.
2. Separate the tubes into two categories, A1 and B1 on one side and A2 and B2 on

the other.
3. Add 6 �l of 6× Alexa3 ligation mix to A1 and B1 tubes and 6�l of Alexa5 ligation

mix to A2 and B2 tubes.
4. To all the tubes add 3 �l of DEPC water and 2 �l of T4 DNA ligase.
5. Mix gently by flicking the tubes and briefly microfuge.
6. Incubate at room temperature for 30 min.
7. Stop the reaction by adding 4 �l of 0.5 M EDTA. Briefly vortex and centrifuge.

Add 60 �l of 1× Tris, EDTA (TE) buffer to yield a final volume of 100 �l. Vortex
and centrifuge the tagged miRNA.

3.4.3. Purification of PolyA Tailed/Ligated miRNA

1. Add 700 �l of binding buffer to the tagged DNA. Mix well and spin down to collect
the contents at the bottom of the tube.

2. When comparing two samples (A and B) with two color labeling, load samples A1
and B2 on the same column and samples B1 and A2 on the same column.

3. Load the entire amount from one tube to the column (A1 into column 1 and B1
into column 2) and spin at 4000 g for 1 min. Discard the flow through and add the
second sample into the same column (B2 into column1 and A2 into column 2).
Spin at 4000 g or 1 min and discard the flow through.
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4. Add 600 �l of wash buffer to the column and spin for 30–60 s at 15�000 g. Discard
the flow through and spin the column for an additional minute at 15�000 g to remove
residual wash buffer.

5. Place the column in a 1.5-ml collection tube and apply 25 �l of DEPC water directly
to the membrane.

6. Let stand at room temperature for 1 min and centrifuge for 2 min at full speed to
elute the tagged miRNA ready for hybridization.

3.4.4. First Hybridization and Wash

1. Thaw and resuspend the 2× SDS-based hybridization buffer by heating at 70 �C
for 10 min. Vortex well to resuspend the buffer evenly.

2. For each array add equal volume �25 �l� of thawed 2× SDS-based hybridization
buffer.

3. Gently vortex and briefly microfuge the hybridization mix. Incubate at 75–80 �C
for 10 min and then transfer to hybridization temperature �52 �C) until the samples
are loaded on the array.

4. Place an array slide in the hybridization chamber. Place 25 �l of water in the slots
at the ends of the hybridization chamber to keep the chamber hydrated during
hybridization.

5. Apply a 24-cm×60-cm glass lifter cover slip to the array. Add the hybridization
mix along the edge of the cover slip taking care not to introduce air bubbles.

6. Record the slide number and the corresponding samples applied on it.
7. Seal the slide hybridization chamber and place the array overnight (16–20 h) in a

hybridization oven with the temperature set to 52 �C.
8. Remove the slide from the hybridization chamber and gently immerse and shake

the slide into a container with 2× SSC, 0.2% SDS solution prewarmed to 42 �C
until the lifter slip floats away.

9. Place the slide in a staining jar with 2× SSC, 0.2% SDS solution prewarmed to
42 �C and wash for 10 min with moderate agitation on a rocking platform.

10. Transfer the slides to a container with 2× SSC and wash for 10–15 min at room
temperature with moderate agitation.

11. Transfer the slides for the final wash in a container with 0�2× SSC for 10–15 min
with moderate agitation.

12. Remove the slides and immediately spin-dry them at 800 g for 3–4 min using a
table top centrifuge. To minimize background, it is important to avoid drying of
the slide prior to the spin or any direct physical contact to the array surface.

3.4.5. Second Hybridization With Probe and Wash

1. Prepare Alexa3 and Alexa5 capture reagents prior to setting up the second
hybridization.

(a) Thaw the Alexa3 and Alexa5 capture reagents in the dark and vortex at
maximum setting for 3 s.
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(b) Microfuge briefly and incubate at 50–55 �C for 10 min.
(c) Vortex for an additional 3–5 min and microfuge.

2. Thaw and resuspend 2× SDS-based hybridization buffers by heating at 70 �C for
20 min. Vortex vigorously to ensure a uniform homogenous solution and microfuge
briefly.

3. For each two-color array prepare an alexa hybridization mix with the following
components:

(a) Alexa3 Capture reagent �2�5 �l�.
(b) Alexa5 Capture reagent �2�5 �l�.
(c) DEPC water �20 �l�.
(d) 2× SDS-based hybridization solution �25 �l�.

4. Vortex, briefly microfuge and incubate the hybridization mix first at 75–80 �C for
10 min and then at 62 �C until ready to load the array.

5. Gently vortex, microfuge briefly and load the hybridization mix on the microarray
covered with a lifter cover slip along the edges carefully avoiding air bubbles.

6. From here the slides must be kept away from light as much as possible.
7. Seal the hybridization chamber and incubate overnight in a hybridization oven set

at 62 �C.
8. After overnight incubation, shrug the lifter slip off the array by gently shaking in

a container containing 2× SSC, 0.2% SDS prewarmed to 60 �C.
9. Transfer the slides to a staining container with 2× SSC, 0.2% SDS prewarmed to

60 �C and wash for 15 min at room temperature with moderate agitation.
10. Wash for 10–15 min in 2× SSC at room temperature with moderate agitation.
11. Wash for 10–15 min in 0�2× SSC at room temperature with moderate agitation.
12. Dry the array immediately by using a table top centrifuge carefully avoiding any

physical contact to the array surface or drying of the wash media on the slide.
13. The slides are now ready to be scanned.

3.4.6. Slide Read

1. Scan the slides and collect data using an array reader. While performing dye swap
experiments ensure that the signal intensity for both the green and red channels are
comparable by adjusting the PM gain (sensitivity of the photomultiplier tube) of
each channel under the instrument settings. It is important that the resulting spots
have balanced color in order to extract reliable differential expression data from the
hybridized spots.

2. Open the “read array data” using Genepix Pro or a similar software. To extract data
from each spot and their corresponding miRNA identity, align the read miRNA
slide to the spots on the miRNA array to the Ncode Mutispecies GAL file using
the white “landing lights” at the top of the printed array (see Note, cat.no.4).
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3.5. Statistical Analysis of Data

1. Data shown were background corrected and normalized (see Note, cat.no.5) using
the generalized Latin Squares Dye Swap/Loop Design Model (20) given by

log�tijkg� = �+Ai +Dj +Vk +Gg +AGig +VGkg +�ijkg

where i = 1� 2 � � � � I� j = 1� 2� � � � � J� k = 1� 2� � � � � K and g = 1� 2� � � � � n,
additionally here we will assume that log is base 2. Note that these observations are
confounded, meaning that on each array with the corresponding dye combination
there are a limited number of samples that can be observed. tijkg is the signal from
the ith array, jth dye, kth tissue and gth gene. � is the overall average signal in the
experiment. Ai is the average signal correlating with the ith array. Note that there
are a total of I arrays, with the same probes. Dj is the average signal correlating
with the jth dye. Note that there are a total of J dyes, typically J = 2. Vk is the
average signal correlating with the kth sample or variety. Note that there are a total
of K samples. Gg is the average signal correlating with the gth gene/probe on the
array. Note that there are a total of n probes on each array.
AGig is the interaction between the array and the probe, this is looking to control
for geographical issues on a single array that would effect a probe in all dyes.
VGkg is the interaction between the kth sample and the gth probe on the array, this is
in general the term of interest in the model, as it is the term that deals with finding
differential gene expression. 	ijkg is the error term of the model, that is, what cannot
be explained by the model. It is assumed the average of this term is 0 and that they
are identically and independently distributed.

2. For a classical Latin Squares Dye Swap experiment I = J = K = 2, meaning that
the experiment is typically using two samples, two arrays, with two dyes. With this
minimal experiment, differential probes can be found, and statistical information
can be found. Generally for classical loop designs, I = K and J = 2, though it can
be done if I does not equal K.

3. The experimental design for the typical Loop Design model, where suppose I = K
and J = 2, would look like the following:

Dye 1 Dye 2

Array 1 Sample 1 Sample 2
Array 2 Sample 2 Sample 3
Array 3 Sample 3 Sample 4
� � � � � � � � �
Array I–1 Sample K–1 Sample K
Array I Sample K Sample 1
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4. To estimate the various parameters in the model (here we will assume that I = K
and J = 2 for ease of notation, moving away from this format can be generalized
from the given equations), the following equations are used:

� =
∑

ijkg log�tijkg�

nJK

Ai =
∑

jkg log�tijkg�

nJ
−�

Dj =
∑

ikg log�tijkg�

nI
−�

Vk =
∑

ijg log�tijkg�

nJ
−�

Gg =
∑

ijk log�tijkg�

IJ
−�

AGig =
∑

jk log�tijkg�

J
−Ai −Gg −�

VGkg =
∑

ij log�tijkg�

J
−Vk −Gg −�

5. From the proceeding equations, differential markers can then be identified by
looking at 2 raised to the power of �VGkg – VGk′g� which will give you fold change
of the gth gene that is between tissues k and k′. The sign of VGkg – VGk′g will
designate what direction the fold changes. This validity of this model has been
confirmed by comparing the fold change obtained by array results with qRTPCR
(see Table 1).

6. Calculation of a p-value for the difference between the tissue k and k′, requires
bootstrapping the error distribution. This can be a time-consuming calculation and
should be implemented carefully (21,22).

7. To rank genes, rank the genes within an array, dye and sample combination based
on signal intensity, and then take the median rank for each gene across all samples.
The median ranks can then be reranked for each sample to report the observed gene
ranks (see Table 2).

3.6. NCode™ miRNA qRTPCR

Results obtained on NCode™ miRNA arrays can be further confirmed
using Ncode™ miRNA qRTPCR. Because a housekeeping miRNA abundantly
expressed at constant levels in all cell types has not yet been identified, it is best
to carry out the miRNA QPCR with total RNA, and subsequent normalization
can be done with housekeeping genes such as GAPDH or 
-2 microglobulin.
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Table 1
List of microRNAs expressed in two human embryonal carcinoma cell
lines

Ntera2 vs. 2102
average Fold Change

Name Array qPCR Known function

miR_368 −6�09 –1.32 hESC
miR_302d −4�34 –4 hESC/EC
miR_302c −14�65 –25 hESC/EC
miR_302a −27�33 –11.11 hESC/EC
miR_200c −105�12 –100 hESC/EC
miR_125b 03�12 22.01 hESC differentiation
miR_21 17�71 1.52 Anti-apoptotic
miR_222 2�07 1.09 Basic cellular function
miR_103 4�48 2.27 Basic cellular function
miR_106b 4�42 2.48 Unknown
miR_214 2�3 3.41 Unknown
miR_93 5�86 2.71 Unknown

EC, embryonal Carcinoma; hESC, human embryonic stem cell.
Some of the microRNAs have been shown to be associated with human ESC/EC

cells. MicroRNA expression was analyzed by Ncode™ miRNA array and results validated
using Ncode™ QPCR. Data obtained from Ncode™ miRNA array using heterotypic dye
swap experiment were normalized and fold change calculated as described �p < 0�002�.
Ct values obtained by qRTPCR was used to calculate ��Ct values as described. Fold
change in expression was calculated as 2−��Ct and values less than 1 expressed as its
reciprocal with a negative value.

3.6.1. DNase Treatment of TRIZOL® Extracted Total RNA Samples

1. Treat isolated 10 �g of total RNA with 1 �g of DNase for 2–3 h at 37 �C in a total
volume of 100 �l.

2. Add an equal volume of phenol : chloroform and vortex vigorously. Centrifuge the
sample for 5 min at room temperature.

3. Transfer the top aqueous phase to a fresh tube and add 2–3 volumes of cold
ethanol and 1 �l of glycogen (enables visualization of RNA pellet). Chill on ice for
15–30 min and spin down for 5–10 min at 12�000 g for 15 min at 4 �C.

4. Discard supernatant and wash pellet with 100 �l of 70% ethanol.
5. Resuspend the pellet in 20 �l of RNase-free water. Measure absorbance at 260 nm

and assess the quality of DNased RNA by electrophoresis on a 15% Urea-TBE gel.
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Table 2
The top 20 miRNAs expressed in 2102Ep cells and
their relative rank number in Ntera2 cells

miRNA 2102 Ntera 2

miR_373 1 35
miR_302a 2 8
miR_302d 3 2
miR_302b 4 4
miR_372 5 34
miR_21 6 5
miR_371 7 70
miR_423 8 10
miR_296 9 13
miR_302aa 10 18
miR_302c 11 39
miR_422b 12 80
miR_320 13 9
miR_106a 14 1
miR_302ca 15 55
miR_93 16 11
miR_200c 17 236
miR_25 18 32
miR_337 19 52
miR_198 20 111

miRNA, microRNA.
Ranking was determined based on the normalized signal

intensity obtained on the Ncode™ miRNA array. miRNAs in
bold re species known to be associated with pluripotent cells.

a derived from the same precursor

3.6.2. Poly A Tailing Reaction

Start with 500 ng of the DNased total RNA and set up the polyA tailing
reaction by adding the following components:

1. 5× reaction buffer �5 �l�.
2. MnCl2 �2�5 �l�.
3. Diluted ATP [1 �l �1 �l ATP +9 �l of 1mM Tris, pH 8)].
4. PAP enzyme �1 �l�.
5. RNA/H2O �29 �l�.
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Mix gently and incubate at 37 �C for 15 min. Each Poly A tailing reaction
can be used for six subsequent RT-PCRs.

3.6.3. RT Reaction

1. Add the following components to RNA from the above reaction.

(a) PolyA tailed RNA �2 �l�.
(b) Anneal buffer �1 �l�.
(c) Universal RT Primer �25 �M� �3 �l�.

2. Incubate at 65 �C for 5 min and keep on ice at 4 �C for 1 min.
3. Add the following to the above 8 �l reaction.

a. 2× RT reaction mix �10 �l�
b. RT enzyme mix �2 �l�.

4. Incubate at 50 �C for 50 min and at 85 �C for 5 min.

The resulting cDNA can be stored at –20 �C or directly used for QPCR.
Just before use dilute the resulting cDNA 1:10 times as MnCl2 can interfere in
subsequent PCR.

3.6.4. qPCR

1. Set up 20 �l volume qPCR by adding the following components.

(a) 2× SYBR SupermixUDG with ROX �10 �l�.
(b) miRNA primer �10 �M� �0�4 �l�.
(c) Universal QPCR primer (included in kit, 10 �M� �0�4 �l�.
(d) H2O [7�2 �l (excluding cDNA)].
(e) cDNA template �2 �l�.

miRNA primers are DNA version of the exact sequence as the corresponding
miRNA sequence with the U is replaced with T.

2. Cycling conditions: 50 �C for 2 min, 95 �C for 3 min; 95 �C for 15 min, 60 �C for
30 min ×45 cycles; 45 �C for 1 min, Melt curve analysis.

3. The resulting threshold cycle Ct values can be compared between two different
samples using the relative quantification method. Here, the Ct values of the
samples are normalized to a house keeping mRNA such as GAPDH or 
-2
microglobulin (Note, cat.no.5) and the normalized Delta Ct values of the sample
�CtGeneofInterest −CtHousekeepinggene� compared to a second cell type to yield Delta Delta
Ct �DeltaCtSample1–DeltaCtSample2�. Fold difference in gene expression of the sample 1
from the sample 2 can be calculated using the equation 2−DeltaDeltaCt. In conclusion,
the Ncode™ QPCR therefore offers a more sensitive and quantitative method to
further evaluate and validate the markers identified by the NCode™ miRNA array
(see Table 1) (Note, cat.no.6) (Note, cat.no.7).
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4. Notes
1. Several of the miRNA sequences are conserved between species and it is therefore

recommended that in the case of cells grown on feeder layer care be taken to
separate the cell of interest from the feeders. Some of the commonly used methods
to achieve this are listed below:

(a) FACS cell sorting based on presence or absence of surface marker on cell type
of interest.

(b) Physical removal of feeder cells by scrapping and mechanical dissection of
cells colonies based on morphology.

(c) Alternately, cells can be maintained under feeder-free conditions for a gener-
ation prior to miRNA analysis under conditions that would not alter its stem
cell characteristics.

2. RNA isolation should be carried out using TRIzol or any other organic extraction
methods. Use of column-based methods generally excludes miRNA and other
small RNAs and are eluted out at the very first step of RNA binding to the
column.

3. The in vitro stability of miRNA cannot be easily assessed and it is therefore
prudent to save the total RNA at –80 �C and use the enriched miRNA within a
few days of enrichment.

4. One of the major error in analyzing samples is the use of incorrect GAL files.
Please match the slide number with its corresponding GAL file. This information
can be obtained on http:www.invitrogen.com.

5. Statistical analysis of data is crucial in obtaining reliable data. Described here is
one such analysis based on Martin, Kerr, and Churchill equation. Other known
array statistical can also be applied to the results.

6. 
-Actin is not recommended as a house keeping gene for Ncode miRNA qRTPCR
because a portion of the universal QPCR primer for miRNA amplification contains
this sequence and can lead to linear amplification of the 
-actin gene.

7. qRTPCR results can also be reported as copy number using a standard curve
generated from a pure synthetic template diluted over several logs. The Ct values
of the reference cell line can then be converted to copy number, and based on
fold difference obtained using the relative quantification method, copy number of
candidate miRNAs in the sample is deduced. The copy number so generated will
still be a relative quantification and cannot be assumed to be absolute numbers.
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Gene Transfer Via Nucleofection Into Adult
and Embryonic Stem Cells

Uma Lakshmipathy, Shannon Buckley, and Catherine Verfaillie

Summary

The use of embryonic and adult stem cells as therapeutic agents is gaining momentum.
A major impediment in the use of stem cells for genetic disorders is their ability to undergo
genetic modification. The recognition of various site-specific integration methods open up a new
avenue for gene therapy in stem cells. However, this necessitates efficient delivery of DNA
molecule into cells. Most commercially used liposome-mediated transfection reagents are toxic
or work poorly with stem cells. Electroporation, while effective in transfecting stem cells, is
rather harsh and leads to excessive cell death. Nucleofection, a technology by Amaxa, uses a
combination of electric pulse in an appropriate media, which decreases the toxicity and promotes
efficient transfection of stem cells. Various types of adult and embryonic stem cells can be
successfully transfected using this method, as described in this chapter.

Key Words: Mouse bone marrow; Embryonic stem cells; Adult stem cells; Transfection;
Nucleofection.

1. Introduction
Efficient transfection of cells is a critical step in carrying out gene transfer

experiments. While several methods exist for achieving high levels of trans-
fection in cell lines and some types of primary cells (1), this is not true with
stem cells. Both embryonic stem cells and adult stem cells transfect poorly with
most transfection methods. Electroporation has been the traditional method for
efficient gene transfer in certain stem cells such as mouse embryonic stem cells
(mESCs) but is toxic to most adult stem cells as well as human embryonic stem
cells (hESCs) (2,3). Several lipid-based methods have been reported to yield
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success in transfecting on both adult stem cells and ESCs to varying degrees
(4–6). In adult stem cells such as bone marrow (BM)-derived multipotent adult
progenitor cells (MAPCs), lipid-mediated transfection cannot be used as these
cells differentiate when seeded at high density (7).

Recently, the nucleofection technology from Amaxa has shown promising
results with primary cells that do not transfect easily. Nucleofection is
an electroporation-based method where combinations of proprietary solution
together with defined nucleofection programs that have set electrical parameters
give rise to low toxicity and efficient transfection of cells. We and others have
shown that both adult stem cells and hESCs are efficiently transfected by this
method (2,3,8–13). Here, we describe in detail the experimental protocol for
transfecting stem cells via nucleofection and evaluate transfection efficiency.

2. Materials
All media components were obtained from Invitrogen, Carlsbad, CA, USA

unless otherwise stated.

2.1. Mouse BM

1. BM Flushing media: Modified Iscove’s media (cat. no. 10-016-CV, Mediatech,
Herndon, VA, USA) or 1× (phosphate-buffered saline) (cat. no. 21-040-CV,
Mediatech, Herndon, VA, USA) is used to collect BM cells.

2. Mouse BM growth media: Stem Pro-SFM media (cat. no. 10639-011, Invitrogen)
with supplement and 10 �g/ml of mouse stem cell factor (cat. no. 455-MC, R&D
Systems, Minneapolis, MN, USA), 5 �g/ml mouse thromobopoeintin (cat. no. 488-
TO, R&D systems, Minneapolis, MN, USA), and l-glutamine (cat. no. 25030–081,
Invitrogen).

3. Ammonium chloride (cat. no. 07850, Stem Cell Technologies, Vancouver, BC,
Canada) is aliquoted in 5–10 mls of ammonium chloride is aliquoted and stored at
−20 �C. Freshly thawed aliquot is used for red blood cell (RBC) lysis.

4. Cell strainer, 70 �m (cat. no. 352350, BD Biosciences San Diego, CA, USA)
5. Cell counting is carried out in the presence of TURK (cat. no. 885016 Ricca

Chemical Company, Arlington, TX, USA)

2.2. Mouse MAPC

1. Mouse MAPC medium: DMEM (low glucose, cat. no. 11885-084, Invitrogen),
1× MCDB (cat. no. M-6770, Sigma), insulin–transferrin–selenium (cat. no. I-3146,
Sigma), 1mg/ml linoleic acid–(bovine serum albumin) (cat. no. L-9530, Sigma),
0.1 nM l-ascorbic acid (cat. no. A-8960, Sigma), 0�5 �M dexamathasone (cat. no.
D-2915, Sigma), 10 ng/ml PDGF (cat. no. 220-BB, R&D Systems, Minneapolis,
MN, USA), 10 ng/ml Epidermal Growth Factor (EGF) (cat. no. E-9644, Sigma),
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103 U LIF (cat. no. ESG1107, Chemicon, Temecula, CA, USA), and
�-mercaptoethanol (cat. no. 21985-023, Invitrogen).

2. Plates were coated with 10 ng/ml fibronectin (cat. no. F0895, Sigma) for at least
30 min at room temperature prior to seeding cells.

3. MACS columns, CD45 and Terr119 depletion beads were obtained from Miltenyi
Biotec Inc., Auburn, CA, USA.

4. MACS buffer: PBS containing 0.5% BSA, and 2 mM ethylendiamine tetra acetic
acid (EDTA).

2.3. Mouse ESC

1. Mouse ESC culture medium: DMEM (cat. no. 11995-065, Invitrogen) supple-
mented with 15% fetal calf serum (FCS) (Hyclone, Logan, UT, USA ES certified),
�-mercaptoethanol (cat. no. 21985-023 Invitrogen), nonessential amino acids (cat. no.
11140-050, Invitrogen), l-glutamine (cat. no. 25030-081, Invitrogen) and Luekemia
inhibitory factor (LIF) (cat. no. ESG1107, Chemicon, Temecula, CA, USA).

2. gelatin solution (0.1%) was prepared from 2% gelatin (cat. no. G1393, Sigma)

2.4. Transfection

1. Nucleofector and Nucleofection kits (cat. no. VPA-1003, Amaxa, Gaithersburg,
MD, USA Human CC34+ kit, cat. no. VPE-1001 Human MSC kit; cat. no. VPH-
1001, Mouse ESC kit).

2. Endotoxin-free plasmid peGFP-N1 (cat. no. 6085-1, Clontech, Mountainview, CA)
was prepared using the endo-free plasmid maxi kit (cat. no. 12362, Qiagen, Valencia,
CA, USA).

2.5. Analysis of Transfection

1. Staining medium: 0.1% BSA or 3% FCS in PBS.
2. Propidium iodide (cat. no. P3566, Invitrogen).
3. Falcon tube with cell strainer cap for fluorescent-associated cell sorter (FACS)

analysis (cat. no. 352335, BD Biosciences, San Diego, CA, USA).
4. All antibodies used for immunophenotyping of mouse BM cells were from BD

Biosciences (cat. no. 557397l, Mac1-PE; cat. no. 553129, Gr1-APC; cat. no. 553672,
Terr1-PE; cat. no. 553092 B220-APC; cat. no. 557308, CD4-PE; cat. no. 553035
CD8-APC; cat. no. 553771 CD45-BIO; cat. no. 554067 Secondary Ab-APC; cat.
no. 55336 Sca1-PE; cat. no. 553356 cKit-APC).

3. Methods
3.1. Isolation of MAPCs From Mouse BM

1. Anesthetize and Fill adult normal mouse between 4 and 6 weeks according to
approved protocols. Disinfect the entire body surface of the animal with 70%
ethanol and place the animal on its back and through a small incision in the skin
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close to the hind legs cut the skin carefully by separating it from the underlying
muscle. Once the skin is removed, the muscles can be carefully teased away from
the bone cautiously without cutting the bone. Under aseptic conditions, transfer the
entire length of the femur and if needed tibia as well into a Petri dish containing
cold PBS.

2. Flush out BM from 2–4 femurs by inserting a 23-gauge needle fitted into a 2-ml
syringe with cold PBS in a tissue culture hood. Continue flushing till the bone
appears white (pinkish exterior is due to muscles, ignore). Repeat the procedure
for all isolated bones. Disperse red clumps of cells collected by passing through
23-gauge needle until no clumps are seen. The cells can also be passed through a
70-�m cell strainer to remove contaminating muscle and bone debris.

3. Transfer cell suspension in PBS to a 15-ml conical tube. Spin for 5 min, 250 g
(Brakes: high) at 4 �C in a Sorvall legend RT table top refrigerated centrifuge.
Discard the supernatant carefully and retain the loose pellet of cells.

4. Add 5 ml of ammonium chloride to the red color cell pellet and pipette up and
down. This step lyses RBCs �∼ 1 ml per 10×106 cells�. Immediately spin the cell
and discard the supernatant. Wash cells once with 1× PBS to get rid of residual
ammonium chloride and resuspend the cell pellet in 1× PBS (see Note 1).

5. Take a small aliquot of cells �2 �l� and add 18 �l Turk. Count number of cells (Note:
Cells are diluted 1:10). Two femurs from 8-week-old to 12-week-old CB57Bl/6
BM yields around 50–70×106 cells.

6. Use approximately 10–15×106 total-BM cells per transfection.

3.2. Isolation and Characterization of Mouse MAPC

1. Flush out BM from 2–4 femurs, lyse RBC using ammonium chloride and prepare
total BM cells pellet as described in Subheading 3.1.

2. Meanwhile, place Ficoll-paque in a fresh 15-ml tube. Carefully layer equal volume
of the cells resuspended in 1× PBS over Ficoll. Centrifuge for 20 min, 250 g, at
room temperature (20–25 �C) with brakes off (see Note 2).

3. Monocytes form a buffy coat at the interface of Ficoll and PBS. Remove the top
PBS layer carefully leaving behind 1 ml on top of the buffy coat.

4. Pipette 10 ml MAPC medium with FCS into a 10-ml pipette to coat the pipette.
Carefully collect the buffy coat with smooth swirling motion. (see Note 3)

5. Transfer to a 15-ml tube and mix the contents by pipeting up and down. Add
MAPC medium and centrifuge for 5 min, 250 g, at 4 �C (Brakes: high).

6. Discard supernatant and resuspend pellet in 10 ml MAPC medium and count
the number of cells. Plate at 1–2 × 106 cells per well in a six-well plate coated
with fibronectin (FN).

7. Change medium every 3rd day and observe for the appearance of adherent colonies
(1–2 weeks). Colonies start appearing after 10–14 days. Trypsinize and combine
all colonies. Replate cells in appropriate size flask at 75% confluency. Expand
cells to 2–3×106.
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8. To deplete residual CD45-positive and Ter119-positive cells, incubate cells with
20 �l of CD45 beads and 20 �l of Ter119 beads for 15 min at 4 �C. Wash with
MACS buffer using 20× volume and resuspend the cells in 500 �l of MACS
buffer. Meanwhile wash the negative selection column with MACS buffer. Layer
cells in 500 �l of MACS buffer onto the column and add 5 ml (four times) of
MACS buffer when the cells enter into the column. Collect the flow through, spin
the cells and count.

9. Plate cells as bulk in 10-cm FN-coated dish or at 10 cells per well in FN-coated
96-well plates for clonal expansion. Change medium every 3 days. After colonies
grow out, expand them in larger wells. Normally, 1% of the wells will yield
long-term cultures.

10. Split and expand cells (usually 1–2 splits). Assess for multipotency of cells by
setting up tri-lineage differentiations as described earlier (7).

3.3. Maintenance of Mouse ESC

1. Feeder cells for mouse ESC are inactivated murine embryonic fibroblasts (iMEFS),
mitotically inactivated using Mitomycin C (see Note 4)

2. Prepare feeder plates a day before starting ESC culture. Choose plate size depending
on the number of cells per frozen vial. Add desired number of cells from the
suspension (∼ 1–2×106 cells per 6-cm dish).

3. Replace fresh ES culture medium everyday after plating, and when cells reach 40%
confluence, the culture should be split.

4. Aspirate medium and wash cells with PBS. To split cells, add 1 ml of trypsin–
EDTA (2.5 ml for 10-cm dish) and incubate for 2.5 min. Use a p1000 pipetman to
resuspend the detached cells using sterile tips. This step is important to break up
the cells into single cell suspension.

5. Transfer the trypsinized cells to a 15-ml tube containing 5–8 ml of ES culture
medium. Spin at 3000 g for 5 min. Discard supernatant. Flick the pellet and
resuspend in fresh medium, count the number of cells using a hemacytometer or
split at a defined ratio (e.g., 1:3 or 4 if split every 48 h or 1:5 or 6 if split every 72 h).

6. Prior to nucleofection, maintain the mESC under feeder-free conditions for one
generation by seeding cells on 0.1% gelatin-coated plates.

7. If carrying out FACS after nucleofection, plate transfected cells on gelatin-coated
dishes. If carrying out stable selections, plate the transfected cells on drug-resistant
iMEFs. For example, if transfected with a plasmid with Neomycin resistant gene,
grow mESC on NeoR MEFs.

3.4. Transfection

1. Start with 0�5–1×106 adherent cells or over 10×106 total BM cells.
2. Spin the cells and discard the supernatant. Remove residual medium using a

pipetman. (see Note 5).
3. Add 100 �l of nucleofection solution (Amaxa Inc., Gaithersburg MD, USA)

(see Note 6). Pipette cells up and down gently to form a uniform suspension. Add
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5–10 �l of DNA (∼ 6–10 �g of DNA). Mix well and transfer to a 4-mm electrode
gap cuvette (supplied by Amaxa Inc., Gaithersburg MD, USA) without introducing
air bubbles.

4. Place the cuvette in the cuvette holder, set the nucleoporator to Program A-23 for
mouse MAPC and mESC and Program U08 for total BM cells, and nucleoporate.
Remove the cuvette from the holder and carefully retrieve the cells using plastic
pipettes (provided in the kit) and transfer to Eppendorf tubes containing 1 ml of
growth medium pre-warmed to 37 �C.

5. Centrifuge the transfected cells on a desktop centrifuge at 250 g for 5 min and
remove the supernatant without disturbing the pellet (see Note 7). Allow the cell
pellet to recover at 37 �C for 5–10 min.

6. Add fresh medium to the pellet and pipette up and down gently to resuspend the
cells. Assuming 75% cell death, plate cells at appropriate density in Petri plate
(see Note 8). Replace growth medium after 12–16 h and monitor for gene expression.

3.5. Analysis of Transfection

Transfection efficiency can be measured by various methods. If cells are
transfected with a marker such as green fluorescent protein (GFP) or B-gal
expressing construct, visual inspection of cells or FACS analysis is the most
commonly employed method. In the absence of a visual marker, transfection
efficiency is often measured by QPCR analysis to determine the expression
of the transgene mRNA or by western blot analysis. These two methods are
qualitative as the percent of transfected cells cannot be accurately assessed by
these methods.

3.5.1. Fluorescence Microscopy

1. Remove medium and replace with fresh growth medium.
2. Observe the cells under bright field (see Fig. 1A) and count the number of cells.

Switch to fluorescence mode and count the number of green cells (see Fig. 1B)
under fluorescence light to quantify cells transfected with GFP vector.

3. Repeat the process for five to six random areas. Add the total number of cells and
corresponding number of fluorescent cells to calculate the percentage of transfected
cells. This method is appropriate for cells seeded at low density. For cells transfected
at high density or a heterogeneous cell population such as total BM, a more accurate
and sensitive method such as FACS analysis has to be utilized (see Fig. 2).

3.5.2. FACS Analysis

3.5.2.1. Titrate Antibody: Prior to Their First Usage

1. Dilute antibodies (Abs) with staining media (dilute all Abs at 1×� 2×� 5×�
10×� 20×� 40×� 80× and 100×).

2. Prepare the cells that express the antigen to be analyzed.
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Fig. 1. Analysis of transfection by fluorescence microscopy. Twenty-four hours after
nucleoporation of bone marrow-derived mouse multipotent adult progenitor cells with
GFP, cells were examined under a fluorescence microscope. Because the cell density
is low, transfection efficiency can be calculated by counting the number of cells in the
bright field (left panel) vs. the number of GFP+ cells (right panel).

3. Include unstained cells and cells stained with isotype Ab as negative controls.
4. Count number of cells and use 1 million cells (50–100,000 cells work as well) per

condition (Note: Use same cell number in every experiment.) Starting with higher
number of cells is preferred as setting up parameters during FACS analysis takes
time and 10,000 or greater events should be collected for reliable data.

5. Centrifuge cells for 5 min, 250 g, at 4 �C and discard supernatant.
6. Add 5 �l of Ab diluted to varying concentration into separate sample tubes

containing cells.
7. Mix well and incubate cells on ice for 25–30 min.
8. If primary antibodies are not directly conjugated to fluorescent tag, carry out the

second step incubation with secondary Ab tagged to fluorescent tag.
9. Wash with 10 ml staining media. Discard supernatant and resuspend cells in 0.5 ml

staining media and add 3 �g/ml propidium iodide to detect dead cells.
10. Analyze cells by FACS.

3.5.2.2. One-Step Staining With Fluorescent-Labeled Ab(s)

1. Trypsinize cells (∼ 2×105 cells per condition) and dilute cells in staining medium.
Centrifuge cells for 5 min, 250×g, at 4 �C and discard supernatant.

2. To the cell pellet, add 5 �l of diluted primary Ab(s) conjugated to fluorescent tag.
3. Flick the tube to resuspend the cell pellet, mix well, and incubate on ice for

25–30 min.
4. Wash cells with 10 ml of cold staining media. Centrifuge cells for 5 min, 250 × g,

at 4 �C.
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Fig. 2. Analysis of percent transfection of specific lineages in total bone marrow
by flow cytometry. Twenty-four hours after nucleoporation of total bone marrow,
samples were stained with propidium iodide and specific antibodies to assess percent of

干细胞之家www.stemcell8.cn ←点击进入

http://www.stemcell8.cn


Gene Transfer Via Nucleofection 123

5. Discard supernatant and re-suspend cells with 0.5 ml staining media.
6. Filter through FACS tubes fitted with filtered caps before analysis by FACS. Add

3 �g/ml propidium iodide to detect dead cells.

3.5.2.3. Two-Step Staining With Biotinylated Antibody

1. Trypsinize cells and add staining media. Centrifuge cells for 45 min, 250 × g,
at 4 �C.

2. Discard supernatant. Add 5 �l of appropriately diluted biotinylated primary Ab(s).
3. Include unstained cell, cells stained with isotype primary Ab, and cells stained

with secondary Ab only as negative controls.
4. Flick the tube to resuspend cells and mix well. Incubate cells on ice for 25–30 min.
5. Wash cells with 10 ml of cold staining media. Centrifuge at 1000× g, 4 �C

for 5 min.
6. Discard supernatant. Add diluted streptavidin secondary Ab conjugated to

fluorescent tag.
7. Mix well and incubate cells on ice for 25–30 min on ice.
8. Wash cells with 10 ml of cold staining media. Centrifuge cells at 1000× g, 4 �C,

for 5 min.
9. Discard supernatant and re-suspend cells with 0.5 ml staining media.

10. Filter through FACS filter tubes before analysis or sorting the cells by FACS.

Using FACS immunophenotyping analysis, the survival of GFP transfected
cells positive for Sca-1 and c-Kit, a scanty population in the BM representing
the hematopoietic stem cells (14), can be measured and compared to appropriate
controls (see Fig. 3) see Note 9.

3.5.3. Selection of Stable Clones

Mouse MAPC and mESC can be further cultured, and drug selection is
carried out to derive stable clones expressing the gene of interest.

�
Fig. 2. transfection of specific hematopoietic lineages. (A) Fluorescent-associated

cell sorter analysis showing SSC (side scatter) vs. FSC (forward scatter) and gated
(R1) to exclude small dead cells and contaminating red blood cell. (B) The R1 gated
cells were further analyzed by plotting FL1 (GFP) vs. FL2 (propidium iodide). Cells
positive for propidium iodide were excluded, as they represent dead cells, using the
gate R2. Live cells were further stained with antibodies labeled with the dye PE (FL2)
or APC (FL3) and a general heamtopoietic lineage marker. Lineage-specific antibodies
were used to assess the percent of transfection of hematopoeitic lineages. (C) CD45
(monocytes). (D) Mac-1: Macrophages. (E) Gr-1: Granulocyte. (F) Terr-1: Erythrocyte.
(G) B220: B–cell. (H) CD4: T cell. (I) CD8: T cell.
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Fig. 3. Hematopoietic stem cell population (Lin–/Sca1+/c-kit+) is not lost with
nucleoporation. Total bone marrow cells were gated for Lin– and then analyzed for
Sca1+ and c-Kit+ cell populations. (A) Lin– population prior to nucleoporation.
(B) Lin– bone marrow population 24 h after nucleoporation. (C) GFP+ and Lin– bone
marrow population 24 h after nucleoporation.

3.5.3.1. mESC

1. Following transfection, seed mESC on iMEF and start drug selection. It is best to
use a feeder layer that is resistant to the drug used for selection. Change medium
containing appropriate drug every day.

2. At the end of first week, colonies begin to form. At this stage, drug-resistant colonies
can be picked and seeded into individual wells of a 24-well or 48-well culture dish.

3. Continue drug selection for an additional week. Split and expand cells when
necessary.

4. Screen colonies for expression of gene of interest either by QPCR or western blot
analysis. If transfected with GFP construct, the colonies can be visually inspected
using fluorescence microscopy.

3.5.3.2. mMAPC

1. In the case of MAPC, seed transfected cells at 10 cells per well in a 96-well plate
prior to drug selection.

2. After 48–72 h, start drug selection. Change medium every alternate day.
3. Check all wells regularly to see any emerging clones. Split and expand cells when

necessary.
4. Screen clones for expression of the gene of interest by western blot analysis and

genomic integration of the gene by southern blot.

4. Notes
1. A small aliquot of the isolated total mouse BM should be kept aside for

immunophenotyping by FACS.
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2. Temperature is crucial for Ficoll-based density gradient, and samples should be
centrifuged at room temperature. The brakes on the centrifuge need to be turned
off to prevent disturbance of the buffy coat layer formed at the interface of aqueous
and Ficoll layers during centrifugation.

3. During isolation of cells from BM, it is important to pipette media containing FBS
or FBS alone into the pipette to prevent sticking of the cells to the walls of the
pipette.

4. Depending on the mouse ESC cell line used, cells can be either maintained on
feeder layers or on 0.1% gelatin-coated plates. Feeder cells (MEFs) can be mitot-
ically inactivated either by irradiation or by treatment with Mitomycin C.

5. It is important to remove all medium during transfection because volumes can
change if excess medium is left behind. Furthermore, alteration in composition of
nucleofector solution could lead to suboptimal transfection or may affect delivery
of set electrical parameters to the sample resulting in an error signal.

6. Kit varies for each cell type; hCD34+ kit for mouse total BM and hCD34+
cells, hMSC kit for human mouse and rat MAPC and mESC kit for mESC and
hEC/ESC cells. Optimization for each cell type is therefore necessary for efficient
transfection.

7. Because the composition of nucleofector solution is not known, it is important
to dilute the cells with excess medium and spin the cells to remove any residual
nucleofector solution prior to plating the transfected cells.

8. Cell survival of adult stem cells following nucleofection may decrease with
increase in passage number. Depending on the type of adult stem cell, this could
be largely due to heterogeneity in the cell population with passage.

9. FACS analysis is a quantitative assay for measuring not only the transfection
efficiency but also monitoring cell survival and immunophenotypic characteri-
zation of the transfected cells. In the case of a heterogeneous sample such as total
bone marrow, it is important to set gates to exclude cell debris and unlyzed RBC
based on their side scatter and forward scatter, and dead cells based on propidium
iodide staining.
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RNAi Knockdown of Transcription Factor Pu.1
in the Differentiation of Mouse Embryonic Stem Cells

Gang-Ming Zou, Meredith A. Thompson, and Mervin C. Yoder

Summary

Murine embryonic stem (mES) cells are pluripotent cells derived from the inner cell mass
of the preimplantation blastocyst. These cells are primitive and undifferentiated and have the
potential to become a wide variety of specialized cell types. Mouse ES cells can be regarded
as a versatile biological tool that has led to major advances in our understanding of cell and
developmental biology. To study specific gene function in early developmental events, gene
knockout approaches have been traditionally used, however, this is a time-consuming and
expensive approach. Recently, we have shown that small interfering RNA is an effective strategy
to knockdown target gene expression, during ES cell differentiation, and consequently, one can
alter cell fates in ES-derived differentiated cells. This method will be useful to test the function
of a wide variety of gene products using the ES cell differentiation system.

Key Words: ES cell; RNAi; siRNA; Pu.1; Stem cells; Differentiation.

1. Introduction
Murine embryonic stem cell (mES) differentiation is a robust system that

can be used to study the regulation of hematopoietic cell development (1,2).
As observed in developing murine embryos in vivo, differentiated mES cells
express similar cell surface antigens and molecular expression patterns at the
appropriate stages of progenitor cell development. Mature blood cells, such as
red blood cells, platelets, neutrophils, eosinophils, mast cells, and dendritic and
natural killer cells have been generated from mES cells (3–6). ES cells are able
to form embryoid bodies (EBs) in the absence of leukemia inhibitory factor
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(LIF) in culture (7). After dissociation of EBs to single cells by collagenase
digestion, about 10% of cells express CD34 (8,9). The isolated CD34+ cells
can differentiate into myeloid progenitor cells when induced with appropriate
cytokines (9).

RNA interference (RNAi), a term coined by Fire and his colleagues (10),
describes the inhibition of gene expression by double-stranded RNAs (dsRNAs)
that have been introduced into worms. Guo and Kemphues, in the year
1995, first found that dsRNA was more effective at producing interference
of gene expression than either strand individually. After injection into adult
Caenorthabditis elegans, single-stranded anti-sense RNA had a modest effect in
diminishing specific gene expression, whereas double-stranded mixtures caused
potent and specific interference (11). RNAi is a multi-step process involving
the generation of small interfering RNAs (siRNAs) in vivo through the action
of the RNase III endonuclease Dicer. The resulting 21-nucleotide (nt) to 23-nt
siRNAs mediate degradation of their complementary RNA (12).

Though the traditional gene knockout techniques play a principal role in
analyzing gene function during normal murine development, it is an expensive
and time-consuming technique. Recently, siRNA has been used successfully
to knock down target gene expression in mammalian cells. ES cells are
an attractive model for studying the molecular regulation of cell lineage
commitment and cellular differentiation because ES cells give rise to cells
derived from all three primary germ layers. Therefore, the ability to selectively
knock down specific target genes using siRNA would aid in the understanding
of multiple aspects of early murine development. Our approach to knock down
Pu.1 gene expression in ES cell differentiation into hematopoietic cells is
described in this chapter.

2. Materials
2.1. Cells, Medium, and Serum

1. The D3 ES cells were purchased at passage 7 from American Tissue Culture
Collection (ATCC). D3 ES cells were derived from day 3 blastocysts of 129/SVJ
mice and were maintained in culture with murine embryonic fibroblast feeder
cells.

2. Iscove’s Modified Dulbecco’s Medium (IMDM) (cat. no. 12440-079, Invitrogen,
Carlsbad, CA, USA).

3. Dulbecco’s modified Eagle’s medium (DMEM) (cat. no. 10569, Invitrogen,
Carlsbad, CA, USA).

4. Fetal bovine serum (FBS) (cat. no. HCC6900, StemCell Technologies, Vancouver,
Canada).
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2.2. siRNA

1. Design Pu.1 siRNA sequence: The Pu.1 siRNA targeting sequence is AATGCAT-
GACTACTACTCCTT (see Notes 1 and 2).

2. Synthesis of Pu.1 siRNA (see Note 3): Pu.1 siRNA was synthesized commercially
from Dharmacon Research Inc (Lafayette, co, USA).

3. Control siRNA: Lamin A/C siRNA (cat. no. D-001620-03-05) was purchased from
Dharmacon Research Inc. (see Note 4)

2.3. Antibodies

1. Rabbit anti-mouse Pu.1 antibody (cat. no. SC-352) and goat anti-human-actin
antibodies (cat. no. SC-1615) were purchased from Santa Cruz Bio Technologies
Inc (Santa Cruz, CA, USA).

2. Fluoroscein isothiocyanate (cat. no. 09434D) or biotin-labeled rat anti-mouse CD34
monoclonal antibody (cat. no. 03432D, were purchased from BD Pharmingen, San
Diego, CA, USA).

3. Goat anti-human Lamin A/C polyclonal antibody (cat. no. SC-6214, Santa Cruz
Biotechnologies Inc). This antibody reacts with murine Lamin A/C protein.

2.4. Cytokines

1. Murine LIF (mLIF) (cat. no. 02740, StemCell Technologies).
2. Murine interleukin-3 (mIL-3) (cat. no. 02733, StemCell Technologies).
3. Murine granulocyte-macrophage-colony stimulating factor (mGM-CSF), (cat. no.

02732, StemCell Technologies).
4. Murine stem cell factor (mSCF) (cat. no. 02731, StemCell Technologies).

2.5. Other Reagents

1. Anti-biotin beads (cat. no. 130-091-147) were purchased from Miltenyi Biotec
(Auburn, CA, USA).

2. Oligofectamine 2000 (cat. no. 12252011) was purchased from Invitrogen.
3. Methylcellulose-based ES cell differentiation medium (cat. no. M312D) and colla-

genase (cat. no. 07902) were purchased from StemCell Technologies.
4. Gelatin was purchased from StemCell Technologies.
5. Mouse embryonic fibroblasts (cat. no. 00321) were purchased from StemCell

Technologies.
6. Collagenase (cat. no. 07902) was purchased from StemCell Technologies.
7. Magnetic-associated cell sorting (MACS) buffer: 500 ml phosphate buffered saline

(PBS) supplemented with 0.5 g BSA and 2 mM EDTA (pass the solution to 0�22-�m
filter before use).

干细胞之家www.stemcell8.cn ←点击进入

http://www.stemcell8.cn


130 Zou et al.

3. Methods
3.1. In Vitro Maintenance of ES Cells

1. Mouse D3 ES cells were maintained on murine embryonic fibroblast feeder cells
or gelatinized tissue culture dishes (100 mm; Costar, Cambridge, MA, USA)
in standard ES culture medium consisting of DMEM supplemented with 15%
fetal calf serum (GIBCO, Grand Island, NY, USA), 0.1 mmol l-glutamine,
150 mmol monothioglycerol (MTG), 100 U/ml penicillin, 100 mg/ml streptomycin,
and 1000 U/ml LIF (Stem Cell Technologies).

2. The culture medium was changed every day and the cells were passaged every 2
or 3 days (13).

3.2. In Vitro Differentiation of ES Cells

1. D3 ES cells were added to 0.9% methylcellulose medium (StemCell Technologies),
15% FBS (StemCell Technologies), 100 ng/ml SCF (R&D System, Minneapolis,
MN, USA), and 450 �M MTG (Sigma, St. Louis, MO, USA) at a cell concentration
of 5000–10000 cells/ml plated in a 33-mm Petri dish. Efficient differentiation of ES
cells to EBs occurred after 10 days of culture.

2. Harvesting EBs: The EBs were removed from methylcellulose by dilution
with IMDM.

3. Isolating CD34+ EB cell population by MACS: CD34+ EB cell isolation was
carried out using a MACS magnetic separation device as described previously (14).
In summary:

a. Dissociate EB with Collagenase: add 3 ml Collagenase to the EBs in the Facon
tube, and incubate at 37 �C for 1 h.

b. Wash cells with IMDM.
c. Label EB cells with anti-CD34-biotin at 2 �g per 1×106 cells.
d. Incubate 15 min at 4 �C.
e. Wash cells with MACS buffer.
f. Ada anti-biotin bead (2 �l per 1×106 cells) to the cell suspension and incubate

at 6–12 �C for 15 min.
g. Wash cells with MACS buffer at 30× volume.
h. Pass the cells to the LS/VS column.
i. Wash the column completely with MACS buffer.
j. Elute the cells.
k. Collect eluted CD34+ EB cell populations.

3.3. Preparation of dsRNA and Transfection of siRNA to EB Cells

1. The 21-nt Pu.1 dsRNA sequence and the protocol for transient transfection of
siRNAs were reported previously (15). CD34+ EB cells were diluted with fresh
medium without antibiotics and transferred to 6-well plates with 5×105 cells/well
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(500 �l well). We performed a single transfection of siRNA duplex using Oligo-
fectamine 2000 Reagent and assayed for gene expression silencing 2 days after
transfection (see Note 5).

2. In a sterile 1.5-ml Eppendorf tube (tube A) add 50 nM Pu.1 siRNA or control
siRNA in Opti-MEM medium to reach a final volume of 50 �l. In another sterile
1.5-ml Eppendorf tube (tube B) add 3�l of Oligofectamine 2000 to 12 �l of Opti-
MEM medium (total 15 �l). Incubate tubes A and B separately for 10 min at room
temperature.

3. Transfer the contents of tube B to tube A and mix by inversion 5 to 10 times.
Do not vortex the tube. Incubate the tube A (containing the mixture) for 25 min
at room temperature. The solution will become turbid because siRNA binds to
Oligofectamine 2000 to form a complex suspension.

4. Add 35 �l of fresh Opti-MEM medium to tube A to obtain a complex with a final
volume of 100 �l.

5. Add the above formed complex �100 �l� to the wells containing cells. Cells are
maintained in a low serum conditions (2% serum) according to manufacturer’s
instruction at 50% confluence. Incubate for about 4 h at 37 �C.

6. Add an equal volume of culture medium with 18% serum to quench the transfection.
Allow the cells to continue to grow for 3 days in a 5% CO2 incubator.

3.4. Culturing Conditions for siRNA Transfected CD34+ EB Cells

1. CD34+ EB cells were cultured with SCF or with SCF, mGM-CSF, and mIL-3
(10 ng/ml) to promote myeloid differentiation (see Fig. 1).

3.5. Western Blot Analysis for Pu.1

1. The protein was isolated from cultured cells after 72 h of siRNA treatment (see
Note 6).

2. Pu.1 western blot analysis was performed as described previously (15). In brief,
20 �g of protein was separated by Sodium dodecyl sulfate (SDS)-polyacrylamide
electrophoresis using a 10% (w/v) polyacrylamide resolving gel and transferred
electrophoretically to a nitrocellulose membrane.

3. The blots were blocked with 5% Tris-Buffered Saline (TBST) (TBS
containing 0.2% Tween 20) buffer for 1 h. Immunoblotting was performed
overnight at 4 �C using the Pu.1 primary antibody (Santa Cruz Biotechnologies
Inc) at a 1:500 dilution, or the actin antibody at a 1:1000 dilution, and
peroxidase-conjugated secondary antibodies were then used (Amersham Pharmacia
Biotech Piscataway, NJ, USA). All immunoblots were visualized by the
Amersham electrochemi-luminescence Advance Western Blotting Detection Kit
according to the manufacturer’s instructions (Amersham Pharmacia Biotech)
(see Fig. 2).
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Fig. 1. Embryonic Stem (ES) cells were differentiated into embryoid bodies (EBs)
in the absence of murine leukemia inhibitory factor. (A) The phenotype of two EBs
on day 10 differentiated from D3 ES cells �×400�. (B) CD34 antigen expression on
EB cells (dark line) detected by flow cytometry (isotype control cells depicted with
light line). CD34+ cell populations were isolated from whole EB cell suspension by
magnetic-associated cell sorting magnetic bead cell separation.

3.6. Immunocytochemistry for Pu.1

1. CD34+ day 10 EB cells were cultured at 2×104 cells per well in a lab-Tek chamber
slide system (Fisher Inc, Pittsburg, PA, USA) in the presence of 10 ng/ml SCF.

2. Cells were transfected with Pu.1 siRNA or Lamin A siRNA at 50 nM final concen-
tration.

3. Cells were incubated for 72 h (see Notes 7 and 8).

Fig. 2. Western blot analysis was performed to confirm the effect of Pu.1 small
interfering RNA (siRNA) on the target gene’s level of expression. As shown, Pu.1
expression was reduced when cells were treated by Pu.1 siRNA (lane 2) compared to
siRNA untreated cells (lane 1) or control (Lamin A) siRNA-treated (lane 3) cells for
72 h. The data are representative of one of three individual experiments.

干细胞之家www.stemcell8.cn ←点击进入

http://www.stemcell8.cn


RNAi and Stem Cells 133

4. Fix the cells with 4% paraformaldehyde for 5 to 10 min.
5. The Pu.1 antibody (1:500) was added to the cell slide and incubated overnight at

4 �C with shaking.
6. The slide was washed with PBS for 10 min.
7. The anti-rabbit antibody was added and incubated for 30 min (1:250) (Sigma).
8. The slide was washed with PBS for 10 min.
9. The slide was exposed to Extravidin (1:250 dilution) for 3 h at room temperature.

10. The reaction product was visualized with 0.05 diaminobenzidine (DAB) and 0.1 M
phosphatase buffer and 0.01% H2O2 (Sigma).

11. The positive cells were scored under a microscope at ×20 magnification micro-
scope (see Fig. 3).

Fig. 3. Immunocytochemical staining of Pu.1 in both CD34+ embryoid body
cells treated with control small interfering (siRNA) or Pu.1 siRNA. Pu.1-positive
stained cells significantly decreased in Pu.1 siRNA-treated cells compared with
cells treated with control siRNA. The arrows show Pu.1 positive staining cells in
nucleus.
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4. Notes
1. Dharmacon Research Inc has been a valuable supplier of commercial RNAi

synthesis in our experience.
2. Both Pu.1 dsRNA and Lamin A dsRNA (cat. no. D-100-5) were obtained from

Dharmacon Research Inc. (To design the specifc siRNA sequence, refer the siRNA
designer software at the Dharmacon website: www.dharmacon.com.) The key
points to consider in selecting a siRNA sequence are as follows: (i) start 75 bases
downstream from the start codon; (ii) locate the first AA dimer; (iii) record the
next 19 nts following the AA dimer; (iv). Subject the chosen 21-base sequence to a
BLAST search (NCBI) database to ensure that only one gene is targeted. A typical
0�2 �mol-scale RNA synthesis provides about 1 m of RNA, which is sufficient for
1000 transfections.

3. We recommend designing siRNA with symmetric 3′TT overhang as previously
recommended by Elbashir et al. (16) to facilitate equal ratio of sense and antisense
target RNA-cleaving siRNAs.

4. We used Lamin A/C siRNA as a control in this protocol. We also recommend
using scrambled siRNA as a control for off-target non-specific effects (17).

5. In siRNA transfection experiments, the efficiency of transfection may depend on
the cell type, the passage number, and the confluency of the cells. Moreover, the
time and the manner of formation of siRNA–liposome complexes (e.g., inversion
versus vortexing) are also critical. (Note: Please follow the instructions provided
by the manufacturers.) Low transfection efficiencies are the most frequent cause
of unsuccessful silencing. Good transfection is a non-trivial issue and needs to be
carefully examined for each new cell line to be used.

6. Depending on the abundance and the half-life (or turnover) of the target protein,
a knockdown phenotype may become apparent after 1–3 days of siRNA trans-
fection. If no phenotype is observed, depletion of the protein must be tested by
immunofluorescence or western blot analysis.

7. siRNAs introduced here usually are effective to knock down the target gene
expression and this effect is normally maintained 3–5 day. After that period, siRNA
will be degraded and the knockdown effect will be lost and target gene expression
will recover in the cells.

8. For longer period of target gene expression knockdown, generation and use of
siRNA are discussed in detail by Hannon and Conklin (18).
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StemBase
A Resource for the Analysis of Stem Cell Gene Expression Data
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Summary

StemBase is a database of gene expression data obtained from stem cells and derivatives
mainly from mouse and human using DNA microarrays and Serial Analysis of Gene Expression.
Here, we describe this database and indicate ways to use it for the study the expression of
particular genes in stem cells or to search for genes with particular expression profiles in stem
cells, which could be associated to stem cell function or used as stem cell markers.

Key Words: Databases; Bioinformatics; Gene expression; DNA microarrays; Serial Analysis
of Gene Expression; Stem cells; Data mining.

1. Introduction
A number of recently developed methods for high-throughput analysis of

gene expression allow profiling of gene expression in cell or tissue samples
in a relatively simple and quick manner. For example, DNA microarrays were
applied in the early 2000s for the characterization of genes expressed in stem
cells (1,2). However, it soon became evident that the comparison of heteroge-
neous gene expression information from multiple laboratories and samples was
not a trivial problem (3).

In order to profile gene expression in stem cells in an exhaustive and rational
way, the Stem Cell Genomics Project (SCGP) was established in the 2003 by
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the Canadian Stem Cell Network (http://www.stemcellnetwork.ca) as one of its
first projects. The objective of the project is to analyze the gene expression in
stem cells and their derivatives obtained from research groups across Canada.
These are processed in a single facility at the Ontario Genomics Innovation
Centre (OGIC) in Ottawa, ensuring a homogeneous experimental protocol and
quality control. The data are being stored and made publicly accessible in
StemBase (4), a database of gene expression data obtained from stem cells and
their differentiated derivatives, with associated query and analysis tools, which
is also developed at the OGIC.

Currently, StemBase stores gene expression data derived from Affymetrix
expression microarrays (5) and Serial Analysis of Gene Expression (SAGE)
libraries (6). All samples from which the data are derived were provided by
SCGP members and include a variety of mouse embryonic and adult stem cells,
human adult stem cells, and differentiated cell types. As of August 2006, the
database contains data from 172 mouse samples, 44 human samples, and 3 rat
samples. Data can be browsed and queried online or can be downloaded for
analysis offline.

As this chapter describes a database, not an experimental method, the
structure is slightly different to that of other chapters. Subheading 2 describes
the database structure and the data it contains. A combined Methods and
Notes section (see Subheading 3.) describes how the data can be accessed and
analyzed both on the StemBase web site and using standalone tools.

2. Materials
2.1. Data Source

Human Affymetrix microarray data in StemBase were generated using the
HGU133 array set, and most mouse data were generated using the MOE430
array set, although a significant minority of the data uses the older MG_U74
array set. The few rat samples were processed using the RAE230 array set.
The SAGE libraries created for the SCGP use the longSAGE variant (7),
which generates a 17-bp sequence tag from the 3′ end of each mRNA, and
the abundance of each tag as an indication of the relative abundance of the
mRNA in the source tissue. Most genes generate a unique sequence tag; thus,
the tags observed in a library can be used to identify the genes expressed.
Data are currently available from six longSAGE libraries generated from
mouse cell lines; the libraries are Embryonic Stem Cell, Embryoid Body (9
days differentiation), Neurosphere, Committed Neuronal Progenitor, Undiffer-
entiated Mammosphere, and Differentiated Mammosphere.
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2.2. The Database

StemBase is a web application that runs on a Linux server under Apache (see
database schema in Fig. 1). It is written in PHP and uses mySQL as the back
end database. The StemBase schema organizes experimental data into “experi-
ments”; these are groupings of “samples” which represent different conditions
in a given experiment. Samples contain a set of “replicates” (usually 3). These
are biological replicates made using the same sample under the same experi-
mental conditions. Each replicate is associated with one or more “files” which
contain the raw expression data, either the Affymetrix GeneChip files or the
SAGE tag counts. These original files are stored in the filesystem so that they
may be downloaded by users, while expression values from these files are
generated and are stored in the database in the GeneExpression and SAGETAG
tables respectively.

2.3. Data Quality and Curation

As most of the samples in StemBase were processed in a single lab, the
core facility of OGIC, we are able to ensure uniformity of microarray and

Fig. 1. Simplified StemBase database schema. This schema outlines the relationships
between key tables in StemBase. Each box represents a table. The name of the table
is at the top, followed by the list of the table fields. Ellipses indicate when fields were
omitted for the sake of clarity. Arrows show connections between tables, for example,
EXPERIMENT_FK in the sample table connects to ID field of the experiment table
indicating which Experiment a given sample is a member of.
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SAGE processing and provide consistently high quality data. The use of only
Affymetrix microarrays means that we avoided the problems of comparison
between microarray platforms, and the use of a limited number of array types
means that most samples can be compared for any organism. With few excep-
tions samples were analyzed in triplicate, allowing more robust statistical
analysis. A detailed set of information about the sample and experimental
conditions were required from the researcher in order for a given data set to be
accepted into StemBase.

2.4. Normalization

StemBase Affymetrix expression data are available as MAS5 (8,9) normalized
values, p-values, and calls as provided by Affymetrix GCOS software. SAGE data
are provided as raw tag counts.

2.5. Data Embargo

StemBase has a staged data release policy, proving preferential access to the
originating researcher and SCGP members. For 4 months from the generation
of the results, the data are available only to the original researcher. For the next
8 months, the data are available to the Stem Cell Network as a whole. After
1 year, the data are released to the public.

2.6. Export to Other Archives

Although StemBase data are freely available to the public, the database is
not as well known as larger, more general purpose archives. In order to make
StemBase data more readily accessible, there is an ongoing effort to export
all StemBase data into the National Centre for Biotechnology Information’s
Gene Expression Omnibus (GEO) (10). The presence of the StemBase data in
GEO makes them available to a wider scientific community in the context of
a central data repository. GEO as a whole, however, does not have the same
levels of data consistency as StemBase and does not offer the interactive query
and analysis tools detailed below. As of August 2, 2006, the Ontario Genomics
Innovation Centre, on behalf of StemBase, was the 12th largest contributor of
samples to GEO.

2.7. Access

The database and associated query and analysis tools can be accessed at
http://www.stembase.ca. Access requires free registration, which can be accom-
plished online.

干细胞之家www.stemcell8.cn ←点击进入

http://www.stembase.ca
http://www.stemcell8.cn


StemBase 141

3. Methods and Notes
This section describes some properties of the data in StemBase and aims to

describe methods to study the expression of particular genes in stem cells. We
are developing web-based tutorials on the use of StemBase and general gene
expression data analysis. These will be made available at http://www.ogic.ca
in mid-November 2006, under the auspices of the Stem Cell Network.

3.1. Query Tools Within StemBase

The simplest method for exploring the data available in StemBase is through
the “Browse” feature available on the home page (see Fig. 2; left side). This
lists the name and description of all experiments in the database, giving an
overview of the data available. Details of any experiment can be viewed,
providing access to a full description of the experiment, a description of the
experimental samples, and quality control data about each individual array
hybridization. Links on the page allow downloading of expression values for
the whole experiment in a tab-delimited file suitable for analysis in Excel or
downloading of the individual. CEL files containing the raw data. These can

Fig. 2. StemBase snapshot. View of the result of a query in StemBase for mouse
samples containing the word “neural” in the description. The table contains the results
of the query with links to pages that provide a detailed description of the samples and
access to the original data for each sample. Other query options are available at the top
of the page, and the left side contains options for navigation of the database.
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be analyzed using packages such as DChip (11), BioConductor (12), and other
tools described later in this chapter.

A simple query tool allows experiment and sample descriptions to be searched
by keyword, and an advanced query tool extends the search to specific fields
or to search for experiments from a particular species (see an example in Fig. 2).

The Cell vs Gene tool allows for sections or “slices” of expression data to be
extracted and downloaded from StemBase, allowing for further analysis. The
“Cell” portion of this tool specifies a range of samples of interest. Samples
can be selected based on any combination of species, chip name, origin tissue,
cell type/line, stem cell ontology, and SCGP Id. Sample specifications can
be simple, such as searching for “Mouse” samples or more focused such as
searching for “Blastocyst” in “Mouse” samples. Samples are cross-referenced
to the “Gene” part of the tool, which specifies Affymetrix expression probe
sets (e.g., 1415673_at), SAGE tags (e.g., TCCATCAAGAAGCTATG), or gene
symbols (e.g., Psmc5) of interest. The results returned can include SAGE tags,
Affymetrix expression values, or both.

The results of the search are displayed in a series of tables, with the total
number of matches found displayed at the top of each table. (i) The “Query
Map” cross-references SAGE tags to probe sets and gene names across all the
chip types selected. A search using a probe set will return only that probe set
and associated SAGE tags, plus the symbol for the associated gene. Searching
with a SAGE tag or gene name may find several matching probe sets. (ii) The
“Affymetrix Results” table shows the selected probe sets and gene symbols
tabulated against the specified samples. The expression values can be shown as
either a call (present, absent, or marginal) or as the signal value, averaged among
the replicates for each sample. Links to relevant MEDLINE bibliographic
references are also provided and marked with an “M” or with an “S” if the
corresponding article is relevant to the field of stem cell research [computed
as described in Suomela et al. (13)]. (iii) The “SAGE Results” table shows the
number of tags per million (normalized to allow comparison between libraries)
for each relevant SAGE tag in each library that matches the cell parameters.

If the table of Affymetrix results contains multiple probe sets, and contains
only probe sets from one chip type, there is an option to generate a heat map
of the results. A heat map provides a graphical representation of the expression
values of the specified samples and genes with color representing the level of
expression. Heat maps can also be generated from SAGE data when multiple
tags are returned. After data have been downloaded from StemBase, software
such as Cluster and TreeView (14) can be used to generate and visualize
heatmaps.
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3.2. Integration of SAGE Data

The ability to return results from both Affymetrix and SAGE experiments
from the Cell vs Gene query tool requires a mapping to be made between
SAGE tags, Affymetrix probe sets, and gene names. Although both techniques
provide measures of gene expression, the issue of comparing their results is
not trivial and deserves some explanation.

To generate the Affymetrix–SAGE mapping, we make use of the NetAffx
(15) annotation of the Affymetrix probe sets. NetAffx is a database of probe
set annotations provided by Affymetrix, which identifies the sequence from
which the probe set was derived and information such as the gene to which this
sequence corresponds, DNA and protein sequences, and functional information.
We use the associated sequences in NetAffx to identify expected tags for a
given probe set. For each probe set on each array, we obtain the representative
ID (the accession for the sequence from which the probe set was designed),
the RefSeq ID (the accession for the reference sequence to which the probe set
has been assigned), and the UniGene ID (the accession for the UniGene cluster
to which the probe set has been assigned). From each sequence we identify
expected SAGE tags (the 17 bp distal to the most 3′ NlaIII site in the sequence)
and store them in a database, which is then used to associate observed SAGE
tags with probe sets and their associated genes.

3.3. Expression Correlation Measures in StemBase

The large number and variety of samples in StemBase, combined with
uniformly high level of data quality, offers the opportunity to observe variations
in expression levels of a particular gene across many different stem cell types.
This can provide insights into the specificity of gene expression in a particular
stem cell type. Moreover, it is possible to detect pairs, or by extension groups,
of genes with coordinated expression values across the different samples; this
may indicate that they participate in the same biological process. These groups
will comprise genes that are either up or down regulated together (positive
correlation) or genes that have complementary patterns of expression (negative
correlation). Assuming that the relationships are linear, we can compute Pearson
correlation coefficients between the hybridization values of any pair of probe
sets on a chip (e.g., MOE430A), by normalizing all the samples for the given
chip after averaging the expression values of the available replicates.

This calculation can provide clues to the function of a non-annotated gene
with expression strongly correlated to an annotated gene. The StemBase query
page provides an option to search for probe sets with expression positively
and/or negatively correlated to a user-specified probe set across all samples
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in StemBase. After the user specifies the probe set of interest, the array type,
and the parameters for list length, the database will return a list of the most
positively and/or negatively correlated probe sets.

3.4. Analysis of Significant Differential Expression

StemBase does not currently support the online comparison of microarray
data from different samples to find genes with significant differential
expression. This type of analysis is, however, possible after downloading
expression data from StemBase; one of many methods for performing this
analysis is described below. This method can also be used to compare StemBase
data with microarray data obtained from elsewhere.

SAM, or Statistical Analysis of Microarrays (16), is a modified version of the
t-test used for identifying microarray probe sets showing significant changes
of expression between conditions. SAM assigns a score to each probe set on
the basis of the change in gene expression relative to the standard deviation of
repeated measurements within the replicates for that probe set. SAM modifies
the gene-specific t-test by adding a small positive constant to the denominator,
reducing the likelihood that genes showing small changes will be identified
as changing significantly between conditions. The value of the constant added
is calculated so as to minimize the total coefficient of variation for all probe
sets. SAM also generates an estimate of the false discovery rate, based on the
number of probe sets exceeding a specified cut-off in permutations of the data
being examined.

We use the implementation of the SAM algorithm provided in the Biocon-
ductor (12) package siggenes. To compare samples by SAM, the .CEL
files (from StemBase or elsewhere; all must be from the same array type)
are loaded into Bioconductor and normalized using RMA (17) or GCRMA
(http://www.bepress.com/jhubiostat/paper4). SAM is then run, assigning the
replicates for the two samples to test groups for scoring. The software will
output lists of probe sets ranked by the likelihood of the observed difference
being significant; a cutoff value, �, is used to limit the size of this list. Reported
values include the observed fold change and its associated p-value.

We have used SAM to compare StemBase Affymetrix expression values
obtained in triplicate from mouse R1 Embryonic Stem Cells prior to, and 12 h
after, initiation of undirected differentiation following removal of Leukemia
inhibitory factor (LIF) from the culture medium. Using a cut-off value of 1.7
returns a list of 103 probe sets, with a maximum p-value of 0.00094. The
most significantly different probe sets include a number of genes known to
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be involved in early embryonic differentiation, including Socs3, Klf4, Klf5,
and Bcl3.

3.5. Gene Ontology Annotations of Affymetrix Probe Sets

Study of the expression data in StemBase is facilitated by information about
the function and cellular localization of transcripts. For example, a user might
be interested in examining the level of expression of transcription factors. Or
examination of a set of genes differentially expressed between two cellular types
could reveal that most genes involved in a particular signaling cascade are down
regulated. Functional and cellular localization data of this type is provided by
the Gene Ontology (18) (GO, http://www.geneontology.org/), which is used to
annotate genes with molecular function, cellular localization, and the biological
processes in which they are involved. GO annotation can be obtained from
several sources, some of which are used to generate a basic level of GO
annotation of probe sets in the NetAffx database mentioned above. NetAffx
GO annotations are updated regularly, as new versions of NetAffx are released.
However, the annotations appear in many cases to be incomplete and in need
of improvement.

In order to extend and improve the GO annotation available for probe
sets, we identified two strategies [described in ref. 19]. (i) Obtaining GO
annotations from databases to which NetAffx provides direct links: Entrez
Gene (20), InterPro (21), SwissProt (22), and Gene Ontology Annotation
[GOA (23)] via SwissProt links to UniProt. (ii) Inferring GO annotations from
associations between keywords and GO terms in other databases extracted
by data mining. Using this approach results in a large increase in the
number of annotations: 33,821 new GO terms associated with probe sets
on the MOE430 array and 35,608 on HG-U133. This resulted in annotation
of 2759 probe sets on MOE430 and 2987 probe sets on HG-U133 that
previously had no associated GO terms. These new annotations can be
accessed through a web server (http://www.ogic.ca/p2g), where the predicted
annotations can be retrieved, along with their supporting evidence. These
extended annotations have been recently implemented in the query tool of
StemBase.

Beyond StemBase, GO annotations can be also used to interpret microarray
results. Given a selection of probe sets or genes obtained by analysis of
microarray data (e.g., genes correlated to a particular probe set of interest in
StemBase), data useful for interpretation can be obtained by an examination of
the associated GO annotations. Several methods have been derived to assign
significance to the enrichment of GO terms for sets of genes using variants of
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a t-test analysis. One example, GOstat (24) provides a web server where the
analysis can be performed on a list of probe sets from any of the Affymetrix
microarrays currently used in StemBase.

3.6. Biomarker Discovery

Interest in identifying molecular markers has surged in recent years, with the
availability of high-throughput technologies such as expression arrays. These
are ideal technologies for biomarker discovery due to their ability to assess the
levels of tens of thousands of RNA species simultaneously with low cost per
assay. Large volumes of data can be generated and used to identify candidate
transcripts for future development into biomarkers.

Once identified, biomarkers can be extremely useful as indicators of cellular
identity, for example, in cell sorting experiments (25) or for the prognosis of
disease phenotypes (26,27). In the latter case, a biomarker could be used to
predict the probability of recurrence or the aggressiveness of certain cancers.

The most straightforward method to identify biomarkers for samples of
interest is to identify sample-specific up regulated genes with a technique such
as significance analysis of microarrays (see Subheading 3.4.). More complex
methods can include the discovery of multi-gene signatures which are associated
with the phenotype of interest. In either case, the essence of a good biomarker
is that it can distinguish between two types of sample based on a threshold of
some quantifiable property, here, the level of expression on a microarray.

It is simple to contrast two groups of samples if one is only interested in
a specific comparison, for example, between two types of hematopoietic cells
at different stages of differentiation. However, contrasting a group of interest
(e.g., undifferentiated hematopoietic cells) against a larger, heterogeneous data
set (such as StemBase) can generate a more robust set of biomarkers because
of the increased specificity of the putative molecular markers for the selected
group (e.g., What genes distinguish hematopoietic stem cells from 40 other
cell types?).

We have generated a method and a web server to facilitate Biomarker
discovery in StemBase (28). Larger datasets like StemBase allow for a larger
number of comparisons but create a computational problem as this number of
comparisons rises exponentially with the size of the database. This problem can
be mitigated by estimating possible comparisons with the data itself. By first
identifying individual genes that have biomarker-like properties (testing for a
demarcation between the expression levels of two arbitrary groups of samples),
we generate a number of possible two-state arrangements of samples across the
dataset.
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For each unique arrangement of samples, we can then use a non-parametric
test to compute sets of genes which are able to demarcate samples in a
similar way. The results are predicted associations between groups of samples
based on supporting expression data, along with sets of genes predicted
to be co-markers for each group of samples. We have used this method-
ology to analyze the distributions of known stem cell related markers in
StemBase mouse samples. StemBase data can be studied using this method
at http://www.ogic.ca/projects/markerserver/enter.php. The web site includes
detailed instructions and examples.
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Isolation of Stem Cells from Human
Umbilical Cord Blood

Nishanth P. Reddy, Mohan C. Vemuri, and Reddanna Pallu

Summary

Umbilical cord blood (UCB) is gaining more prominence in recent times as a source of non-
embryonic multipotent stem cells. Global annual human birth rate (100 million) presents UCB as
the largest non-controversial stem cell source, with an added advantage of naive immune status.
Cord blood stem cells are routinely utilized in stem cell transplantation in leukemia patients and
carry huge potential to treat other human diseases with less concern of rejection. Because UCB
contains low number of stem cells, their use is associated with significant delays in engraftment
of neutrophils and platelets. Development of reliable methods for isolation and expansion of cord
blood stem cells is critical for consequent clinical application. The focus of this chapter is to
review the methods currently used by different research groups and to recommend an isolation
protocol that yields optimal number of UCB stem cells.

Key Words: KD Umbilical cord blood; CD34+; Stem cells; Ex vivo expansion; Growth factors.

1. Introduction
Development of methods to isolate stem cells from umbilical cord blood

(UCB) and enrich them through ex vivo expansion can potentially benefit
clinical transplantation and gene therapy. Multipotent stem cells derived from
UCB are gaining more attention as a means of ethically acceptable source of
stem cells (1). Clinical application of UCB stem cells is at present recognized
as a valid approach for treating malignant and non-malignant hematopoietic
disorders (see Table 1) (2). UCB was originally used as an alternative source
of hematopoietic cells for transplantation in a child with Fanconi’s anaemia (3).
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Table 1
Diseases Treated by Cord Blood Transplantation

Malignant diseases Non-malignant diseases

Acute lymphocytic
leukemia

Fanconi’s anemia

Acute myelocytic
leukemia

Adrenoleukodystrophy

Chronic myelogeneous Hunter syndrome
leukemia Blackfan–Diamond syndrome
Myelodysplastic
syndrome

Dyskeratosis congenital

Juvenile chronic A megakaryocytic thrombocytopenia
myelogeneous leukemia Globoid cell leukodystrophy
Neuroblastoma Gunther disease

Severe combined immune deficiency
Hurler syndrome
Idiopathic aplastic anaemia
Kostmann syndrome
Osteoporosis
Lesch–Nyhan syndrome
Thalassaemia
X-linked lymphoproliferative syndrome

Preclinical in vitro studies demonstrated the proliferative advantage of primitive
cord blood stem cells, compared with the bone marrow (4). Several research
groups have evaluated a number of formulations for their ability to support
survival and expansion of hematopoietic stem cells (HSCs) from UCB. New
approaches to enhance the expansion of human cord blood stem cells include
co-culture with mesenchymal stem cells (5), human umbilical vein endothelial
cells (6), angiopoietin-like proteins (Angpt12 or Angpt13) (7) and optimization
of cultures in serum-free defined medium (8). The focus of this chapter is to
evaluate existing approaches and recommend an optimal simplified isolation
protocol that yields optimal number of UCB stem cells.

1.1. Transplanted Stem Cells from UCB Restore Normal
Hematopoiesis in Pediatric Leukemia/Lymphomas

The high proliferative capacity of UCB stem cells to repopulate bone
marrow has been confirmed in clinical transplants (9). The two large patient
series that have been analyzed in detail were collected by the New York
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Placental/Umbilical Cord Blood Program (562 patients) (10) and by Eurocord
(331 patients) (11). In both groups, more than 80% of transplants were
performed in pediatric recipients suffering from leukemia or lymphoma. The
clinical data from the New York Placental/Umbilical Cord Blood Program show
that platelet and myeloid engraftment was significantly related to transplant cell
dose (10). In particular, platelet engraftment was prolonged compared to trans-
plant recipients of hematopoietic progenitor cells (HPC) from bone marrow
or mobilized peripheral blood (9). The frequency of transplant-related events
such as the occurrence of death, autologous reconstitution or second graft was
significantly related to cell dose and the recipient age and diagnosis.

Graft versus host disease (GvHD) is a frequent complication in clinical
transplants, and the incidence of grade III–IV acute GvHD and chronic GvHD
were 23 and 25%, respectively. In addition, the frequency of relapse, which
was 26% by 1 year in acute leukemia recipients, was significantly related to the
disease stage at transplantation. The Kaplan–Meier survival estimate at 100 days
was 49%. The outcome of unrelated UCB transplantation in children with acute
leukemia was investigated by Locatelli et al. (12), who examined 40 patients
with lymphoblastic leukemia and 20 patients with myeloid leukemia, reported
to the Eurocord Registry during April 1990–December 1997. This patient group
included 42 and 18 patients transplanted in good risk and poor risk conditions.
Children receiving transplantation during first and second complete remission
were considered as belonging to good risk group. By contrast, patients in third
or subsequent remission, relapse or partial remission were grouped under poor
risk. Kaplan–Meier estimates of 2-year event-free survivals in the good risk
and poor risk groups were 40 and 7%, respectively (12).

1.2. Immune Phenotype of UCB Stem Cells

UCB is a rich source of hemopoietic stem and progenitor cells but contains
fewer T cells than bone marrow, which may permit greater degree of mismatch
without increased GvHD (13). Many cancer centers developed techniques for
the removal of T lymphocytes, in order to reduce the severity of GvHD. T-cell
depletion did decrease the incidence of GvHD in patients undergoing allogeneic
stem cell transplantation. Unfortunately, removal of T lymphocytes also caused
an increased risk of graft failure, as selective T lymphocytes are necessary for
engraftment. UCB shows the lower proportion of CD4+/CD45+ T cells, and
their response to the stimulation is decreased when compared with human adult
peripheral blood (APB) (14). The notable difference between the T lymphocytes
in UCB and those derived from adult marrow or mobilized peripheral blood
stem cells is the maturational status. Because the fetus is exposed to few
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foreign antigens, the T lymphocytes in UCB are almost exclusively naive. Naive
T lymphocytes express a phenotype that is identifiable as CD45RA+� CD45R0–

and CD62L+, naïve T-cell marker. As individuals age, there is an increase in
the frequency of T cells that have differentiated into a memory phenotype,
CD45RA– CD45R0+ and CD62L–/low as a result of antigenic exposure. The
predominant naive phenotype of T lymphocytes in UCB may contribute to the
reduced alloreactivity observed in UCB transplant recipients (15). According
to the phenotypic studies, the total B-cell numbers of UCB are comparable to
APB but are primarily of the immature phenotype �CD5+/CD19+� (16). The
total number of natural killer (NK) cells is also comparable to those found in
APB. But the activity of cord blood (CB) NK cells has been reported to be
low, compared with APB (17).

Cairo et al. (18) demonstrated a significant reduction in mRNA expression
and decreased protein production of granulocyte macrophage-colony stimu-
lating factor, granulocyte colony stimulating factor (G-CSF), interleukin (IL)-3
(19), macrophage colony-stimulating factor (20), transforming growth factor-B1
and macrophage inflammatory protein-1a (21) in activated UCB mononuclear
cells (MNCs) compared with adult MNC. Similarly, the same group demon-
strated a significant reduction in mRNA and protein expression of IL-12, IL-15,
and IL-18 in activated CB MNC compared with activated APB MNC (22,23).
Expression and protein production of IL-11 (24), stem cell factor (SCF) (25)
and thrombopoietin (26) are significantly increased in UCB compared with
adult fibroblasts and endothelial cells.

1.3. Ex vivo Expansion of UCB Stem Cells

Major limitations in the use of stem cells from UCB for bone marrow
transplantation are often the availability of a suitable donor, and when a donor
is available, the number of stem cells that can be isolated from donor. Hence,
the development of reliable methods for the expansion of stem cells from UCB
is mandatory to ensure effective treatment to a wider group of patients. Each
umbilical cord has cells enough only to transplant a small child. In order to
transplant an adult or more fetal transplants, the stem cells have to be expanded
ex vivo, retaining their stem cell phenotype, self-renewal and lineage-specific
differentiation abilities. The differentiated cells allow short-term engraftment
that reduces the effect of neutropenia and thrombocytopenia, potentially
preventing the risk of early mortality and graft failure in transplant recipients
(27). Studies have shown that the rate of neutrophil and platelet engraftment
correlates with the number of CD34+cells and total nucleated cells infused.
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The undifferentiated primitive stem cells will allow long-term engraftment
and reconstitution of hematopoietic system for the patient, an observation that
is supported by a higher prevalence of long-term repopulating hematopoietic
stem cells in UCB relative to short-term repopulating hematopoietic stem
cells.

Several groups have worked on UCB stem cells and evaluated a number
of formulations for their ability to support survival and expansion of HSCs
(see Table 2). Key cytokines have been identified as extracellular regulators
of hematopoiesis and have been routinely used in the isolation and expansion
of human UCB stem cell population. Some cytokine combinations are G-CSF,
SCF, Flt-3 ligand (FL), thrombopoietin (TPO), megakaryote growth and devel-
opment factor, several ILs (IL-1�, IL-2, IL-3, IL-6 and IL-7) and interferon-�.
Some cytokines or cytokine combinations also exhibited a negative effect on
the self-renewal ability of HSCs in vitro (34,35). The combinations of IL-6
in concert with FL, SCF, IL-3 and G-CSF have supported the expansion of
stem cells from UCB in vitro (36,37). In particular, SCF, TPO and G-CSF
were found to have beneficial effect during ex vivo expansion of human
UCB stem cells grown in a serum/animal protein-free medium (29). The
expanded cells were assessed for surface antigen analysis, colony-forming cell
(CFC) assay, long-term culture-initiating cell (LTC-IC) assay and competitive
repopulating unit assay. Many studies rely on in vitro and in vivo assays
for the assessment of HSC activity. Among the assays currently employed,
the CFC assay, also referred to as the methylcellulose assay, and LTC-IC
assay are the commonly employed in vitro assays for the quantification of
committed hematopoietic progenitors. The non-obese diabetic/severe combined
immunodeficient (NOD/SCID) mouse is widely accepted as an in vivo model
to assess the stem cell potential and optimization before proceeding to human
clinical transplantation/trials.

2. Materials
2.1. Collection and Processing of Cord Blood

1. Standard blood collection bags containing citrate phosphate dextrose adenine
(CPDA) with 20-gauge syringe

2. Ficoll-paque PLUS (cat. no. 17-1440-02, Amersham Biosciences, Uppsala,
Sweden).

3. Dulbecco’s phosphate-buffered Saline (PBS) without Ca+2 and Mg+2 (cat. no.
TS1006, Himedia, Mumbai, India).

4. Ammonium chloride solution (cat. no. A0171, Sigma, St. Louis, MO, USA).
5. Trypan blue solution, 0.4% (cat. no. 93595, Sigma).
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Table 2
Methods Used by Different Research Groups for Ex-vivo Expansion

Method Employed Key Components
of Media

Fold Expansion
(or) Results

Phenotype Profile References

Expansion and
differentiation of UCB
products using
two-step expansion
culture

DM, SCF,G-CSF,
MGDF (100 ng/mL)

TNC: 438
CD34+: 29

CD33, CD19, CD14,
CD61, CD3 and
Glycoporin A

Niece et al. (28)

IL-3 improves ex vivo
expansion

X-vivo 10, rhIL-3,
TPO, SCF, FL
1% Glutamine

CD34+: 20
LTC-IC: 16

CD34+ CXCR4 Robmanith et al. (26)

Expansion of UCB
CD34+ hematopoietic
progenitor cells in
co-culture with
autologus umbilical
vein endothelial cells

X-vivo medium,
DMEM,
SCF(50ng/mL),
FL-3 (50ng/mL),
IL-6 (10ng/mL),
IL-1 (10ng/mL),
vascular endothetial
growth factor

5 growth factors
CD34+ � 22�7±1�9
3-Growth factors
CD34+ � 22�6±1�6

CD45 CD34 CDG1A
GLyA CD14 CD15+

Yildirim et al. (29)

Serum-free expansion
of CD34+ UCB using
Stemline™ HSC
expansion medium

Stem line™ SCF
TPO and G-CSF
(100 ng/mL)

Greater overall
expansion of TNC
and CD34+ is seen.
CD34+ � 30�5±2�02

CD34, CD41, CD15 Allison et al. (30)
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Production of
human UCB
stem cells with
embryonic
characteristics

IMDM+10% FCS,
TPO (10 ng/mL),
FL (50 ng/ml),
c-Kit ligand
(20 ng/mL)

Second generation
CBE population
significantly expanded
to 168-fold

TRA-1-60, TRA-1-81,
SSEA-4, SSEA-3,
OCT-4

McGuckin et al. (5)

Ex vivo expansion
of UCB–MNC on
mesenchymal stem
cells

DM,
rh-SCF, rhG-CSF,
rh-MGDF (100 ng/ml)

TNC: 10–20
GM-CFC: 7–18
HPP-CFC: 2–5
CD34+: 16–37

CD34, CD19, CD13 McNiece et al. (8)

A systematic
strategy using
factorial design and
steep ascent method
to optimize ex
vivo expansion
medium for HSCs
derived from UCB
mononuclear cells

IMDM, 4 g/L BSA,
0.71 g/L insulin,
27�8 	g/mL
transferrin, 53 ng/mL
TPO, 2.03 ng/mL IL-3,
2.36 ng/mL IL-6,
0.69 ng/mL IL-11,
16 ng/mL SCF,
4.43 ng/mL FL,
1.56 ng/mL GM-CSF,
2.64 ng/mL SCGF

CD34+ � 30�4
CD34+/CD38− � 63�9
CFC: 10.7
LTC− IC � 2�8

CD34+ CD34+/CD38–

CFC
Yao et al. (31)

(Continued)
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Table 2
(Continued)

Method Employed Key Components
of Media

Fold Expansion
(or) Results

Phenotype Profile References

Expansion of SCID
repopulating cells and
increased engraftment
capacity in UCB
following X-vivo
culture with human
brain endothelial cells

M199, IMDM, FBS
10%, 50 	g/mL
Heparin,
L-glutamine,
100 
g/mL,
SCF 120 ng/mL,
Fit-3 50 ng/mL,
TPO 20 ng/mL,
endothelial cell
growth supplement

TNC: 29 CD34+: 19
CD34+/CD38−: 156

CD13, CD19, CD45 Chute et al. (32)

Ex vivo expansion of
UCB CD34+ cells
using the DIDECO
Pluricell system

X-vivo medium
FLT3, SCF, TPO

TNC � 230�4±91�5
CD34+ � 21�0±11�9

CD34, CD33, & CD61 Astori et al. (37)

Angiopoietin-like
proteins stimulate ex
vivo expansion of
hematopoietic stem
cells

Angpt12 100 ng/mL,
SCF 10 ng/mL,
TPO 20 ng/mL,
IGF-2 20 ng/mL

LT-HSCs: 24–30 CD45+� CD34+ Zhang et al. (33)

BSA, bovine serum albumin; DM, defined media; DMEM, Dulbecco’s Modified Eagle’s Medium; FCS, Fetal Calf Serum; FL, Flt-3
ligand; G-CSF, granulocyte colony stimulating factor; HSC, hematopoietic stem cell; IL, interleukin; MGDF; megakaryote growth and
development factor; MNC, mononuclear cell; SCF, stem cell factor; TPO, thrombopoietin; UCB, umbilical cord blood.
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2.2. Flow Cytometry

1. Iscove’s modified Dulbecco’s medium (IMDM)/2%/FBS: IMDM with 2% fetal
bovine serum (FBS) (cat. no. 14-502F Cambrix Bioscience, Verviers, Belgium).
Store at 4 �C.

2. HF buffer (HBSS+FBS): Phenol red-free Hank’s Balanced Salt Solution (HBSS)
(cat. no. H6648, Sigma) containing 2% FBS. Filter Sterilized.

3. HF/PI: HF with 2 	g/mL propidium iodide (PI) (cat. no. P4170, Sigma).
4. Anti-human Phycoerythrin (PE)-conjugated CD34 antibody (cat. no. 550761, BD

Biosciences).
5. PE-tagged IgG1k as isotype control (cat. no. 555749, BD Biosciences Pharmingen,

San Diego, CA, USA).

3. Method
3.1. Collection of Cord Blood

1. An ideal sample is fresh and anti-coagulated.
2. Human UCB was obtained with the informed consent of the donors from the

department of gynecology, Vijaya Hospital, Hyderabad, India.
3. Carry out infectious disease screening for syphilis, hepatitis B & C, HIV I & II, for

the mother.
4. Collect the blood following institutional guidelines. CB can be collected in vivo,

after deliver of the baby but before the placenta is delivered, or in vitro after the
placenta is delivered. (see Fig. 1) (38) (see Note 1).

5. Collect UCB in clean aseptic conditions using standard blood collection bags,
containing CPDA as anticoagulant (see Note 3).

6. Add approximately 25 mL CPDA for every 100–120 mL of UCB collected.
7. Gently shake the bag during collection of blood, so that the anticoagulant freely

mix with UCB.
8. Transport the sample immediately from maternity units and store at 4 �C, till its use

in further steps (see Note 2).

3.2. Separation of Mononuclear Cells

Separation of MNCs from CB is performed by density gradient centrifugation
using Ficoll. NH4Cl can also be used for red blood cell lyses, as CB possess
high platelet count.

3.2.1. Density Gradient Separation Procedure (Ficoll)

1. Keep the sample at room temperature for 1 h before processing.
2. Dilute the CB sample 1:1 in PBS with out Mg++ and Ca++

3. Pour 20 mL Ficoll into 50-mL tube (cat. no. 546040, Tarsons Kolkata, WB, India)
and slowly layer 25 mL of diluted UCB on top (see Note 4).
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In vivo collection of cord blood (Moise 2005)

In vitro collection of cord blood. (Moise 2005)

Fig. 1. In vivo and in vitro collection of cord blood (38).

4. Centrifuge at room temperature, 360g for 20 min.
5. Carefully pipette off cloudy interface layer (buffy coat) and transfer into a clean

50-mL centrifuge tube (see Note 5). Wash these cells with 50-mL PBS without
Mg++ and Ca++

6. Wash the MNCs twice with the 20 mL of PBS (see Note 6).
7. MNC count and viability enumerated by hemocytometer using Trypan blue.
8. Resuspend cells in media with serum or HBSS with 2–5% FBS.

3.2.2. Red Cell Lysis Procedure �NH4Cl�

1. Centrifuge cells and wash twice in PBS without Mg++ and Ca++.
2. Resuspend in cold NH4Cl solution at 3–4 times the original sample volume.
3. Incubate on ice for 10 min.
4. Centrifuge cells and wash twice in PBS without Mg++ and Ca++. Resuspend cells

in media with serum or HBSS with 2–5% FBS.
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3.3. Flow Cytometric Analysis

1. After isolating, the light density fraction of UCB cells was calculated
�< 1�077 g/mL� by centrifugation on Ficoll.

2. Acquisition of cells was performed using a FACS Scan flowcytometer (FACS
Caliber, Becton Dickinson, San Jose, CA, USA).

3. Add 105 cells to each of three labeled tubes. Add PE-conjugated isotype control
antibody to one tube, PE-conjugated CD34 antibody to a second tube and HF only
to the third tube.

4. Place the remaining cells in the fourth tube and add anti-CD34–PE. Incubate all the
tubes for 30 min on ice and protect from light (see Note 7).

5. Add HF to all tubes and centrifuge the cells at 300–350 g for 10 min. Discard the
supernatants and repeat adding HF/PI to the second wash. Finally, resuspend the
cells in HF for flow cytometric analysis (see Note 8).

6. Gate the low-density cells on the forward scatter (FSC) versus side scatter (SSC)
dot plot (see Fig. 2A).

7. Evaluate non-specific antibody binding by plotting SSC versus IgG1–PE, cells
stained by control antibody (see Fig. 2B).

8. To estimate the percentage of CD34+ cells, draw a third plot (SSC versus CD34+

fluorescence) in order to gate the PE-positive cells. Cells, 0.44%, were gated as
CD34+–PE (see Fig. 2C).

A B C

Fig. 2. Flow cytometric analysis of umbilical cord blood-derived CD34+ cells. (A)
Gating of cells on a forward scatter (FSC)/side scatter (SSC) dot plot. (B) Evaluation
of the frequency of non-specific antibody binding on a SSC versus IgG1–phycoerythrin
(PE) fluorescence dot plot of cells stained with control antibody. (C) Evaluation of the
frequency of CD34+ cells on a SSC versus CD34–PE dot plot of cells stained with
anti-CD34 monoclonal antibody.

干细胞之家www.stemcell8.cn ←点击进入

http://www.stemcell8.cn


160 Reddy et al.

4. Notes
1. CB should be collected and processed following the local ethical guidelines and

with the approval of Institutional Review Board.
2. After the collection of CB, it is carefully shifted from maternity house to lab in a

box maintaining at 4 �C and processed within 24 h.
3. The use of heparin as anticoagulant tends to cause clumping and lower separation

efficiency. If the cells are collected in heparin, wash twice with PBS (without
Mg++ and Ca++� and continue the procedure, using medium without heparin

4. It is important to layer the diluted CB on Ficoll gently and slowly. Plastic disposable
droppers are used to layer CB suspension Ficoll. The maximum ratio of diluted
CB and Ficoll should be 1:1. Care should be taken while dropping Ficoll; it should
not touch the walls of centrifuge tube.

5. It is critical to collect the MNC interface with a minimum amount of Ficoll and
plasma supernatant by using disposable droppers.

6. To optimize cell viability during processing, one should minimize exposure to
conditions which will cause clumping and cell death (e.g., medium without
serum/protein or prolonged contact with Ficoll).

7. Higher temperature and longer incubation time for fluorescent labeling would
result in non-specific binding.

8. Maintaining a clean flow cytometer significantly reduces the chances for bacterial
contamination of the sample and also helps in minimizing the pathogen-associated
risk to instrument operator.
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Ex Vivo Expansion of Hematopoietic Stem Cells
from Human Cord Blood in Serum-Free Conditions

Chao-Ling Yao and Shiaw-Min Hwang

Summary

Human cord blood (CB), collected from the postpartum placenta and umbilical cord, has
been identified as a rich source of hematopoietic stem cells (HSCs) and provides an alternative
to bone marrow or mobilized peripheral blood transplantation. However, the major restriction
of CB transplantation is the low number of HSCs in each CB unit and limits its use in clinical
transplantation. The development of ex vivo culture systems that facilitate the expansion of
HSCs is crucial to stem cell research and clinical application. In this chapter, we describe the
protocols to isolate HSCs from CB, expand HSCs in serum-free condition, and analyze HSCs.
This information is benefical for successful use of CB stem cells in therapeutic studies.

Key Words: Hematopoietic stem cell; Cord blood; Serum-free; Ex vivo expansion; Immuno-
phenotyping.

1. Introduction
Hematopoiesis is the process of generating mature blood cells, which are

produced at an average rate of 400 billion per day in humans (1). All
mature blood cells originate from a small population of hematopoietic stem
cells (HSCs), which are characterized by their capacity to self-renew with
an ability to differentiate into multiple hematopoietic cell lineages (2,3).
Empirically, HSCs are functionally assayed by their potential to produce
hematopoietic colonies in vitro, to expand in long-term culture, and to engraft
nonobese diabetic/severe combined immunodeficiency (NOD/SCID) mice in
vivo (4–7). Several studies have proposed many sets of cell-surface antigens
to identify HSCs, such as CD34, CD133, CD38, and CXCR4. CD34+ cell
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dose is an important prognostic factor of clinical HSC transplantation (8).
Additionally, some studies have demonstrated that the CD34+CD38– or
CD34+CD133+ subpopulation cells contain more clonogenic cells that can
repopulate NOD/SCID mice than CD34+ cells (9,10). The expression of
CXCR4, stromal cell-derived factor-1 receptor, is critical for HSC homing and
repopulation (11). Even when HSCs can be maintained and expanded in culture,
engraftment defects still occur if the HSCs cannot home to bone marrow (BM)
efficiently (12).

Human cord blood (CB), collected from the postpartum placenta and
umbilical cord, has been identified as a rich source of HSCs and provides
an alternative to BM or mobilized peripheral blood (MPB) transplan-
tation (13,14). CB transplantation has been used for treatment of hemato-
logic disorders, congenital immunodeficiencies, metabolic disorders, and
autoimmune diseases (15). However, the transplantation of CB cells has two
major disadvantages: (i) the low number of HSCs in each CB unit limits its
application to children only (usually less than 20 kg body weight) and (ii)
neutrophil and platelets in CB-transplanted patients need a longer recovery time
than in BM or MPB following transplantation (16). Ex vivo expansion of the
CB HSCs may solve the above shortages and is an important issue in clinical
transplantation (17–19).

This chapter contains three aspects. Each aspect in turn describes a method
for isolation, serum-free expansion, and analysis of HSCs from human CB,
respectively. Isolated and expanded HSCs provide an important cell source for
hematopoietic studies in vitro, as well as transplantation studies to explore their
potential for therapeutic purposes.

2. Materials
2.1. Isolation of Hematopoietic Stem Cells

2.1.1. Preparation of Mononuclear Cells

1. Blood bags, 250 ml (cat. no. KBS-250CA7, Kawasumi Laboratories Co. Ltd,
Pratumtanee, Thailand).

2. CB.
3. Tubes, 50 ml (cat. no. 352070, Becton Dickinson, San Jose, CA, USA).
4. Wash buffer: Dulbecco’s phosphate-buffered saline (D-PBS) (D5652, Sigma, cat.

no. St. Louis, MO, USA) supplemented with 2 mM ethylenediaminetetraacetic acid
(EDTA) (Sigma, cat. no. E6635).

5. Ficoll-Paque solution (cat. no. 17-1440-03, Amersham Biosciences, Uppsala,
Sweden).

6. Magnetic activated cell separation (MACS) buffer: D-PBS supplemented with 0.5%
bovine serum albumin (BSA) (Sigma, cat. no. A9418) and 2 mM EDTA.
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2.1.2. Enrichment of CD34+ Cells

1. MACS buffer.
2. Human CD34 cell isolation kit (cat. no. 130-046-702, Miltenyi Biotech, Bergish

Gladach, Germany), including human CD34 Microbeads and FcR Blocking
Reagent.

3. Magnetic columns (cat. no. 130-042-401, Miltenyi Biotech).
4. Magnetic cell separator: Miltenyi VarioMACS device (cat. no. 130-043-102,

Miltenyi Biotech).

2.2. Serum-Free Expansion of Hematopoietic Stem Cells

1. Serum-free (SF)-HSC medium. The following ingredients should be added to
Iscove’s modified Dulbecco’s medium (cat. no. SH30005.02, Hyclone, Logan, UT,
USA) to give the final indicated concentrations: 8.46 ng/ml thrombopoietin (cat.
no. 300-18, PeproTech EC Ltd, London, UK), 4.09 ng/ml interleukin-3 (IL-3),
(cat. no. 200-03, PeproTech EC Ltd), 15 ng/ml stem cell factor (cat. no. 300-07,
PeproTech EC Ltd), 6.73 ng/ml flk-2/flt3 ligand (FL) (cat. no. 300-19, PeproTech
EC Ltd), 0.78 ng/ml IL-6 (cat. no. 200-06, PeproTech EC Ltd), 3.17 ng/ml granu-
locyte colony-stimulating factor (cat. no. 300-23, PeproTech EC Ltd), 1.30 ng/ml
granulocyte-macrophage colony-stimulating factor (cat. no. 300-03, PeproTech EC
Ltd), 1.5 g/l BSA, 4�39 �g/ml human insulin (cat. no. I9278, Sigma), 60 �g/ml
human transferrin (cat. no. T4132, Sigma), and 25�94 �M 2-mercaptoethanol (cat.
no. 21985-023, GIBCO/BRL, Carlsbad, CA, USA). SF-HSC medium was filtered
by 0�22-�m filter (cat. no. MSLGS025, Millipore, Billerica, MA, USA).

2. Six-well plates (cat. no. 353046, Becton Dickinson).
3. Tissue culture flasks, 75 cm2 (cat. no. 353110, Becton Dickinson).

2.3. Analysis of Hematopoietic Stem Cells

2.3.1. Immunophenotyping Analysis by Flow Cytometry

1. Fluorescent activated cell sorting (FACS) buffer: D-PBS supplemented with 1%
fetal bovine serum (FBS) (cat. no. SH30070.03, Hyclone).

2. Fluorescein isothiocyanate (FITC)-conjugated anti-human CD34 (cat. no. 120-000-
427, Miltenyi Biotech), CD38 (cat. no. 555459, Becton Dickinson, San Joes, CA,
USA), CXCR4 (cat. no. FAB170F, R&D System, Minneapolis, MN, USA), and
FITC isotype control antibody.

3. Phycoerythrin (PE)-conjugated anti-human CD34 (cat. no. 120-000-428, Miltenyi
Biotech), CD133 (cat. no. 120-001-243, Miltenyi Biotech), and PE isotype control
antibody.

4. Flow cytometry: Two-color FACSCalibur flow cytometry (Becton Dickinson).
5. CellQuest software (Becton Dickinson).
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2.3.2. In Vivo Repopulation Assay in NOD/SCID Mice

1. NOD/SCID mice.
2. X-ray or 137Cesium source.
3. D-PBS.
4. ammonium chloride solution, 6% (cat. no. A0171, Sigma).

3. Methods
3.1. Isolation of Hematopoietic Stem Cells

3.1.1. Preparation of Mononuclear Cells

1. Collect donor CB in a standard 250-ml blood bag with mother’s informed consent
and process within 24 h (see Note 1).

2. Draw CB from blood bag and place into 50-ml tubes.
3. Centrifuge at 200 g for 20 min with the brake off (see Note 2).
4. Identify the buffy coat at the interface and carefully aspirate into a new 50-ml tube.
5. Dilute with twice volume of wash buffer.
6. Separately, add 20 ml of Ficoll in a 50-ml tube. Carefully layer the buffy coat

suspension on Ficoll. Do not disturb or mix the layer (see Note 3).
7. Centrifuge at 400 g for 40 min with the brake off at room temperature.
8. Identify the mononuclear cells (MNCs) at the interface. Draw off the upper plasma

layer and leave the interface undisturbed.
9. Use a clean pipette to transfer the MNC layer into a new 50-ml tube (see Note 4).

10. Wash the MNCs twice with 20 ml of wash buffer.
11. Resuspend the MNC pellet with MACS buffer for CD34+ cell enrichment.

3.1.2. Enrichment of CD34+ Cells

1. Adjust cell density in the 300 �l of MACS buffer per 108 MNCs. If cell number
is less than 108 cells, use the same volume of MACS buffer. Then proceed to
magnetic labeling (see Note 5).

2. Add 100 �l of FcR Blocking Reagent to 108 MNCs/300 �l of MACS buffer.
3. Label cells by adding 100 �l of CD34 MicroBeads (final volume is 500 �l per

108 MNCs).
4. Mix well and incubate for 30 min at 4 �C (see Note 6).
5. Wash cells with 20 ml of MACS buffer. Centrifuge at 200 g for 5 minutes.
6. Aspirate off the supernatant. Resuspend the cell pellet in 1 ml degas MACS buffer

per 108 MNCs for magnetic separation process (see Note 7).
7. Place a magnetic column in the magnetic field of MACS cell separator. Rinse

column with 3 ml of MACS buffer.
8. Load cell suspension through the column. Wash column with 5 ml of MACS

buffer. Allow the unlabeled cells to elute (see Note 8).
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9. Remove column from MACS cell separator. Wash column with 5 ml of MACS
buffer. Allow the labeled CD34+ cells to elute.

10. Proceed to steps 7–9 again. Repeated steps of magnetic separation can get higher
purity of CD34+ cells (see Fig. 1) (see Note 9).

3.2. Serum-Free Expansion of Hematopoietic Stem Cells

1. Centrifuge freshly purified CD34+ cells at 200 g for 5 min. Resuspend the CD34+

cell pellet with SF-HSC medium for expansion.
2. Seed CD34+ cells at 5×104 cells/ml (3 ml/well in six-well plate or 20 ml in 75-cm2

culture flask) and incubate at 37 �C in an atmosphere of 5% CO2 and humidified
incubator.

3. After 7 days of culture, harvest the cells to analyze or split the cells with fresh
SF-HSC medium to maintain a cell density of 5×105 cells/ml (see Note 10).

3.3. Analysis of Hematopoietic Stem Cells

3.3.1. Immunophenotyping Analysis by Flow Cytometry

1. Centrifuge approximately 5 × 105 cells (freshly purified CD34+ cells or expanded
cells) at 200 g for 5 min. Resuspend the cell pellets with the following antibody
combinations to the aliquots for immunophenotyping analysis (see Note 11).

a. Aliquot A: No antibody in 100 �l of FACS buffer.
b. Aliquot B: 10 �l of FITC-conjugated anti-human CD34, CD38, or CXCR4 in

90 �l of FACS buffer.

Fig. 1. Flow cytometry analysis of surface antigen expression of CD34+CD38–

cells before and after CD34 MACS separation. The numbers within dot plots indicate
the percentage of total cells that fell within the particular quadrant. (A) Before CD34
MACS separation. (B) After CD34 MACS separation.
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c. Aliquot C: 10 �l of PE-conjugated anti-human CD34 or CD133 in 90 �l of
FACS buffer.

d. Aliquot D. 10 �l of FITC isotype control antibody and 10 �l of PE isotype
control antibody in 80 �l of FACS buffer.

e. Aliquot E. 10 �l of FITC-conjugated anti-human CD34, CD38, or CXCR4, 10 �l
of PE-conjugated anti-human CD34 or CD133 in 80 �l of FACS buffer.

2. Mix well and incubate at 4 �C for 30 min in the dark (see Note 12).
3. Wash each aliquot twice with 5 ml of FACS buffer by using a 200 g centrifugation

for 5 min.
4. Remove supernatant carefully and resuspend the cell pellet with 1 ml of FACS

buffer. Proceed to analyze by flow cytometry immediately (see Note 13).
5. Identify the lymphocyte population on the flow cytometry using the forward scatter

(FSC)/side scatter (SSC) dot plot. Use aliquot A to adjust the gain in the FSC
and SSC channels so that the cell population locates at 400–600 of FSC value
and 50–200 of SSC value. Draw a gate around the cells that excludes debris,
erythrocytes, and platelets. Analyses of flow cytometry should be performed on this
region of cells.

6. Use aliquot D to adjust the gain in each channel on the flow cytometry so that the
mean fluorescence intensity of the isotype control is less than 10 in each channel.

7. Use aliquot B and aliquot C in turn, compensate the flow cytometry appropriately.
8. Use aliquot E to identify the HSCs as the CD38–� CD133+, or CXCR4+ population

of CD34+ cells on the dot plot. If cells are readily identified, acquire more than
30,000 cells on the cytometry from each aliquot and store data for analyses.

9. Determine the percentage of CD38–� CD133+, or CXCR4+ subsets of CD34+

HSCs in the freshly purified CD34+ cells or expanded cells by CellQuest software
(see Fig. 2).

3.3.2. In Vivo Repopulation Assay in NOD/SCID mice

1. Handle all NOD/SCID mice under sterile conditions and maintain under microiso-
lators.

2. Irradiate 8-week-old NOD/SCID mice with 400 cGy using X-ray or 137Cesium
source (see Note 14).

3. Let NOD/SCID mice rest for 4 h following irradiation.
4. Wash freshly purified CD34+ cells or the expanded cells with D-PBS. Resuspend

appropriate cell number in 200 �l of D-PBS (see Note 15).
5. Inject cell suspension through mouse tail vein. Control group of mice was injected

with 200 �l of D-PBS only (see Note 16).
6. Sacrifice transplanted mice at week 6 for engraftment analysis.
7. Collect BM cells by flushing femurs and tibias with D-PBS.
8. Centrifuge cells at 200 g for 5 min. Resuspend cells with 6% ammonium chloride

solution to lyse red blood cells.

干细胞之家www.stemcell8.cn ←点击进入

http://www.stemcell8.cn


Isolation, Expansion, and Analysis of Cord Blood HSCs 171

干细胞之家www.stemcell8.cn ←点击进入

http://www.stemcell8.cn


172 Yao and Hwang

9. Wash cells twice with FACS buffer and then proceed immunophenotyping analysis
by flow cytometry to determine the percentage of engrafted human cells (See
Subheading 3.3.1.).

4. Notes
1. CB should be collected according to the institutional guidelines, appropriate local

ethical committee approval, and mother’s consent. After delivery of newborn, CB
is collected from the umbilical cord attached to the placenta by gravity, yielding
approximately 60–150 ml.

2. This step can concentrate the volume of the leukocytes and reduce the volume of
the Ficoll used in the step 6 (see Subheading 3.1.1.). It is necessary to centrifuge
with the brake off, or the interface of the buffy-coat cells and MNCs will be hard
to identify in the steps 3 and 7 (see subheading 3.1.1.), respectively.

3. It is important to create a clear interface when layering buffy coat suspension on
Ficoll. The maximum ratio of buffy coat versus Ficoll volume is 1:1. We usually
use plastic disposable droppers to layer buffy coat on Ficoll to prevent interface
disturbance.

4. It is critical to take as much as the MNC interface (including those that adhere to
the side of the tube) by using plastic disposable aspirators.

5. According to the conditions of the experiments, BSA can be replaced by HSA,
human serum, or FBS. EDTA can be replaced by other supplements such as
anticoagulant citrate phosphate dextrose or citrate dextrose formula-A. Buffer
containing Ca2+ or Mg2+ ion is not recommended for use.

6. Higher temperature and longer incubation time for magnetic labeling would result
in unspecific cell labeling.

7. MACS buffer can be degassed by using ultrasonic cleaning device or applying
vacuum. It is important to use degas MACS buffer for magnetic separation process.
Bubble in the MACS buffer may clog the magnetic column and result in the loss
of viable cells.

8. Cell clumps and aggregates can be removed by using 30-�m nylon mesh filters
(cat no. 130-041-407, Miltenyi Biotech). Cell aggregates or other large particles

�
Fig. 2. Flow cytometry analysis of surface antigen expression of CD34+ cells before

and after ex vivo expansion in the Serum-free haematopoietic stem cell (SF)-HSC
medium. Fresh CD34+ cells isolated from mononuclear cells and their expanded cells
for 7–day culture in the SF-HSC medium are shown at the left and right of figure,
respectively. The numbers within dot plots indicate the percentage of total cells that
fell within the particular quadrant. (A) CD38-FITC and CD34-PE, (B) CD34-FITC and
CD133-PE, (C) CXCR4-FITC and CD34-PE.
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in cell suspension may clog the magnetic column and lose the quality of cell
separation.

9. The first elution of MACS separation can only reach 70–85% purity of CD34+

cells. Repeat separation on a new, freshly prepared column can reach 95% purity
of CD34+ cells.

10. SF-HSC medium is a serum-free, stroma-free, and cytokine-limited defined
medium for CD34+ cells and colony forming cell (CFC) expansion (20,21).
The number of CD34+ cells reached the maximum on the 7th day in the SF-
HSC medium. All the cells in this culture system are in suspension. The cell
viability will drop abruptly after 1-week in case of no replenishment of fresh
medium. However, CD34+ cells can be expanded continuously for at least 2
months by replenishing fresh medium twice a week. After ex vivo expansion, cells
can be functionally analyzed in vitro by CFC assay (cat. no. 04434, StemCell
Technologies, Vancouver, BC, Canada) and long-term culture-initiating cell (LTC-
IC) assay (cat no. 05100, StemCell Technologies).

11. It is important to reduce the final volume during labeling cells. This facilitates a
reduction in the amount of each antibody and saturation of all antibody-binding
sites of cells. The antibodies need to be titrated before experiments.

12. Higher temperature and longer incubation time for fluorescent labeling would
result in unspecific cell labeling.

13. If the cells cannot proceed to analyze by flow cytometry immediately, resuspend
and fix each aliquots of cells in 1 ml of FACS buffer supplemented with 3%
paraformaldehyde at 4 �C in the dark. Fixed cells can be stored for up to 3 days
prior to analyses without affecting the results.

14. The dose of 400 cGy radiation is sub-lethal to NOD/SCID mice. If NOD/SCID
mice are irradiated over 400 cGy (lethal radiation), mice will die rapidly after
irradiating (in a few days). This would cause a high variable result of engraftment,
because the transplanted cells might not reconstitute BM of mice in the short time.

15. It is not suggested to inject larger volume (more than 500 �l) of cell solution or
D-PBS through mouse tail vein, which may lead to increase in death lates due to
injection process.

16. Irradiated NOD/SCID mice that are injected with D-PBS only will die within 2
weeks due to the hematopoiesis, and microenvironment in BM is destroyed. If
NOD/SCID mice are engrafted successfully, they can survive at least 2 months.
We usually scarifice mice at week 6 to analyze the donor cells.
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Hematopoietic Colony-Forming Cell Assays

Carla Pereira, Emer Clarke, and Jackie Damen

Summary

Hematopoiesis is the process by which stem cells divide and differentiate to produce the
multiple types of mature cells found in blood. The process begins in early embryonic development
and continues throughout adult life, primarily in the bone marrow. Various in vivo and in vitro
assays have been developed to detect and assess stem cells and early multi-potential progenitors.
While highly informative about primitive hematopoietic cells these assays are long and labour
intensive. Alternatively, colony-forming cell (CFC) assays may be used to quantify more lineage-
restricted progenitors in a simple in vitro assay. When cultured in a semi-solid medium containing
the appropriate cytokines, CFCs are able to divide and differentiate into a colony of more mature
cells that can be detected by light microscopy. This allows for the quantification of erythroid,
myeloid, lymphoid, megakaryocytic, and multi-potential cell lineages from various cell sources.
This chapter outlines the materials and methods used for the culture and assessment of CFC
from humans, mice, and other species.

Key Words: Hematopoiesis; Colony-forming cell assays; Methylcellulose; Collagen;
Erythroid; Myeloid; Megakaryocytic; Lymphoid; Cytokines; CFU-GEMM; BFU-E; CFU-E;
CFU-GM; CFU-Pre-B; CFU-Mk.

1. Introduction
Since their introduction in 1961, hematopoietic colony-forming cell (CFC)

assays have been used extensively for research and clinical applications
in humans and animal models as a way of quantifying and assessing the
hematopoietic progenitor content of a cell sample. In humans, the colony
assay has been used to identify stimulatory and inhibitory growth factors, as
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supportive diagnostic assays of myeloproliferative disorders and leukemias,
to evaluate the hematopoietic proliferative potential of bone marrow (BM),
cord blood (CB), and mobilized peripheral blood (MPB) samples for clinical
transplantation (1) and more recently as a method to determine the maximum
tolerated dose (MTD) of new lead compounds before phase 1 clinical
trials (2).

Owing to the diversity of CFC content and frequency in cell samples
from different sources, the selection of the appropriate cell population for
specific applications must be considered. Often the cell source selected requires
processing to obtain the cell population of interest. For those interested in
identifying the CFC frequency of a specific cellular phenotype, pre-enrichment
of mononuclear cells by ficoll gradient density centrifugation followed by
cell purification can be used. Although this process is excellent at removing
unwanted cells, this is not achieved without the loss of progenitors. For others,
the sample may be moderately processed [by red blood cell (RBC) lysis]
to remove specific cell populations that make the detection of the colonies
within the matrix difficult. Where cell numbers are limiting (CB transplantation
for example), any loss of progenitors may compromise its use as a clinical
product and minimally invasive processing methods are used albeit making the
detection and enumeration of the colonies within the red blood cell background
a challenge.

Standard procedures to quantify CFCs involve culturing a suspension of BM,
CB, or MPB in a semi-solid matrix supplemented with the appropriate cytokines
for 7–14 days. The increased knowledge on recombinant growth factors and
their specific use in the last 10 years has resulted in the optimization of the
yield of CFC such that hematopoietic progenitors of the myeloid, erythroid,
and platelet lineages can be quantified (3). With an ever increasing under-
standing of the cytokines that regulate the proliferation and differentiation of
specific CFC, cytokine cocktails can be specifically chosen to address various
scientific questions. Media formulations can be prepared in the absence of
cytokines to detect activity of a new potential cytokine or mimetic, with minimal
cytokine concentrations to assess synergistic activity or with saturating concen-
trations of cytokines to assess potential toxicity of a compound for any specific
progenitor type.

Microscopic enumeration of CFC-derived colonies is still the method to
identify these progenitors despite being inherently subjective. Because of
this, variable measurements of CFC between centers may explain in part
why some groups have seen correlations between the progenitor content and
the engraftment (4), and others have found no such associations (5). The
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colony assay however has remained the benchmark functional assay to assess
the ability of various hematopoietic cell sources to divide and differentiate,
especially following ex vivo manipulations such as T-cell depletion, CD34+

cell enrichment, gene therapy protocols, and cryopreservation.
The study of hematopoietic stem and progenitor cells is aided by the use

of animal models, especially mice. For example, the development of the
competitive repopulating unit (CRU) assay (also known as the SCID repopu-
lating cell assay) allows the frequency of the true human- or mouse-derived
hematopoietic stem cell to be assessed by testing the ability of that cell to repop-
ulate both myeloid and lymphoid compartments of a compromised host (6–8).
There are also models of myelosuppression, where after the administration of
5-fluoruracil, one can assess the decline and recovery of hematopoietic cell
populations and can thereby compare chemotherapeutic agents or assess the
effects of compounds on the recovery of hematopoietic lineages in a stressed
environment (9,10). In addition, one can assess the effect of knocking out a
specific gene on the number and function of immature and mature hematopoietic
cell populations by comparing the cell populations between genetically altered
mice and their wild-type controls (11).

Using a mouse model, determination of the hematopoietic cell content and
functionality in a number of organs from the same mouse can assess if the
changes are organ specific or more global. The femur within a mouse provides
a very discrete entity, where cell and progenitor frequencies remain relatively
constant for the life of the mouse in unperturbed situations. Assessment of
changes of the hematological cell populations within the femur provides both
quantitative and qualitative assessment of a number of parameters that may
be of interest in basic as well as clinical research. Mouse CFC assays offer a
great advantage in that many mouse-specific cytokines are well characterized
and available commercially, allowing for the assessment of erythroid, myeloid,
lymphoid, and megakaryocytic progenitor populations (12–15).

The use of canine models was pioneered in Seattle where Storb’s group (16)
gained an extensive understanding of the effects of leukocyte antigens on
transplantation outcome. Dogs were also used to provide insight on the effects
of various forms of irradiation on the hematopoietic cell populations. Although
there are limited numbers of canine-specific cytokines, the development of the
CFU-GM assay using dog-derived cells provided quantitative measurements of
progenitor functionality. More recently, the dog is commonly one of the larger
animal models used in the toxicity assessment of lead compounds before phase 1
clinical trial with the CFU-GM assay used to detect BM toxicity (17,18).
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Another larger animal model, which has provided significant insight into
various clinically designated protocols, is the non-human primate. As these
animals respond to cytokines in a manner similar to humans, and as their
cells may be cultured in media formulations containing human cytokines, cells
derived from non-human primates can be assessed for various immature and
mature hematopoietic cell populations. The resulting data have been infor-
mative in evaluating mobilization regimens (19), in the evaluation of cell
expansion protocols (20) or in determining the ability of compounds to enhance
engraftment following irradiation-induced aplasia (21). These large animal
models have also been used to assess hematological parameters following
the administration of monoclonal antibodies for the assessment of potential
toxicity (22).

Overall, the CFC assay has been and remains a very useful research tool to
allow assessment of specific primitive hematopoietic cell populations within
multiple organs of many animals. It has provided us with insight into the
functionality of various hematopoietic cell populations and an understanding
of the regulatory molecules that control hematopoietic cell proliferation and
differentiation. In vitro assessment of the frequency of hematopoietic CFC can
determine the feasibility of using certain chemotherapeutics for clinical trials
and has been shown to correlate with clinical outcome in the identification of
hematotoxic compounds (23). The methods to assess the various hematopoietic
CFCs are described in detail below.

2. Materials
Listed are suggested supplies and reagents for the growth and assessment of

hematopoietic CFC, including erythroid (CFU-E, BFU-E), myeloid (CFU-GM),
lymphoid (CFU-Pre-B), and megakaryocytic (CFU-Mk) CFC (see Note 1).

2.1. Cell Processing

2.1.1. Isolation of Mononuclear Cells using Ficoll-Paque® PLUS

1. Iscove’s Modified Dulbecco’s Medium (IMDM) containing 2% fetal bovine serum
(FBS) [cat. no. 07700, StemCell Technologies (STI, Vancouver BC Cananda)].

2. Ficoll-Paque® PLUS (cat. no. 07907, 07957, STI).

2.1.2. RBC Lysis Using Ammonium Chloride (ACK) Lysis Buffer

1. IMDM 2% FBS (cat. no. 07700, STI).
2. Ammonium chloride solution, 0.8% NH4Cl with 0.1 mM ethylenediaminetetraacetic

acid (EDTA) in water (cat. no. 07800, 07850, STI).
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2.2. Erythroid, Myeloid, and Lymphoid CFC Assays

2.2.1. Culture Setup

1. Methylcellulose-based media containing cytokines (MethoCult™, see Note 2).

a. Store at −20 �C, stable for 2 years. Stable for 1 month at 4 �C. Repeat freeze
thawing is not recommended.

b. Thaw bottles of media at room temperature or overnight at 4 �C. Shake
vigorously for 30–60 s and let stand for at least 5 min to allow bubbles to
dissipate.

c. Dispense into tubes using a 16-gauge blunt end needle and 6- or 12-mL luer
lock syringe at 1.6, 3.2, 3.6, or 4.0 mL per 14 mL �17×100 mm� tube depending
on media formulation, and store at −20 �C until use (see Note 3). Blunt-end
needles should be used for safety reasons and accurate dispensing of the viscous
methylcellulose-based media.

2. IMDM 2% FBS (cat. no. 07700, STI).
3. 3-mL syringes with luer-lock fitting (cat. no. 90311, STI).
4. 16-gauge blunt-end needles (cat. no. 28110, 28120, STI).
5. 35-mm pre-tested culture dishes (cat. no. 27100, 27150 STI).
6. 150×25 mm tissue culture dishes (cat. no. 353025, BD Biosciences Falcon, Franklin

Lakes NJ USA) or 245-mm square bioassay dishes (cat. no. 7200600, Fisher,
Pittsburgh PA USA).

2.2.2. Colony Enumeration

60-mm gridded scoring dish (cat. no. 27500, STI).

2.3. Megakaryocytic CFC Assays

2.3.1. Culture Setup

1. MegaCult®-C Serum-Free Medium (see Note 4).

a. Store medium at −20 �C, stable for 1 year. Stable for 2 weeks at 4 �C.
b. Thaw bottles of media at room temperature or overnight at 4 �C.
c. Mix well and dispense into tubes at 2.55 or 3.0 mL per 14-mL tube depending

on media formulation, and store at −20 �C until use (see Note 3).

2. Collagen solution.
Store at 4 �C. Denaturation may occur at temperatures greater than 26 �C and below
freezing.

3. Double chamber slides.
Store at room temperature.
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4. Recombinant cytokines.
Recombinant human (rh) Tpo (cat. no. 02522, 02822, STI), recombinant mouse
(rm) interleukin-3 (IL-3) (cat. no. 02733, 02903), rh IL-6 (cat. no. 02506, 02606),
rh IL-11 (cat. no. 02511, 02611).

2.3.2. Dehydration

1. Polypropylene Spacers, pre-cut to the size of the chamber slide (cat. no. 04911, STI).
2. Filter cards, pre-cut to the size of the chamber slide (cat. no. 04911, STI).

2.3.3. Fixation

1. Methanol–Methanol ACS (cat. no. BDH1135-4LG, VWR, West Chester PA USA
4 L/bottle).

2. Acetone–Acetone optima (cat. no. A929-4, Fisher, 4 L/bottle).
3. 2.5 L plastic container with tight fitting lid.

2.3.4. Staining

2.3.4.1. Human Megakaryocyte Staining

1. 0.05 M Tris/NaCl buffer, pH 7.6 is prepared as follows:

a. 0.15 M isotonic saline: 8.766 g NaCl dissolved in 1 L deionized, distilled water.
Stable for 1 month at room temperature.

b. 0.5 M Tris/HCl, pH 7.6: 78.8 g Tris/HCl (cat. no.T-3253 Sigma, St. Louis MO
USA) dissolved in 1 L deionized, distilled water. Adjust pH to 7.6 using 5 M
NaOH. Stable for 1 month at room temperature.

On the day of use, mix nine parts solution A plus one part solution B. One liter of
this buffer is enough to stain 48 slides. Discard remaining buffer at the end of the
day. Phosphate buffers should not be used as the staining reaction may be inhibited.

2. 5% Human serum (cat. no. 04807, STI).

a. Dilute human serum to a concentration of 5% in 0.05 M Tris/NaCl buffer. Human
serum provides a source of human immunoglobulin to block non-specific binding
of the anti-GPIIb/IIIa antibody.

3. Primary antibody (cat. no. 04803, STI).

a. Mouse anti-human GPIIb/IIIa antibody �IgG2a�, supplied at 1.0 mg/mL
(0.36 mL/tube).

b. Dilute 1/100 in 5% human serum for use at 10 �g/mL.
c. Store at 4 �C. Do not freeze.

4. Negative Control antibody (cat. no. 04804, STI).

a. Mouse anti-TNP isotype control antibody �IgG2a�, supplied at 0.5 mg/mL
(0.1 mL/tube).
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b. Dilute 1/100 in 5% human serum for use at 5 �g/mL.
c. Store at 4 �C. Do not freeze.

5. 1% bovine serum albumin (BSA) buffer (cat. no. 04915, STI).

a. Dilute 10% BSA 1/10 in 0.05 M Tris/NaCl buffer to a concentration of 1%.

6. Secondary antibody (cat. no. 04906, STI).

a. Biotin-conjugated goat anti-mouse IgG, supplied at 3.0 mg/mL (0.125 mL/tube).
b. Dilute 1/300 in 0.05 M Tris/NaCl buffer with 1% BSA for use at 10 �g/mL.
c. Contains 15 mM sodium azide as a preservative (see material safety data sheet,

MSDS for complete safety instructions). Store at −20 �C. To aliquot the stock
solution, thaw on ice and dispense 25 �L into 0.5 or 1.5 mL tubes. Close tightly and
store at −20 �C. To make a working solution, thaw aliquots and dilute 1/10 with
sterile 0.05 M Tris/NaCl buffer with 1% BSA. Diluted solutions are stable for one
month at 4 �C. Further dilute 1/30 to achieve final concentration. Do not refreeze.

7. Avidin-Alkaline Phosphatase conjugate (cat. no. 04905, STI).

a. Supplied at 2.8 mg/mL (0.2 mL per tube).
b. Dilute 1/150 in 0.05 M Tris/NaCl buffer with 1% BSA for use at 18 �g/mL.
c. Store at 4 �C. Do not freeze. Contains 15 mM sodium azide as a preservative

(see MSDS). Working solutions can be prepared by diluting avidin-alkaline
phosphatase conjugate 1/10 with sterile 0.05 M Tris/NaCl with 1% BSA. Diluted
aliquots are stable for 1 month at 4 �C. Further dilute 1/15 to achieve final
concentration.

8. Alkaline phosphatase substrate tablets (cat. no. 04809, STI).

a. The alkaline phosphatase substrate solution is prepared in several steps:

i. Determine the number of tablets required to make the appropriate volume of
substrate (0.5 mL per slide). Each tablet set makes 1 mL of substrate solution.
Allow tablets to come to room temperature (1 or 2 h).

ii. Add the tablet(s) marked “tris buffer” (in gold foil) to the required volume
of water. Vortex until fully dissolved.

iii. Next add the tablet(s) marked “naphthol” (in silver foil) and vortex until
dissolved. The solution should be pale pink in color.

iv. Use the prepared substrate within 1 h.

b. The substrate tablets are toxic. Do not touch them with your bare hands. See
MSDS for complete safety instructions.

c. Store below 0 �C.

9. Evans Blue 1% w/v (cat. no. 04913, STI).

a. Dilute stock 1/6 in methanol (3–4 drops Evans Blue/mL methanol)
b. Store at room temperature.
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2.3.4.2. Mouse Megakaryocyte Staining.

1. Acetylthiocholiniodide (cat. no.A5751, Sigma).
Store in −20 �C desiccator.

2. 0.1 M sodium citrate solution (C6H5Na3O7, FW 294.1; cat. no. S4641, Sigma)
Dissolve 2.94 g in approximately 95 mL water. Adjust to pH 6.0 with 0.1 M citric
acid and q.s. to 100 mL.

3. 0.1 M sodium phosphate buffer, pH 6.0 (Na2HPO4, FW 268.07; cat. no. S373,
Fisher)
Dissolve 13.40 g in approximately 95 mL water and q.s. to 100 mL.

4. 30 mM copper sulfate solution (CuSO4, FW 249.68; cat. no. C493, Fisher)
Dissolve 749 mg in approximately 95 mL water and q.s. to 100 mL.

5. 5 mM potassium ferricyanide solution [K3Fe�CH�6, FW 329.2; ACS Reagent
cat. no. P3667, Sigma].

a. Dissolve 165 mg in 95 mL water and q.s. to 100 mL.
b. Solution decays slowly on standing, protect from light.

6. Harris’ hematoxylin solution (cat. no. HHS16, Sigma).

3. Methods
3.1. Cell Processing

When obtaining blood or bone marrow, anti-coagulants are used to prevent
clotting of the cell samples. Heparin is routinely used to collect BM, CB,
and PB samples for research use, and anti-coagulants including heparin and
acid citrate dextrose (ACD) are used to collect hematopoietic cells for clinical
applications. Be sure to follow guidelines set out by your institution regarding
the safe handling of blood products.

Mouse hematopoietic cells can be isolated from BM, spleen, PB, or fetal
liver, with attention paid to maintaining sterility of the tissue sample (see
Note 5). Laboratory mouse strains are routinely used between 6 and 12 weeks
of age. For younger or older animals, transgenic mouse strains, or those treated
with various compounds, it is important to use strain and age-matched controls.
Sacrifice mice using procedures recommended by your institution (see Note 6).

Cell processing is performed to both reduce the number of contaminating
background cells going into culture (mostly red blood cells) and increase
the frequency of progenitors in the assay. The appropriate method of cell
processing is dependant on the cell source and the population of interest. Cells
can be prepared by light-density separation to enrich for mononuclear cells
(MNC), ammonium chloride treatment (ACK) to lyse red blood cells or CD34+

selection or lineage depletion to enrich for CD34 expressing cells. Light-density
separation using Ficoll-Paque® PLUS is recommended for human cell sources
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Fig. 1. The percentage recovery of erythroid and myeloid human progenitor cells
following light-density separation using Ficoll-Paque® PLUS and red blood cell lysis
using ACK lysis buffer �n = 6�.

and when sample volumes are large. Where sample volumes are limiting and
for mouse cell sources, red blood cell lysis using ACK lysis buffer is recom-
mended. Unfortunately, both methods result in the loss of some progenitor
cells, as illustrated in Fig. 1.

3.1.1. Isolation of MNCs Using Ficoll-Paque® PLUS

1. After mixing the sample well, measure the total volume. Perform a nucleated cell
count to determine the number and concentration of nucleated cells in the original
sample.

2. Dilute the sample at least 1:1 with IMDM 2% FBS, for example, add 2 mL PB to
2 mL IMDM 2% FBS for a total volume of 4 mL. Mix by inversion or by drawing
the sample in and out of a Pasteur pipette. BM has a significantly higher cellular
content than peripheral blood; therefore, dilute the sample at least 1:3 with IMDM
2% FBS, for example, add 2 mL BM to 6 mL IMDM 2% FBS for a total volume
of 8 mL.

3. Pre-aliquot room temperature Ficoll-Paque® PLUS into an appropriately sized
tube, for example, add 3 mL Ficoll-Paque® PLUS to a 14 mL tube for a 4 mL
sample. The diameter of the centrifuge tube may vary, however, the approx-
imate height of Ficoll-Paque® PLUS (2.4 cm) and sample (3.0 cm) should be
maintained (24).

4. Slowly layer the diluted sample over Ficoll-Paque® PLUS. It is best to hold the
tube containing Ficoll-Paque® PLUS at an angle, then slowly and continuously
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pipette the blood so it runs down the side of the tube allowing it to rest on top of
the Ficoll-Paque® PLUS layer.

5. Handle the tube carefully as to not disturb the Ficoll-Paque® PLUS/blood interface.
Centrifuge the sample by spinning at 400 g for 30 min at room temperature with
the brake off.

6. Using a sterile pasteur pipette, remove and discard the top plasma layer, taking
care not to disturb the whitish layer of mononuclear cells present at the interface
of the Ficoll-Paque® PLUS layer. Remove the mononuclear cell layer and transfer
it to a sterile 14-mL tube. It is critical to remove all the cells at the interface but
a minimum amount of Ficoll-Paque® PLUS and supernatant. Removing excess
Ficoll-Paque® PLUS causes granulocyte contamination, and removing excess
supernatant results in unnecessary contamination by platelets and plasma proteins
(see Note 7).

7. Wash the transferred cells by adding at least three volumes of IMDM 2% FBS
and spinning at 400 g for 10 min at room temperature with the brake on.

8. Remove the supernatant by quickly but carefully decanting the tube in one smooth
motion. Resuspend the pellet by vortexing gently and make up the tube volume
to approximately 10 mL for a second spin. If multiple tubes were set up for the
same sample, they can be pooled together at this stage.

9. Remove the supernatant from the second wash and resuspend cells in 1–2 mL
IMDM 2% FBS and record the final volume (a larger volume may be used if
the initial cell number was high). If cells start to clump after being resuspended,
DNAse may be added to the cell suspension (100 �L DNase to 1 mL of cell
suspension).

10. The final nucleated cell count can now be performed. The percent recovery of
mononuclear cells from the original sample can be calculated as follows:

Percent cell recovery = total cell number following ficoll

÷ total cell number in original sample×100

3.1.2. Red Blood Cell Lysis Using Ammonium Chloride (ACK)
Lysis Buffer

1. After mixing the sample well, measure the total volume. Perform a nucleated cell
count to determine the number and concentration of nucleated cells in the original
sample.

2. Transfer the sample to 14-mL tubes, adding no more than 1–2 mL of sample per
tube (use 50-mL tubes for larger volumes).

3. Add ACK lysis buffer �NH4Cl� to the sample to give a minimum 4:1 volume:
volume ratio of NH4Cl: sample for human BM (i.e., 4 mL NH4Cl to 1 mL of sample)
or a 9 : 1 ratio for human or mouse PB and mouse BM (i.e., 9 mL NH4Cl to 1 mL
of sample). Mix by inversion or by drawing the sample in and out of a Pasteur
pipette.
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4. Incubate on ice for 10 min, mixing once or twice during the incubation period.
All the red blood cells should be lysed within 10 min. The mixture should appear
translucent in color when the lysis is complete. If lysis is not complete, mix and
incubate on ice for a further 5–10 min for human cells. Mouse cells should not be
left in lysis buffer for longer than 10 min.

5. Make up the volume in each tube with IMDM 2% FBS and centrifuge at 400 g for
10 min at room temperature with brake on.

6. Remove the supernatant by quickly but carefully decanting the tube in one smooth
motion. Resuspend the cell pellet by vortexing gently and wash the sample by
adding approximately 10 mL IMDM 2% FBS.

7. Centrifuge sample at 400 g for 10 min at room temperature with brake on. Decant
the supernatant and wash cells once more with 10 mL IMDM 2% FBS. Cells from
the same samples may be pooled before this final wash.

8. Decant the supernatant from this final wash and resuspend cells in 1–2 mL IMDM
2% FBS for final nucleated cell counts. A larger volume may be used if the initial
cell number was high.

Percent cell recovery = total cell number following ACK lysis

÷ total cell number in original sample×100

3.2. CFC Assays

CFC assays may be used to quantify the number of specific progenitors from
various cell sources in both human- and animal-derived hematopoietic tissues.
The media formulations that support the growth of the various progenitors
for diverse species are summarized in Table 1 (see Note 8). As the relative
frequencies of the progenitors vary between tissues and from one species to
another, Tables 2 and 3 summarize an appropriate plating concentration to
achieve suitable plating efficiency to acquire quantitative data. The general
method for the assessment of progenitors is described below.

3.2.1. Erythroid, Myeloid, and Lymphoid CFC Assays

3.2.1.1. Culture Setup

1. Thaw appropriate methylcellulose-based media formulation, previously aliquotted
into tubes at the appropriate volume.

2. Prepare culture dishes by placing three 35-mm culture dishes with lids inside a
150×25 mm tissue culture dish with a lid. Add an additional 35-mm culture dish
without a lid to serve as a water dish. This set of dishes is sufficient for one
triplicate assay. If plating multiple assays, the 35-mm dishes may be placed in
245-mm bioassay trays with two extra culture dishes without lids for water dishes.
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Table 1
Cytokine Content of Methylcellulose-Based Medium Formulations for the
Assessment of Various CFC from Human, Mouse, Rat, Monkey, and Canine Cell
Sources

Progenitors Cytokines MethoCult® medium

Human cell sources
CFU-GM rh GM-CSF, rh IL-3, rh

IL-6, rh G-CSF, rh SCF
H4536

BFU-E rh GM-CSF, rh IL-3, rh
SCF, rh Epo

H4434

CFU-E
CFU-GM
CFU-GEMM

CFU-Mk rh Tpo, rh IL-6, rh IL-3 MegaCult®-C

Mouse cell sources
CFU-E rh Epo M3334
Mature BFU-E

BFU-E rm SCF, rh IL-6, rm M3434
CFU-GM IL-3, rh Epo
CFU-GEMM

CFU-Pre-B rh IL-7 M3630

CFU-Mk rh Tpo, rm IL-3, rh IL-
6, rh IL-11

MegaCult®-C

Rat cell sources
CFU-GM GM-CSF, SCF, IL-3 GF R3774

Monkey cell sources
CFU-E rh GM-CSF, rh IL-3, rh H4434
BFU-E SCF, rh Epo
CFU-GM
CFU-GEMM

Canine cell sources
CFU-GM rc GM-CSF, rc SCF Not commercially

available

GM-CSF, granulocyte monocyte-colony stimulating factor; G-CSF, granulocyte stimulating
factor IL, interleukin; SCF, stem cell factor; Epo, erythropoietin; Tpo, thrombopoietin.
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Table 2
Recommended Cell Plating Concentrations for Erythroid and Myeloid
Progenitor Assessment in MethoCult®, Including the Expected Number
of Colonies Obtained Per Dish

Final plating
concentration (cells

per 35-mm dish)

Expected colony number (per 35-mm dish)

CFU-E BFU-E CFU-GM GEMM

Human cell
sources
Bone marrow
(NH4Cl treated)

2×104 8±2 21±15 48±39 1±1

Bone marrow
(Light density)

1×104 9±4 38±8 47±10 1±1

Bone marrow
(CD34+ cell
enriched)

500 3±3 28±7 73±17 2±1

Cord blood (fresh
unprocessed)

3×104 ND 21±8 18±9 7±7

Cord blood (frozen
unprocessed)

5×104 ND 23±14 20±16 3±3

Cord blood
(CD34+ cell
enriched)

500 ND 59±5 122±47 5±3

Peripheral blood
(Light density)

1×105 ND 31±19 11±7 ND

Mobilized PB 2×104 4±2 72±30 69±36 4±3

Mouse cell
sources (no.)
Bone marrow
(untreated)

2×104 8±3 64±16 3±1

Bone marrow
(untreated)

2×105 340±80

Spleen (NH4Cl
treated)

2×105 15±10 23±10 1±1

Spleen (NH4Cl
treated)

2×105 18±8

Peripheral blood
(NH4Cl treated)

3×105 4±4 11±5 1±1

Day 14 fetal liver 2×104 9±3 55±10 3±2

(Continued)
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Table 2
(Continued)

Final plating
concentration (cells

per 35-mm dish)

Expected colony number (per 35-mm dish)

CFU-E BFU-E CFU-GM GEMM

Rat cell sources
Bone marrow 2×104 ND ND 53±4 ND
Monkey cell
sourcesa

Bone marrow
(NH4Cl treated)

1×104

Peripheral blood 2×105

Mobilized
peripheral blood

3×104

Dog cell sourcesa

Bone Marrow
(NH4Cl treated)

1–2×105

ND, none detected.
no.—the numbers quoted for mouse may vary depending on the species used.
a The plating concentrations listed have been acquired from references (19–21); colony

numbers are not listed for individual progenitors.

It is good practice to wipe the trays down with 70% isopropanol before each use
to maintain sterility.

3. Label the edge of each 35-mm culture dish lid with experiment and assay number
using a permanent (water resistant) fine tip felt marker.

4. Dilute the cells with IMDM 2% FBS to 10× the final concentration(s) required
for plating. Refer to Table 2 for the recommended plating concentrations. When
it is difficult to anticipate the correct plating cell concentration, the use of two or
more 2–3-fold serially diluted cell concentrations is advised.

5. Add 0.4 mL of diluted cells to the 4 mL media tube (see Note 9)
6. Vortex the tube vigorously for approximately 4 s and let it stand for at least 5 min

to allow bubbles to dissipate.
7. Using a 3 cc syringe with and a 16 gauge blunt end needle, draw up approximately

1 mL of media and dispense it completely back into the tube to remove air bubbles
from the syringe (repeat if necessary). Methylcellulose is a viscous solution and
cannot be accurately dispensed using pipettes because of adherence of the medium
to the inside of the pipette. Blunt end needles should be used to prevent injury due
to needle pricks and to facilitate the accurate dispensing of methylcellulose-based
medium.
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Table 3
Recommended Cell Plating Concentrations for Lymphoid and Megakaryocytic
Progenitor Assessment in MethoCult® and MegaCult®, Including the Expected
Number of Colonies Obtained Per Dish

Final plating
concentration (cells
per dish or slide)

Expected colony number (per dish or slide)

CFU-Pre-B CFU-Mk Non-CFU-Mk

Human cell
sources
Bone Marrow
(light density)

1×105 68 (10–150) 3 (1–10)

Cord blood
(light density)

5×104 27 (0–55) 3 (0–8)

BM, CB, MPB
(CD34+ cell
enriched)

1500–5000 65 (0–140) 3 (0–8)

Mouse cell
sources (no.)
Bone marrow
(untreated)

1×105 35±5 49±9

Bone marrow
(untreated)

1×105 37±40

no.—the numbers quoted for mouse may vary depending on the species used.

8. Draw up media containing cells to the 2.6 mL mark of the syringe. Use the opposite
hand to remove the culture dish lid and dispense 1.1 mL into the center of the first
35-mm dish (plunger now at the 1.5 mL mark). Replace lid. Try to not touch the
end of the needle to the bottom of the dish when plating.

9. Similarly, dispense another 1.1 mL into the second 35-mm dish (plunger now at
0.4 mL mark). Draw up more media to the 1.5 mL mark and dispense 1.1 mL into
the third dish. For each tube plated, use a new sterile disposable 3-mL syringe
with a new 16 gauge blunt end needle.

10. Tilt and rotate the dishes to spread the medium evenly over the surface of each
dish. Allow the meniscus to attach to the dish wall evenly on all sides, but avoid
getting media too far up the side wall.

11. Place the dishes in the large tissue culture dish with lid or tray with lid, and add
approximately 3 mL of sterile water to the uncovered 35-mm dishes to maintain
humidity.

12. Put the tray of cultures in an incubator maintained at 37 �C, 5% CO2 in air,
and > 95% humidity for 2–16 days, depending on the duration of the specific
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Table 4
Optimal Incubation Times for the Enumeration and Morphological Assessment
of Erythroid, Myeloid, Lymphoid, and Megakaryocytic Progenitors

Species Progenitor type Incubation time (days)

Human CFU-E, BFU-E, CFU-GM, CFU-GEMM 14–16
CFU-Mk 10–12

Mouse CFU-E 2–3
BFU-E, CFU-GM, CFU-GEMM 10–12
CFU-Pre-B 7
CFU-Mk 6–8

Rat CFU-GM 9–11
Monkey CFU-E, BFU-E, CFU-GM, CFU-GEMM 14–16
Canine CFU-GM 7–10

assay (see Table 4). Culture conditions are very important to ensure optimal
hematopoietic colony growth. A water jacketed incubator with an open pan of
water placed in the incubator chamber is recommended. A suitable additive
(i.e., copper sulphate crystals) can be added to the water pan to inhibit microbial
growth. Incubator temperature should be confirmed using a thermometer placed
in the incubator chamber, and CO2 levels should be routinely monitored using a
fyrite CO2 device.

13. If the cultures will not be enumerated by the appropriate day they may be placed
in a 33 �C incubator at this time to slow colony growth and temporarily maintain
optimal morphology. Refill water dishes if necessary and count as soon as possible
(3–4 days). See Subheadings 3.2.1.2 and 3.2.1.3 for colony enumeration guide-
lines and criteria.

3.2.1.2. Colony Enumeration

It is important to use a high-quality inverted microscope equipped with low
power �×2�5� and higher power �×4–5�×10� objectives, ×10–12�5 ocular
eyepieces, and a blue filter to enhance the red color of hemoglobinzed
erythroblasts.

When plated at the correct concentration, there should be sufficient spacing
between colonies to be able to identify individual clusters of cells as being
derived from a common precursor cell. Fewer than 30 colonies on a dish
indicate that the cultures have been under plated and therefore may not be an
accurate assessment of the progenitor content of the sample. Greater than 150
colonies on a dish reduce the counter’s ability to distinguish individual colonies.
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1. For counting 35-mm dishes, prepare a 60-mm gridded scoring dish by drawing two
perpendicular lines across the center of the dish using a permanent fine felt marker
on the bottom of the dish.

2. Take the cultures to be scored from the 37 �C incubator. Only take the number of
dishes that can be scored within 1 h.

3. Center the 35-mm dish on the 60-mm gridded scoring dish. Adjust the focus under
low power (×2�5 objective) until the colonies are in focus. Scan the entire dish and
make note of the overall appearance of the culture to help with the scoring and
evaluation. Considerations to keep in mind are the placement of colonies relative to
one another, the approximate number of colonies on the dish, background debris,
general morphology, health of the colonies, and so on.

4. Starting at one side of the dish, count all colonies on the dish including those on the
edge. Counting up and down rather than side to side will minimize the sensation of
motion sickness common to individuals new to scoring.

5. Count all the colonies of interest under high power (using a ×4–5 objective for
a total magnification of ×40–50 with a ×10 ocular eyepiece). It is necessary to
continually focus up and down to identify all colonies present in the 3D culture,
those at the edges, and to distinguish individual colonies that are close together but
present on different planes.

Accurate enumeration of hematopoietic progenitors takes training and
experience. Subjectivity of microscopic evaluation of colonies can cause
variability in the reported progenitor content. Table 5 summarizes the intra- and
inter-assay variability of hematopoietic CFC enumeration using the same cell
source. In the previous tables (see Tables 2 and 3), the frequency of progen-
itors may be dependent on the cell source, but, even within one cell source
(i.e., human PB), there is a large variability in the hematopoietic CFC content

Table 5
Coefficient of Variation (CV) in the Enumeration of Human Erythroid
and Myeloid CFC

Progenitor Intra-Assay CV (%)
(n = 1 participant,

20 replicate samples)

Inter-Assay CV (%)
(n = 54 participants)

CFU-E 13�6 46.0
BFU-E 11�5 44.2
CFU-GM 9�1 36.9
CFU-GEMM 10�0 80.0
Total erythroid 8�1 25.2
Total CFC 4�9 23.2
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Table 6
Variability in Human Erythroid and Myeloid CFC from the Same Cell
Source from 30 Different Donors

BFU-E derived
colonies/mL PB

CFU-GM derived
colonies/mL PB

Total CFC/mL
PB

Mean ± SDa 483±263 173±122 680±380
Range 127–1118 28–464 151–1511

a n = 30 normal individuals.

between different normal individuals. Table 6 summarizes data of the total
erythroid and myeloid progenitors per mL of PB from 30 normal individuals,
age range 21–55 years.

3.2.1.3. Colony Identification

Colony descriptions provide information on the typical colony morphologies
that will be seen in optimal culture conditions. Red blood cell background,
toxicity, or disease states could all potentially alter colony morphology and
make colony enumeration more difficult (25).

3.2.1.3.1. Human Erythroid and Myeloid Colonies (see Fig. 2)

1. Colony-forming unit-erythroid (CFU-E): Produces 1–2 clusters containing 8–200
erythroblasts. CFU-E are more mature erythroid progenitors with limited prolif-
erative potential and require erythropoietin (EPO) for differentiation (see Fig. 2,
Panel 1).

2. Burst-forming unit-erythroid (BFU-E): Produces a colony containing > 200
erythroblasts in a single or multiple clusters and can be sub-classified based
on the number of cells or cell clusters per colony if desired. BFU-E are more
immature progenitors than CFU-E and require EPO and cytokines with burst-
promoting activity such as IL-3 and stem cell factor (SCF) for optimal colony
growth (see Fig. 2, Panel 2).

3. Colony-forming unit-granulocyte, macrophage (CFU-GM): Produces a colony
containing at least 20 granulocyte cells (CFU-G), macrophages (CFU-M), or cells
of both lineages (CFU-GM). CFU-GM colonies arising from primitive progenitors
may contain thousands of cells in single or multiple clusters. The monocytic lineage
cells are large cells with an oval to round shape and appear to have a grainy or gray
center. The granulocytic lineage cells are round, bright, and are much smaller and
more uniform in size than macrophage cells (see Fig. 2, Panel 3 and 4).

干细胞之家www.stemcell8.cn ←点击进入

http://www.stemcell8.cn


Hematopoietic Colony-Forming Cell Assays 195

      
 8. Human Non-CFU-Mk (left), Mixed CFU-Mk
 (right) (low mag)  

7. Human CFU-Mk derived colony, large (low mag)

           
6. Human CFU-Mk derived colony, small (high mag) 5. Human CFU-GEMM derived colony (low mag)

     
4. Human CFU-M (left), CFU-G (right) (low mag) 3. Human CFU-GM derived colony (low mag)

Human CFC derived colonies 

      
2. Human BFU-E derived colony (high mag) 1. Human CFU-E derived colony (high mag)

Fig. 2. Human CFC-derived colonies. (1) Human CFU-E-derived colony (high mag);
(2) human BFU-E-derived colony (high mag); (3) human CFU-GM-derived colony
(low mag); (4) human CFU-M (left), CFU-G (right) (low mag); (5) human CFU-
GEMM-derived colony (low mag); (6) human CFU-Mk-derived colony, small (high
mag); (7) human CFU-Mk-derived colony, large (low mag); (8) human non-CFU-Mk
(left), Mixed CFU-Mk (right) (low mag).
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4. Colony-forming unit-granulocyte, erythroid, macrophage, megakaryocyte (CFU-
GEMM): A multi-potential progenitor that produces a colony containing erythrob-
lasts and cells of at least two other recognizable lineages. Owing to their primitive
nature, CFU-GEMM tend to produce large colonies of > 500 cells (see Fig. 2,
Panel 5).

3.2.1.3.2. Mouse Erythroid, Myeloid, and Lymphoid Colonies
(see Fig. 3)

1. CFU-E: Produces 1–2 clusters containing 8–32 maturing erythroblast cells. CFU-E
are more mature erythroid progenitors and require EPO for differentiation. These
colonies are very tiny as seen under ×40–50 magnification. Erythroblast cells within
the cluster are irregular in shape and appear fused together. CFU-E are optimally
counted at day 2 of culture (see Fig. 3, Panel 9).

2. BFU-E: Produces a colony containing erythroid clusters and a minimum of 30
cells. Each individual cluster contains a group of cells that are tiny, irregular in
shape, and difficult to distinguish. The cells appear fused together. BFU-E do not
usually have a dense core, and the clusters are relatively scattered. BFU-E are
more immature progenitors than CFU-E and require EPO and cytokines with burst-
promoting activity such as IL-3 and SCF for optimal colony growth (see Fig. 3,
Panel 10).

3. CFU-GM: Produces a colony containing at least 30 granulocyte cells (CFU-G),
macrophages (CFU-M), or cells of both lineages (CFU-GM). CFU-GM colonies
arising from primitive progenitors may contain thousands of cells in single or
multiple clusters. The monocytic lineage cells are large cells with an oval to round
shape and appear to have a grainy or grey centre. The granulocytic lineage cells
are round, bright and are much smaller and more uniform in size than macrophage
cells (see Fig. 3, Panel 11).

4. CFU-GEMM: A multi-potential progenitor that produces a colony containing a
highly dense core with an indistinct border between the core and the peripheral
cells. Erythroblast clusters should be visible along the periphery of the CFU-GEMM
colony. Monocytic and granulocytic cells should be easily identifiable and clusters
of large megakaryocytic cells are usually seen. Owing to their primitive nature,
CFU-GEMM tend to produce large colonies of > 500 cells (see Fig. 3, Panel 12).

5. CFU-Pre-B: A subset of B-lymphoid progenitors that can be detected in the presence
of IL-7. Produces a colony containing at least 30 cells. CFU-pre-B colonies vary
in size and morphology, and individual cells appear tiny and irregular to oval in
shape. Some CFU-pre-B colonies are dense with very few cells in the periphery,
and some have a smaller core with more cells in the periphery (see Fig. 3,
Panel 13).

Following enumeration of mouse CFC-derived colonies, the number of
colonies per dish and the number of cells plated from a specific organ can be used to
back calculate the total number of CFC per organ. Calculations of the frequency of
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Mouse CFC derived colonies 

10. Mouse BFU-E derived colony (high mag) 

      
12. Mouse CFU-GEMM derived colony (high mag) 

      

      
16. Mouse Non-CFU-Mk (low mag) 

9. Mouse CFU-E derived colony (high mag)

11. Mouse CFU-GM derived colony (low mag)

13. 2 Mouse CFU-Pre-B derived colonies (low mag)  14. Mouse CFU-Mk derived colony (low mag) 

15. Mouse Mixed-CFU-MK (low mag)

Fig. 3. Mouse CFC-derived colonies. (9) mouse CFU-E-derived colony (high mag);
(10) mouse BFU-E-derived colony (high mag); (11) mouse CFU-GM-derived colony
(low mag); (12) mouse CFU-GEMM-derived colony (high mag); (13) mouse CFU-
Pre-B derived colonies (low mag); (14) mouse CFU-Mk-derived colony (low mag);
(15) mouse Mixed-CFU-MK (low mag); (16) mouse non-CFU-Mk (low mag).
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progenitors per nucleated cell and the total number of CFC per femur or spleen can
help identify disturbances to hematopoietic homeostasis in genetically altered or
compound-treated mice.

3.2.2. Megakaryocytic CFC Assays

3.2.2.1. Culture Setup

1. Thaw previously aliquoted tubes of medium at room temperature or overnight
at 4 �C. Place media and collagen solution on ice. When using medium without
cytokines (2.55 mL/tube), add the desired cytokines and IMDM (0.45 mL) to achieve
a final volume of 3.0 mL.

2. Label slides using a pencil or diamond point pen. Ink labeling will become illegible
during the fixation process.

3. Prepare a cell suspension in IMDM 2% FBS that is 22× the desired final plating
concentration(s). Refer to Table 3 for the recommended plating concentrations.
When it is difficult to anticipate the correct plating cell concentration, the use of
two or more 2–3-fold serially diluted cell concentrations is advised.

4. Add 0.15 mL of cell stock to each 3.0-mL tube of media and vortex (see Note 9).
5. Using a 2-mL pipet, transfer 1.8 mL of cold collagen into one tube and vortex.

Using the same pipet, remove 1.5 mL of the mixture and dispense 0.75 mL into
each well of the pre-labeled chamber slide. Avoid introducing bubbles into the well
while dispensing. Repeat for the second and third chamber slides. The collagen will
start to gel within minutes. If more than one tube is to be set up, collagen should
be added one tube at a time and the contents of the tube dispensed into chamber
slides before proceeding to the next tube.

6. Gently tip each slide using a circular motion to spread the media evenly over the
surface of the slide.

7. Place each slide in a 150 × 25 mm tissue culture dish with lid or tray with lid,
along with 1 or 2 uncovered 35-mm dishes containing approximately 3 mL sterile
water to maintain humidity. It is good practice to wipe the trays down with 70%
isopropanol before each use to maintain sterility.

8. Incubate cultures in a 37 �C incubator with 5% CO2 and > 95% humidity for 6–12
days, depending on the duration of the specific assay (see Table 4). Gel formation will
occur within approximately 1 h; it is important not to disturb the cultures during this
time.

9. Cultures should be visually assessed for overall growth and morphology using an
inverted light microscope before fixation and staining.

3.2.2.2. Dehydration

1. Leave the cultures at 37 �C until just before dehydration as the collagen gel may
become unstable at lower temperatures. Remove slides from the incubator singly
or in small batches.
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2. Remove plastic chamber from the slide. This can be done by slowly pulling up the
chamber at the labeled end of the slide. Using forceps, pull up the rubber seal at
each corner and hook it around the corners of the chamber. Gently pull the chamber
and seal away from the rest of the slide, taking care not to disturb the gel.

3. If there are bubbles of the gel, they can be removed by lightly touching the bubble
with a piece of filter paper card. If the gel has shifted, it can be straightened by
gently adjusting it with forceps.

4. Place a pre-cut polypropylene spacer membrane onto each slide. Place a thick white
filter card top to wick the liquid from the slide.

5. Once fully soaked, remove the filter card but leave the polypropylene spacer in place.

3.2.2.3. Fixation

3.2.2.3.1. Human Megakaryocyte Fixation

1. Prepare fixative by combining 3 parts acetone (150 mL) with 1 part methanol
(50 mL) and placing in a 2.5 L plastic container with lid.

2. Place the slides into the methanol-acetone fixative solution. Ensure slides are
completely covered in fixative in a single layer to prevent slides from scratching
each other. No more than approximately 12 slides should be placed in the container
at one time. Fixative should be changed every 12 slides.

3. Leave slides in fixative for approximately 20 min at room temperature. Do not
agitate fixative solution. Polypropylene spacers will float to the top of the fixative
on their own or may be gently peeled off the slide with forceps.

4. Remove slides from fixative and allow to air dry for at least 15 min.
5. Cultures should be stained as soon as possible after fixation. It is recommended

that slides be stained within three days.

3.2.2.3.2. Mouse Megakaryocyte Fixation

1. Prepare the fixative by adding 200 mL acetone in a 2.5 L plastic container and
placing on ice for 15 minutes.

2. Place the slides into the cold acetone fixative solution. Ensure slides are completely
covered in fixative in a single layer to prevent slides from scratching each other. No
more than approximately 12 slides should be placed in the container at one time.
The fixative solution should be changed every 12 slides.

3. Leave slides in fixative for approximately 5 min on ice. Polypropylene spacers will
float to the top of the fixative on their own or may be gently peeled off the slide
with forceps.

4. Remove slides from fixative and allow to air dry.
5. Slides can be stained immediately or stored at −20 �C or 4 �C in the dark for up to

1 month.
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3.2.2.4. Staining

3.2.2.4.1. Human Megakaryocyte Staining

1. Prepare all staining solutions except the alkaline phosphatase substrate.
2. Rehydrate the cultures on the slides by applying approximately 1.5 mL of 0.05 M

Tris/NaCl buffer, pH 7.6 and incubate for 20 min at room temperature. The buffer
can be gently applied using a wash bottle. Ensure that the cultures are completely
covered with each solution. The use of covered containers is recommended to
prevent cultures from drying out at any stage.

3. Remove buffer by pouring off into a waste container and blotting the short end of
the slide on a piece of paper towel (or other absorbent material).

4. Apply 0.5 mL of 5% human serum in Tris/NaCl buffer to each slide for
20 min.

5. Remove blocking solution as in step 3 and apply 0.5 mL of the primary antibody
or negative control antibody and incubate for 30 min. One slide per batch should
be stained with the negative control antibody rather than the primary antibody.
All other steps of the staining procedure are the same.

6. Remove antibody as in step 3 and rinse slide with 0.05 M Tris/NaCl buffer three
times for 3 min each. Add buffer to one end of slide and let buffer run gently over
slide to prevent the gel from dislodging.

7. Apply 0.5 mL of the biotin-conjugated goat anti-mouse IgG antibody and incubate
for 30 min.

8. Remove antibody as in step 3 and wash slide three times with 0.05 M Tris/NaCl
buffer as outlined in step 6.

9. Apply 0.5 mL of the avidin alkaline phosphatase conjugate and incubate for 30 min.
10. Prepare the alkaline phosphatase substrate solution (see Subheading 2.3.4.1.8.).
11. Remove phosphatase conjugate as in step 3 and rinse three times with 0.05 M

Tris/NaCl as outlined in step 6.
12. Apply 0.5 mL of the alkaline phosphatase substrate solution and incubate

for 15 min.
13. Remove substrate as in step 3 and wash three times with 0.05 M Tris/NaCl as

outlined in step 6.
14. Apply 0.5 mL of Evans Blue counterstain and incubate for a maximum of 10 min.

Increasing the incubation time to greater than 10 min may result in a decrease in
staining intensity.

15. While holding slide over waste container, use a wash bottle containing distilled
water to gently rinse off excess Evan’s blue.

16. Allow the slides to air dry. Slides can be stored in covered containers at room
temperature or at 2–8 �C for prolonged storage. If the slides are to be cover-
slipped, an aqueous mounting medium should be used. Most alkaline phosphatase
complexes are soluble in organic solvents.
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3.2.2.4.2. Mouse Megakaryocyte Staining

1. Allow slides to come to room temperature.
2. Dissolve 10 mg of acetylthiocholiniodide in 15 mL of 0.1 M sodium phosphate

buffer.
3. Add in the following order with constant stirring:

a. 1 mL of 0.1 M sodium citrate.
b. 2 mL of 30 mM copper sulphate.
c. 2 mL of 5 mM potassium ferricyanide solution.

Total volume is 20 mL, sufficient for approximately 10–15 slides.

4. Flood slides with staining solution and incubate for 5 h in a humid chamber, ensuring
the entire surface of the slide is covered. Use of covered containers is recommended
to prevent cultures from drying out at any stage (see Note 10).

5. Remove staining solution by pouring off into a waste container and blotting the
short end of the slide on a piece of paper towel (or other absorbent material).

6. Fix slides with 95% ethanol and let sit for 10 min, ensuring entire surface of slide
is covered.

7. Rinse slides with lukewarm water and air dry.
8. Counterstain slides with Harris’ hematoxylin solution for 30 s.
9. Rinse each slide with lukewarm water. Allow to air dry. Slides can be stored in

covered containers at room temperature for prolonged storage.

3.2.2.5. Enumeration

1. First scan the entire slide using a ×5 objective lens, noting the distribution of the
colonies on the slide. Scoring can then be performed with the same lens, and the
×10 objective lens can be used to examine colonies in greater detail.

2. Slides can be counted by “land marking” the edges of the field of view to prevent
scanning overlapping areas (and counting colonies twice) or missing areas of the
slide (and missing colonies altogether).

Similar to the variability in the human myeloid and erythroid progenitors,
there is also variability in the enumeration of megakaryocytic progenitors.
Table 7 summarizes the inter- and intra-assay variability for CFU-Mk derived
colony enumeration.

3.2.2.6. Identification

3.2.2.6.1. Human Megakaryocytic Colonies

1. Colony-forming unit-megakaryocyte (CFU-Mk): Produces a colony containing three
or more megakaryocytic cells. Human megakaryocytes and platelets, which express
Glycoprotein IIb/IIIa (CD41), will appear pink following fixation and staining.
Counterstaining with Evans Blue causes the nuclei of all cells to appear pale blue,
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Table 7
Percent Coefficient of Variability in the Enumeration of Human
Megakaryocytic CFC

Progenitor Intra-Assay CV (%)
(n = 1 participant, 18

replicate samples)

Inter-Assay CV
(%) (n = 41
participants)

CFU-Mk (3–20) 14�5 48�1
CFU-Mk (21–49) 21�1 41�6
CFU-Mk �> 50� 31�3 61�5
Total CFU-Mk 10�8 36�4

regardless of lineage. As a result, CFU-Mk-derived colonies appear as groups of
cells, which have pink membrane staining with blue nuclei. Colonies will range
in size from three to several hundred megakaryocytes per colony. It is therefore
convenient to subdivide them by colony size as:

a. Small: 3–20 cells per colony, produced from a more mature Mk progenitor
(see Fig. 2, Panel 6).

b. Medium: 21–49 cells per colony.
c. Large: ≥ 50 cells per colony, produced from a more primitive Mk progenitor

(see Fig. 2, Panel 7).

2. Non-CFU-Mk: Non-megakaryocytic colonies (≥ 20 cells per colony) are usually
of the granulocyte/monocyte lineage and have nuclear staining only. Numbers of
these colonies can be recorded if desired, but media do not support optimal growth
of CFU-GM (see Fig. 2, Panel 8).

3. Mixed-CFU-Mk: Mixed megakaryocytic colonies are distinguished by the presence
of non-Mk cells and megakaryocytes within the same colony (see Fig. 2, Panel 8).

3.2.2.6.2. Mouse Megakaryocytic Colonies

1. CFU-Mk: Produces a colony containing 3 to approximately 50 megakaryocytic
cells. Mouse megakaryocytes and early megakaryocyte progenitors express acetyl-
cholinesterase and have brown granular deposits of copper ferrocyanide in the
cytoplasm resulting from the enzymatic reaction. Granules may appear light red-
brown in cells with low acetylcholinesterase content and may range from orange-
brown to dark brown/black in cells with high cholinesterase content. Counterstaining
with Harris’ hematoxylin results in violet stained nuclei in all cells. However, this
is less noticeable in megakaryocytes as the copper ferrocyanide precipitate from the
acetylcholinesterase stain can mask the counterstain (see Fig. 3, Panel 14).
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2. Mixed-CFU-Mk. Mixed megakaryocytic colonies are distinguished by the presence
of non-Mk cells and megakaryocytes within the same colony. It is sometimes
difficult to identify mixed Mk colonies, especially when the culture contains large
numbers of CFU-Mk colonies and non-Mk colonies close together. Plating concen-
tration should be adjusted accordingly (see Fig. 3, Panel 15).

3. Non-CFU-Mk. Non megakaryocytic colonies (≥ 30 cells per colony) are usually
of the granulocyte/monocyte lineage and have nuclear staining only, resulting in
groups of cells with violet nuclei but no brown precipitate. Numbers of these
colonies can be recorded if desired, but media do not support optimal growth of
CFU-GM (see Fig. 3, Panel 16).

4. Notes
1. Methylcellulose, collagen, serum, albumin, and cytokines are all media components

that are known to effect the proliferative potential of CFC and morphology of
CFC-derived colonies. The media formulations described in this chapter have
been developed with prescreened components to ensure optimal colony growth. If
alternate media and reagents are to be used, it is suggested that they are pretested
to ensure that acceptable growth and morphology are maintained.

2. Hematopoietic colony assays require both the use of culture medium that supports
the growth and the differentiation of the progenitors of interest and a gelling
agent that increases the viscosity of the medium without converting it to a solid.
This allows a single progenitor to form clonal progeny, which stay together as
a colony. Several types of semi-solid support media can be used for the culture
of CFCs, including agar, collagen, and methylcellulose. Methylcellulose is now
widely used as a gelling agent because it permits better growth of erythroid colonies
than other agents (e.g., agar) and optimal myeloid colony formation. This allows
erythroid, granulocyte, macrophage as well as multi-potential lineage progenitors
to be assayed simultaneously in the same culture dish.

3. Media can be uniquely formulated for specific applications. MethoCult™ or
MegaCult® “complete” formulations come as ready-to-use media containing
recombinant cytokines required for the proliferation of specific progenitor lineages.
Other MethoCult™ or MegaCult® formulations are provided without cytokines or
other base components, allowing for the addition of exogenous cytokines or other
components of interest for individual research needs. Depending on the formu-
lation appropriate for individual applications, the volumes aliquoted into each tube
must allow for the addition of supplementary components diluted in IMDM 2%
FBS for a total volume of 4.0 mL per tube of MethoCult and 3.0 mL per tube of
MegaCult® for triplicate cultures.

4. Unlike other hematopoietic lineages, megakaryocytes cannot easily be distin-
guished morphologically from other cell types and therefore require specific
staining procedures for their identification. As methylcellulose-based media are not
amenable to this, collagen gels have been used for the culture of megakaryocytic
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progenitor cells. Collagen has been shown to support the growth of various cell
types, and following incubation, the entire culture can be dehydrated and fixed for
subsequent cytochemical or immunochemical staining.

5. Processing of mouse hematopoietic organs:

a. BM—marrow cells can be removed from femurs and tibias by cutting off the
ends of the bones and flushing the marrow out of the bone cavity using a 1 cc
syringe containing IMDM 2% FBS and a 21 gauge needle. Cells can be drawn
up into the syringe and expelled 3–4 times to dissociate the marrow into a
single-cell suspension.

b. Spleen—a single-cell suspension can be made by crushing the spleen using the
rubber-ended plunger of a 3 cc syringe through a 70-�m cell strainer placed
on a 50-mL falcon tube. The strainer is then washed with IMDM 2% FBS to
collect additional cells from the mesh.

c. PB—cells can be collected by cardiac puncture, tail bleeds, or orbital bleeds and
transferred to microtainer tubes containing heparin or equivalent anti-coagulant
(EDTA for example). Invert sample to mix with anti-coagulant.

d. Fetal liver—mince fetal livers finely using scissors. Add 1–2 mL of IMDM
2% FBS. Cell aggregates can be disrupted by drawing cell suspension up and
down 3–4 times using a 3 cc syringe and 21 gauge needle. Place cells in a
14-mL sterile tube and let stand for 3–5 min to allow tissue fragments to settle.
Transfer cell suspension to a new sterile tube. Fill tube with IMDM 2% FBS
and centrifuge for 7–10 min at 400 g. Resuspend cells in a small volume of
media and mix.

6. At times it is not possible to process samples immediately. In the case of BM,
studies indicate that processing the cells and maintaining them in IMDM plus 2%
FBS at 4 �C minimizes the loss of CFC progenitors experienced when cells are
maintained in the intact femurs overnight at 4 �C (see Table 8).

7. Alternately, directly remove the whitish layer of mononuclear cells sitting at the
interface between the Ficoll-Paque® PLUS and plasma layers with a 5-mL pipette
and transfer to a new 14-mL tube. As the MNCs are removed, the interface will
become a clear sharp line, evidence that most cells have been collected.

8. Table 1 summarizes media formulations containing various cytokines that have
been designed for optimal colony morphology and number. Alternate cytokine
formulations are available. In addition, serum-free medium formulations have been
designed, which contain BSA, rh insulin, and human transferrin as a replacement
for FBS.

9. If evaluation of a test compound is required, the compound may be added before
the addition of cells directly to methylcellulose or collagen based media containing
the appropriate cytokine formulation. The compound should be vortexed before
the addition of the cells to ensure even distribution. The amount of compound
added should not be more than 1% of the final volume. If compound has been
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Table 8
Decrease in CFC Content in BM Cells Which Have Been Either (i) Flushed
and Suspended in IMDM 2% FBS or (ii) Left in the Intact Femur.

Time (hours % viability (TB) CFU-GM �n = 4� BFU-E �n = 4�
post sacrifice) Flush Intact Flush Intact Flush Intact

1 92±4 91±3 100 100 100 100
2 90±5 90±4 101±18 93±12 123±32 90±40
4 91±3 87±12 105±19 103±30 106±31 108±16
8 91±5 84±14 115±28 92±27 110±53 74±29
24 88±5 66±13a 119±24 53±40 126±42 49±34

Time (hours CFU-Mk �n = 4� CFU-F �n = 4� CFU-pre-B �n = 3�
post sacrifice) Flush Intact Flush Intact Flush Intact

1 100 100 100 100±0 100 100
2 95±19 97±11 101±33 122±73 95±44 77±23
4 83±29 94±13 74±10 93±52 172±42 163±72
8 100±9 93±15 48±16 77±20 217±118 207±87
24 106±8 68±50 36±10 34±46a 106±107 13±6a

CFU-F, colony forming unit-fibroblast, a mesenchymal non-hematopoietic bone marrow
progenitor. Data given as a percentage of 1 h growth (designated as control). Viability was
assessed by trypan blue (TB) exclusion.

a Indicates a statistical difference less than p = 0�01.

solubilized in DMSO, the final volume of DMSO should not represent more than
0.1% of the final total volume of the culture as DMSO can inhibit hematopoietic
colony growth.

10. It has been reported that 3.5–4 h is enough time to detect 100% of larger mature
megakaryocytes, but only 30–60% of immature megakaryocytes. Slides can be
stained for up to 6 h to detect all megakaryocytic progenitors (26). Granules appear
light red-brown in cells with low acetylcholinesterase content and brown-black in
the intensely stained megakaryocytes. The longer the staining solution is left on,
the darker is the megakaryocytes stain.
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Assays for Alloreactive Responses by PCR

Patrick Stordeur

Summary

In organ transplantation, major efforts are currently developed to minimize or even to
withdraw immunosuppressive drugs. Different protocols have therefore been proposed to induce
graft tolerance, that is, the survival of an allograft in the absence of continuing immunosup-
pression. They generally involve pre-transplant conditioning followed by hematopoietic stem
cell infusion. Follow-up of immune status is mandatory in this kind of protocol, in order to
investigate tolerance and consequently to reduce or withdraw immunosuppression without graft
rejection. However, assessment of the alloreactive response using currently available techniques
is labor-intensive and requires significant volume of patient’s blood. The implementation of
such tolerance protocols is thus difficult in routine practice. In this chapter, we describe a novel
real-time polymerase chain reaction method based on interferon-� and interleukin-2 mRNAs
quantification that requires only 10 ml of blood. Moreover, results can be obtained within 48 h.
A modified mixed lymphocyte reaction (MLR) using whole blood T lymphocytes as responsive
cells and CD3-depleted peripheral blood mononuclear cells (PBMCs) as stimulators is described.
An alternative, that is, the use of PBMC as responding cells instead of whole blood, is also
depicted. We successfully applied the technique in the monitoring of anti-donor reactivity in
living donor liver graft recipients. We suggest that this rapid MLR assay could be valuable for
the monitoring of patients undergoing solid organ or hematopoietic stem cell transplantation.

Key Words: Blood; Alloreactivity; Transplantation; Tolerance; Immunosuppression; Immune
monitoring; Methods; Messenger RNA; Real-time PCR; Cytokine; IL-2; IFN-gamma.

1. Introduction
In transplantation medicine, the finding of clinical protocols allowing to

minimize or even to withdraw immunosuppressive drugs currently represents
a major challenge (1). The success of these new approaches critically depends
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on the availability of reliable assays to assess alloreactive responses. Several
techniques were proposed for this purpose (2–7). They include the mixed
lymphocyte reaction (MLR) assessing T-cell proliferation, the measurement of
precursor helper T cell or precursor cytotoxic T cell frequencies using limiting
dilution analysis, the quantification of secreted cytokines, the ELISPOT assay
and the tetrameric staining method. However, these techniques usually are
labour-intensive and require significant volume of a patient’s blood, which
hampers their application in routine practice.

The technique described in this chapter only requires 10 ml of blood in a real-
time polymerase chain reaction (PCR)-based method that is recently developed
in our laboratory, which allows easy measurements of cytokine mRNA levels
in whole blood (8–9). More specifically, volumes as small as 100 to 500 �l
of whole blood are cultured in the presence of the cells against which the
alloreactive response is studied. Cytokine mRNAs are then quantified using
real-time PCR. The cells used to induce the alloreactive response are donor-
derived T-cell-depleted peripheral blood mononuclear cells (PBMCs), so that
cytokine mRNAs can only be induced in recipient’s whole blood T cells (the
allogeneic response is a characteristic of T cells). The variation of mRNA levels
mainly reflects the activation of the direct recognition pathway (10,11) and
depends on the degree of human leucocyte antigens (HLA) disparity (12). In
other words, an increase of interleukin (IL)-2 and/or interferon (IFN)-� mRNA
levels reflects the ability of the recipient’s T cells to recognize the donors cells
as non-self. Such result indicates an inadequate immunosuppression leading to
a rupture of tolerance, which is associated with a high risk of graft rejection.
On the contrary, an absence of variation of mRNA level suggests adequate
immunosuppression and graft acceptance.

The use of whole blood as “responding cells” simplifies the procedure and
reduces the required blood volume. However, most of the techniques used
to monitor immune responses are still performed on PBMC. Therefore, two
alternatives are described here:the use of (i) whole blood and (ii) PBMC as
responding cells. The stimulator cells are in both cases T-cell-depleted PBMC
(see Fig. 1).

2. Materials
2.1. Blood Sample

Blood should be collected on sodium heparinate. Avoid lithium heparinate.
We observed heterogeneous and sometimes incomprehensible results using
lithium.
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2.2. Cell Purification and Culture

1. Adoptive immunotherapy media-v (AIM-V®) medium (cat no. 12055-091, GIBCO,
Invitrogen, Merelbeke, Belgium).

2. Hank’s Balanced Salt Solution (HBSS), 10×, without calcium and magnesium
(GIBCO, Invitrogen, cat no. 14180-046).

3. Phosphate-buffered Saline (PBS) without calcium and magnesium
(BioWhittakker™, cat no. BE17-516F, Cambrex Bioscience, Verviers, Belgium).

4. Fetal bovine serum (FBS) (cat no. CH30160.03, HyClone, Perbio Science,
Erembodegem, Belgium).

5. PBS supplemented with 2% FBS.
6. Lymphoprep™ (cat no. 1019819, Axis-Shield, Oslo, Norway).
7. Trypan blue 0.4% w/v (cat no. 00654, StemCell Technologies, Vancouver,

Canada).
8. RosetteSep™ Human CD3+ Cell Depletion kit (cat no. 15661, StemCell

Technologies).
9. Phytohaemagglutinin (PHA) (cat no. R30852801, bioTRADING Benelux,

Mijdrecht, The Netherlands).

2.3. mRNA Extraction

1. MagNA Pure™ instrument (cat no. 12 236 931 001, Roche Applied Science,
Vilvorde, Belgium).

2. PAXgene tubes (cat no. 762165, Qiagen Benelux, Venlo, The Netherlands).
3. MagNA Pure™ mRNA extraction kit “MagNa Pure™ LC mRNA Kit I” (cat no.

03 004 015 001, Roche Applied Science).
4. TaqMan Pre-Developed Assay Reagent for human CD3 epsilon chain (cat no.

4329515F, Applied Biosystems, Foster City, CA, USA).
5. Facultative reagents: TriPure™ Isolation Reagent (cat no. 11 667 157 001, Roche

Applied Science); TRIzol® Reagent (cat no. 15596-026, Invitrogen); PAXgene
Blood RNA kit (cat no. 762174, Qiagen).

�
Fig. 1. (A) Monitoring of alloreactive immune responses using real-time polymerase

chain reaction (PCR) for interleukin-2 and interferon-� mRNAs quantification. T-cell-
depleted peripheral blood mononuclear cells (PBMCs) are prepared from the donor
[allo-mixed lymphocyte reaction (MLR)] and from the recipient (auto-MLR) using the
RosetteSep™ Human CD3+ Cell Depletion kit. These cell preparations are separately
added to whole blood samples from the recipient. After incubation for 18 h, the cultures
are stopped by adding the reagent contained in the PAXgene tube. Cytokine mRNA
levels are then quantified using real-time PCR (see Note 11). (B) T-cell-depleted
PBMCs from the donor and the recipient are added to PBMC of the recipient instead
of its whole blood.
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2.4. PCR

1. Lightcycler™2.0 instrument (cat no. 03 531 414 201, Roche Applied Science)
2. Lightcycler™ RNA Master Hybridization Probes Kit (cat no. 03 018 954 001,

Roche Applied Science).
3. Oligonucleotides “OliGold®” (see Table 1) are from Eurogentec (Seraing,

Belgium).
4. Wizard SV Gel Clean-up System (cat no. A9281, Promega, Leiden, The Nether-

lands).
5. DNA from fish sperm, MB-grade (cat no. 11 467 140 001, Roche Applied Science).

Prepare a 10 mg/ml stock solution in Tris-HCL 10 mM, EDTA 1 mM (TE) buffer
(pH 8.0). Keep at −20 �C.

3. Methods
3.1. Isolation of Peripheral Blood Mononuclear Cells (Responding
Cells, See Note 1)

1. Transfer 12 ml of heparinized blood from the recipient in a 50-ml Falcon tube and
make it up to 35-ml with HBSS 1× (see Note 2).

2. Layer the diluted sample on top of the Lymphoprep™ or layer the Lymphoprep™
underneath the diluted sample. Be careful to minimize mixing of Lymphoprep™
and sample. Use 15 ml of Lymphoprep™.

3. Centrifuge for 20 min at 800–1200 g (see Note 3) at room temperature, with the
brake off.

4. Recover the PBMC fraction from the Lymphoprep™ : plasma interface and transfer
it in a 50-ml Falcon tube. Suspend the fraction to 50 ml with HBSS 1×.

5. Centrifuge at 800 g for 10 min. Discard the supernatant and repeat this washing step.
6. Suspend cell pellet by adding 5 ml of AIM-V to the cell pellet (centrifugation

of suspended cells in AIM-V must be done “without brake,” to ensure complete
sedimentation of all the cells).

7. Count the cells, evaluate their viability using Trypan blue (mix one volume of cell
suspension with one volume of Trypan blue solution; dead cells appear light blue).

8. Adjust the volume with AIM-V to obtain one million cells per ml for fluorescent
associated cell sorting analysis and for cell culture.

9. Analyze 100,000 cells by flow cytometry. Use an antibody cocktail that gives at
least the percent of total, CD4 and CD8 T cells, B cells, natural killer (NK) cells.

3.2. Preparation of T-cell-depleted PBMC (Stimulator Cells,
See Note 1)

1. The RosetteSep™ Kit uses bispecific tetrameric antibody complexes directed
against CD3 on T cells and glycophorin A on red blood cells (RBCs). These antibody
complexes crosslink unwanted T cells in human whole blood to multiple RBCs,
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Table 1
Oligonucleotidesa.

mRNA
target

Oligonucleotides �5′ → 3′�b Product
size (bp)

Final
concentration
(nM)c

Primers and probes for real-time PCR
IL-2 F273: CTCACCAGGATGCTCACATTTA 95 F 900

R367: TCCAGAGGTTTGAGTTCTTCTTCT R 900
P304: Fam-TGCCCAAGAAG

GCCACAGAACTG-BHQ1
IFN-� F464: CTAATTATTCGGTAA

CTGACTTGA
75 F 600

R538: ACAGTTCAGCCATCACTTGGA R 900
P491: Fam-TCCAACGCAAA

GCAATACATGAAC-BHQ1
�-actin F976: GGATGCAGAAGGAGATCACTG 90d F 300

R1065: CGATCCACACGGAGTACTTG R 300
P997: Fam-CCCTGGCACCC

AGCACAATG-BHQ1
Primers for standard preparation by “classical” PCRe

IL-2 F155: TGTCACAAACAGTGCACCTACT 518
R672: AGTTACAATAGGTA

GCAAACCATACA
IFN-� F154: TTGGGTTCTCTTGGCTGTTA 479

R632: AAATATTGCAGGCAGGACAA
�-actin F745: CCCTGGAGAAGAGCTACGA 509

R1253: TAAAGCCATGCCAATCTCAT

IFN, interferon; IL, interleukin.

a For a full description, and other mRNA targets see ref. (8,19).
b F, R and P indicate forward and reverse primers and probes, respectively; numbers indicate

the sequence position from Genebank accession numbers X01586 for IL-2, X13274 for IFN-�,
and X000351 for �-actin. For Taqman probes, the quencher BHQ1 is preferable to TAMRA (it
has no fluorescence of its own, which enhances the signal-to-noise ratio).

c Final concentration of forward (F) and reverse (R) primers.
d All primers were chosen to span intronic sequences so that genomic DNA amplification

is not possible, except for �-actin for which a 112 bp longer band is obtained. This allows the
detection of contaminating genomic DNA using this size difference on agarose gel.

e Standard curves were generated from serial dilutions of PCR products prepared by
“classical” PCR, for which specific conditions were as follows: denaturation at 95 �C for 20 s,
annealing at 58 �C for 20 s and elongation at 72 �C for 45 s, for a total of 35 cycles. MgCl2 final
concentration is 1.5 mM.
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forming immunorosettes. This increases the density of the unwanted (rosetted)
T cells, such that they pellet along with the free RBCs when centrifuged over the
buoyant density medium Lymphoprep™. T-cell-depleted PBMCs are then easily
collected as a highly enriched population at the interface between the plasma and
the buoyant density medium.

2. Transfer 8 ml of heparinized blood from the donor into a 50-ml Falcon tube and
add 400 �l of antibody complexes that are contained in the RosetteSep™ kit. Mix
gently. Incubate for 20 min at room temperature.

3. Add an equal volume (i.e., 8 ml) of PBS supplemented with 2% FBS. Mix gently.
4. Layer the diluted sample on top of the Lymphoprep™ or layer the Lymphoprep™

underneath the diluted sample, avoiding mixing of Lymphoprep™ and sample. Use
15 ml of Lymphoprep™. Then proceed as described for PBMC purification (see
Subheading 3.1., steps 3–5).

5. Finally suspend cell pellet in 2 ml of AIM-V.
6. Count the cells, evaluate their viability using Trypan blue (see Subheading 3.1.,

step 7).
7. Analyze 100,000 cells by flow cytometry. Adjust the volume with AIM-V to get

one million cells per ml.
8. Use an antibody cocktail that gives the percent of total (CD3) T cells, B cells,

NK cells, monocytes and HLA DR-positive cells. The cell preparation should not
contain more than 1% of T cells.

3.3. Mixed Lymphocyte Reaction

1. Mix 200,000 recipient’s PBMC as responding cells with 40,000 T-cell-depleted
PBMC from the donor. Because one works with cell suspensions at one million per
ml, the total culture volume should be 240 �l in AIM-V medium (see Note 4).
Or:
Add 40,000 T-cell-depleted PBMC from the donor to the recipient’s blood volume
(see Note 1) that contains 200,000 T cells (usually 200–300 �l in healthy subjects)
(see Note 4).

2. Incubate for 18 h at 37 �C in a 5% CO2 atmosphere (see Note 5).
3. Stop the reaction by adding, for PBMC, 600 �l (i.e., 2.5 volume) of the reagent

contained in the PAXgene tubes (see Note 6).
Or:
For whole blood, add 2.5 volumes (i.e., 250 �l per 100 �l of blood) of the reagent
contained in the PAXgene tubes.

4. Incubate at least 1 h at room temperature. The lysate is stable at room temperature
up to 5 days and for months at −80 �C.

3.4. mRNA Extraction

Extracting mRNA on an automatic device such as the MagNA Pure™
(Roche Applied Science) provides reproducible amounts of high quality mRNA.
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Moreover, the reverse transcription (RT)-PCR mixtures containing all reagents,
oligonucleotides and samples are fully prepared directly in the PCR vessel (in
the case of the Lightcycler™, a capillary), by the MagNA Pure™ instrument.
The sampling of RT-PCR components is fully automated, avoids manual
sampling errors and thereby enhances the reproducibility and accuracy of the
qPCR. In this approach, the RNA sampled by the device will be mRNA instead
of total RNA. Reverse transcription and the PCR are successively performed
in one step RT-qPCR in the same reaction tube (or capillary). In the case of
mRNA, the concentration is too low to be measurable at 260 nm. Hence, the
same volume of mRNA (i.e., 5 �l) is always added to the PCR mixture, given
the reproducibility ensured by the automation of the procedure. The technique
described here is based on the use of the MagNa Pure™ LC mRNA Kit I
(Roche Applied Science) on the MagNA Pure™ instrument. However, this
expensive step in this method can be replaced by other conventional and less
costly methods of RNA extraction. Different kits or reagents that provide high
quality RNA exist. A good choice is the kit provided by the manufacturer of
the PAXgene tubes, the PAXgene Blood RNA kit (Qiagen), but the use of
reagents like TriPure™ (Roche Applied Science) and TRIzol® (Invitrogen)
is also possible. If one of these alternatives is chosen, the concentration of
total RNA should be measured on a spectrophotometer at 260 nm. Total RNA,
100 ng, are then engaged in the PCR.

1. Gently suspend the precipitate of the cell lysate (see Subheading 3.3., step 4)
and transfer 300 �l in a microtube. Centrifuge for 5 min at 16� 000 g. Discard the
supernatant.

2. Dissolve thoroughly the nucleic acid pellet in 300 �l of the lysis buffer contained
in the MagNa Pure™ LC mRNA Kit I. The pellet is difficult to dissolve. Vortexing
for 45–60 s is often required. Some very small aggregates often remain undissolved
(see Note 7).

3. Proceed with mRNA extraction following manufacturer’s instructions. Elute in
100 �l and use 5 �l by PCR. If low number of PBMC (e.g., 50,000) or low blood
volumes (e.g., 100 �l) are used, the elution volume can be reduced to 50 �l, and
the volume added to the PCR kept at 5 �l.

3.5. RT-qPCR

Several assays are available to perform real-time PCR (13). Their choice of
use depends on the application of the technique (e.g., polymorphism detection
and/or quantification). As far as mRNA quantification is concerned, three
good choices are SYBR®Green, hybridization probes and hydrolysis (Taqman)
probes. The first one is the cheapest, but also the less specific and sensitive
(SYBR®Green binds all double-stranded DNAs, including unspecific PCR
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products and primer dimers). The use of probes eliminates this problem. Both
formats can be used, but the design of the primers and probes is somewhat
easier with the Taqman chemistry [only three oligonucleotides in all (two
primers and one probe) instead of four with hybridization probes (two primers
and two probes)]. The technique described below uses Taqman probes and
the Lightcycler™ RNA Master Hybridization Probes Kit on the Lightcycler™
instrument (Roche Applied Science). For details on the design of oligonu-
cleotides see Note 8.

3.5.1. Preparation and Execution of RT-qPCR Reaction

1. Prepare a RT-qPCR mixture as follows [each volume can be multiplied by the
number of samples (+1 per 10 samples) to prepare the quantity needed for all
samples of the experiment): (i) H2O up to 20 �l; (ii) 7�5 �l RNA Master Hybridis-
ation Probes 2�7× concentration; (iii) 1�3 �l 50 mM Mn�OAc�2; (iv) 1, 2 or 3 �l of
6 pmoles/�l forward and reverse primers (final concentration 300, 600 or 900 nM,
depending on the mRNA target; see Note 9 and Table 1); (v) 1 �l of 4 pmoles/�l
TaqMan probe (final concentration 200 nM); (vi) 5 �l purified mRNA (or containing
100 ng of total RNA) or standard dilution.

2. Transfer the capillaries in the Lightcycler™ and start the RT-PCR.
3. The cycling conditions are as follows: after an incubation period of 20 min at

61 �C to allow mRNA reverse transcription, and then an initial denaturation step
at 95 �C for 30 s, temperature cycling is initiated. Each cycle consists of 95 �C for
0 s (zero) and 60 �C for 20 s, the fluorescence being read at the end of this second
step (F1/F2 channels when using FAM/TAMRA labelled probes, F1 channel when
using FAM/BHQ1 labelled probes, no color compensation). Forty-five cycles are
performed, overall.

3.5.2. Generation of External Standards

mRNA levels can be expressed either in absolute copy numbers or in relative
copy numbers normalized against a house keeping gene (see Note 10). This
is achieved by constructing, for each PCR run, a standard curve from serial
dilutions of purified DNA. The latter consists in a PCR product that includes
the quantified amplicon and that is prepared by “classical” PCR from cDNA
positive for the concerned target mRNA. These PCR products used as standards
are purified from agarose gel by the “Wizard SV Gel Clean-up System”
following manufacturer’s instructions. The copy number of the standards is
calculated from the DNA concentration measured by spectrophotometry (14).
Dilute from 10:10 in TE buffer (pH 8.0) supplemented with 10 �g/ml fish
DNA, to get dilutions from 108 to 102 copies. Detailed information concerning
these standards is given in Table 1.
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4. Notes
1. In the technique described here, the T cells from the recipient (referred as

“responding cells”) are contained in the PBMC isolated from the recipient as
described in Subheading 3.1., and the donor’s cells (referred as “stimulator cells”)
are T-cell-depleted PBMC isolated from the donor as described in Subheading 3.2.
These are T cell depleted to avoid a reaction of donor’s T cells against recipient’s
PBMC. The proposed alternative (Subheading 3.3., step 1) is the use of whole
blood as a source of recipient’s T cells instead of PBMC. This alternative presents
several advantages: (i) it avoids time-consuming purification of PBMC, this step
being able in addition to either non-specifically activate the cells or modulate
cytokine mRNA levels; (ii) it allows the use of smaller blood volumes; (iii) it is
more representative of the in vivo situation than purified cells.

2. Blood volume depends on the number of PBMC needed for the experiment.
Generally, at least one million PBMC can be obtained from 1 ml of blood from a
subject with normal WBC count.

3. To convert g to rpm, use the following formula:

RPM = square root of 	RCF/�1118×10–5 ×Radius�
�

where RCF = relative centrifugal force (g), RPM = centrifuge speed in revolutions
per minute, and Radius = radius of rotor in cm.

4. The number of PBMC needed to perform RT-PCR mainly depends on the yield
of the technique used to isolate RNA. The technique described in this chapter,
that is, mRNA isolation on the MagNA Pure instrument, allows a high yield RNA
recovery. The minimum number of PBMC required in this case is 100,000 or even
50,000. Manual RNA purification methods generally require larger samples. The
numbers of PBMC and T-cell-depleted PBMC must be adapted while keeping the
responding/stimulator cell ratio. The total culture volume is 100 �l per 100,000
cells. Although the best responding/stimulator cell ratio is 1 (one stimulator cell
for one responding), most of the time, the limited number of available cells implies
use of a ratio of 5. The MLR can also be optimized by mixing either the blood
volume or the PBMC number that contains 200� 000 CD3+ cells, with the number
of T-cell-depleted PBMC that contains 40� 000 HLA DR+ cells.

5. The incubation time cannot exceed 20 h with whole blood. After this time, sponta-
neous lysis of red and white cells occurs. When working with PBMC, longer
incubation times (48–72 h) provide more consistent results, especially for IFN-�
(mRNA accumulates in the cells).

6. This reagent induces complete cell lysis and, at the same time, nucleic acid precip-
itation. The nucleic acids can then be dissolved in guanidium/thiocyanate solutions
similar to that described in 1987 by Chomczynski and Sacchi (15) or to the
guanidium/thiocyanate solution contained in the lysis buffer provided with the
MagNA Pure LC kit for mRNA isolation (Roche Applied Science). The advantage
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of adding this reagent directly to the cell culture is that there is no need to discard
the supernatant, reducing the potential loss of cells that can occur when working
with such small volumes.

7. If RNA is extracted using TriPure or TRIzol, simply replace the lysis buffer of the
MagNA Pure LC mRNA Kit I by the TriPure or TRIzol reagent and proceed in
the same way. Then follow the manufacturer’s instructions as recommended for a
“normal” cell lysate.

8. The primers and probes described here were designed with the Primer 3 software
(http://www-genome.wi.mit.edu/cgi-bin/primer/primer3_www.cgi) (16). The
default parameters of the program were applied except for the following: product
size 90–150 bp, primer size 20–27 bp, primer Tm 59 to 62 �C with a max Tm
difference of 2�0 �C, Oligo Tm 69 to 72 �C, product Tm 0 to 85 �C, max self and
3′ self complementarily = 6�00, max poly-X = 3, primer and Hyb Oligo penalty
(penalty weights for primer pairs) = 2�0. In addition, the oligonucleotides were
selected according to the following criteria (listed in order of importance): (i)
intron spanning if possible, (ii) no G at the probe 5′ end, (3) no more than two
Gs or Cs within the five 3′ nucleotides for primers and (4) more Cs then Gs in
the probe. The expected size of the real-time PCR product must be checked by
agarose gel electrophoresis for every new mRNA target.

9. The same protocol is used for all target mRNAs, the only adjustment being the
primer concentration. Using the standard at 105 copies or a corresponding cDNA,
primer titration is performed at 300, 600 or 900 nM, the three concentrations being
checked for each primer (see Fig. 2). The conditions specific for each mRNA
target are listed in Table 1. To use this protocol on other instruments that do not
use capillaries and air for heating/cooling, the following adjustments are needed:
increase denaturation time to 10–20 s and the combined hybridization/elongation
step to 40–60 s. Keep the concentration of mRNA and oligonucleotides. Use the
reagent mix provided by the manufacturer of the thermal cycler. Most of these
reagents are formulated to be used at one “universal” concentration.

10. Because the aim of the method is the assessment of an allogeneic T-cell response,
the most satisfactory house keeping gene can be the epsilon chain of the CD3
complex. In this case, use per PCR 1 �l of the TaqMan Pre-Developed Assay
Reagent for human CD3 epsilon chain (a ready to use mix of probe and primers)
from Applied Biosystem and express the results in copies of the quantified mRNA
per million of CD3� mRNA copies. An alternative to avoid external standard curve
is to express the results in ��Ct (8,17).

11. Whatever the manner of expressing the results, best is to compare those obtained
with the six following conditions:

1. “Spontaneous”: PBMC or whole blood from the recipient in culture medium alone.
2. “Auto”: PBMC or whole blood from the recipient + T-cell-depleted PBMC from

the recipient.
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3. “Allo”: PBMC or whole blood from the recipient + T-cell-depleted PBMC from
the donor.

4. “Third party”: PBMC or whole blood from the recipient + T-cell-depleted PBMC
from a third party.

5. “Control of T-cell depletion of recipient’s PBMC”: T-cell-depleted PBMC from the
recipient cultured in the presence of PHA at 1 �g/ml and in medium alone.

6. “Control of T-cell depletion of donor’s PBMC”: T-cell-depleted PBMC from the
donor cultured in the presence of PHA at 1 �g/ml and in medium alone.

The condition (1) shows the spontaneous production of mRNAs, which is usually absent
for IL-2 and basal for IFN-�. The levels obtained with the condition (2) should be

Fig. 2. Example of primer titration. Three different concentrations of each primer
are tested: 300, 600 and 900 nM. Each concentration of forward primer is tested
in combination with each concentration of reverse primer in a real-time polymerase
chain reaction starting with 105 copies of purified standard. The preferred primer
concentration gives the curve with the highest slope and the lowest CT value, in this
example, the forward primer at 300 nM with the reverse at 900 nM, or the forward at
600 nM with the reverse at 300 nM (thick fluorescent curves with circles). The worst
combination (thick fluorescent curve with triangles) being the forward primer at 900nM
combined to the reverse at 300 nM.
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Fig. 3. Interleukin (IL)-2 mRNA quantification correlates with the thymidine incor-
poration assay. Thymidine incorporation assays using peripheral blood mononuclear
cells (PBMCs) as responding cells were performed in parallel with mixed lymphocyte
reaction (MLR) that use whole blood as responding cells and IL-2 mRNA quantifi-
cation as read-out. In both assays, stimulator cells were T-cell-depleted PBMC and the
responding/stimulator cell ratio adjusted to 5. Eleven auto-MLR and 11 allo-MLR were
performed from 11 HLA-unrelated donors. The PCR results (y-axis) correlate with the
proliferation assay results (x-axis) (Ling Zhou, personal communication).

similar. A positive result, that is, a reactivity of recipient’s T cells against donor’s
cells, is considered as such if a significant difference is observed between conditions
(2) and (3). Depending mainly on the HLA disparity and the responding/stimulator cell
ratio, this difference varies from 5 to 200 times more mRNA for the condition “allo”
compared to the condition “auto,” for a 18-h incubation. The third party is used as
positive control of allorecognition. It is chosen on the basis of its HLA phenotype,
which must be different from that of the recipient. Therefore, a difference must be
found between conditions (2) and (4) if the immune system of the recipient is effective,
while no difference is found when the recipient is immunosuppressed. The best clinical
situation is to make the recipient tolerant toward the graft while keeping a effective
immune system. In this situation, no difference is found between conditions (2) and (3),
while a significant difference is found between (2) and (4). Lastly, no difference can be
observed with conditions (5) and (6) between PHA and medium alone. This to check
that T cells were effectively depleted, PHA being a strong polyclonal activator of
T cells.
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Fig. 4. Follow-up of adult living-related liver graft by real-time polymerase chain
reaction. We applied the whole blood mixed lymphocyte reaction assay to monitor
immune responses in cases of HLA mismatched adult living-related donor liver graft
in the setting of a protocol for tolerance induction. This protocol consisted in a pre-
transplant non-myeloablative conditioning followed by donor stem cell infusion, in
patients with advanced liver cancers (18). Some representative data from one case
are shown here. In vitro anti-donor reactivity before and after living-related liver
transplantation (LDLT) was evaluated by measuring interferon (IFN)-� mRNA levels.
Whole blood of the patient was incubated with autologous, donor and third party
T-cell-depleted PBMC. Experiments were performed 7 days before and 21, 108 and
182 days after LDLT. IFN-� mRNA levels were quantified and normalized to CD3�
mRNA. Similar mRNA amounts between “auto” and “anti-donor” conditions reflects
a tolerance against the transplant. The specificity of this tolerance against the donor’s
cells is evidenced by the response observed against the third party. Indeed, 182 days
after the liver graft, the patient begins to recover his reactivity against the third party, but
not against the donor (Ligia Craciun and Vincent Donckier, personal communication).
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Immune Properties of Mesenchymal Stem Cells

Panagiota A. Sotiropoulou and Michael Papamichail

Summary

Mesenchymal stem cells (MSCs) are multipotent progenitor cells isolated by various relatively
easily accessible tissues, such as bone marrow and cord blood. MSCs gained attention because
of their ease for in vitro expansion together with their multilineage potential. More recently,
in vitro and in vivo immunosuppressive properties have been ascribed to them, as they are
able to modulate the function of all major immune cell populations, thus impeding immune
responses. The underlying mechanisms of their differentiation and function are not thoroughly
understood, but still they represent important candidates for tissue regeneration and manipulation
of the immune response in graft rejection, graft versus host disease, and autoimmune disorders.
Characteristics and immunogenic profile of MSCs, their interface with immune system and their
potential use as immunosuppressive elements in cellular therapeutic protocols are reviewed in
this chapter.

Key Words: Mesenchymal stem cells; Immune system; Immune suppression; GVHD;
Autoimmunity; Cancer.

1. Introduction
Stem cell biology is currently at the center of scientific interest, providing a

supply of cells possibly capable of tissue remodeling after trauma, disease, or
aging. On the basis of the concept that tissue repair depends on cells circulating
in blood in response to injury (1), stem cell biology has defined many types of
stem cells and keeps evolving attributing new features to those already known
and characterizing new ones.
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Mesenchymal stem cells (MSCs) were the first non-hematopoietic stem cells
to be characterized, by Friedenstein et al., as bone marrow (BM)-derived, clonal,
plastic adherent cells, capable of differentiating into osteoblasts, adipocytes,
and chondrocytes (2). To date, MSCs are credited with more extended differen-
tiation potential, including the ability to undertake myogenic, cardiomyogenic,
hepatogenic, and neurogenic differentiation pathways as well (3–6), whereas
stem cells sharing features with MSCs have been retrieved from various tissues
except BM, such as adipose tissue, umbilical cord blood, and peripheral blood
(PB) (7,8). MSCs represent a heterogeneous population of cells, lacking thus
far a specific marker, thus making characterization and assessment of MSCs
often a point of controversy. Their characterization depends on a combination
of phenotypical and functional properties (for details, see Chapter 17). MSC
features differ among species and depend on age, whereas their phenotype,
developmental potential, and degree of homogeneity varies largely depending
on the protocol used for their isolation and in vitro expansion.

Even though the stemness of MSCs has not yet been thoroghouly proven (9),
their availability, ease of in vitro expansion and genetic manipulation, as well
as their multipotentiality and role as regulatory cells have designated them as
one of the most promising cell types for cellular therapy.

2. MSC Characteristics
MSCs comprise only 0.0001%–0.01% of total BM nucleated cells. They

can be identified using SH2, SH3, and SH4 antibodies (Abs), binding the
first on CD105 and the two others on the CD73 molecule (10,11). MSCs
are characterized by the lack of hematopoietic markers, being negative for
CD45, CD34, CD14, and CD31, while expressing CD44, CD71, CD29, CD90,
CD106, CD166, MAB1470, and STRO-1. They express various adhesion-
related antigens, such as integrins �v�3 and �v�5, integrin subunits �4� �5,
and �1, intercellular adhesion molecule-1 (ICAM-1) and CD44H, enabling
their adherence to extracellular matrix molecules (12). They also express
ICAM-2, vascular intercellular adhesion molecule-1 (VCAM-1), lymphocyte
function-associated antigen-3 (LFA-3), whereas they are negative for L-, P-
and E-selectins and ICAM-3 (13). The CXCR4 receptor, essential for stem
cell migration to the sites of injury in response to stromal cell-derived factor-1
(SDF-1), is highly expressed intracellularly but at a very low level on the cell
surface (14).

MSCs exhibit low expression of human leukocyte antigen (HLA)-class I
molecules, whereas they are negative for HLA-class II. Incubation with inter-
feron (IFN)-� results in HLA-class I up-regulation and HLA-DR induction (15).
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Nonetheless, there is one study suggesting the constitutive expression of HLA-
class II on human MSCs (16), while Krampera et al. (17) developed mouse
MSCs lacking the expression of both major histocompatibility complex (MHC)
class I and II. Costimulatory molecules, such as B7-1, B7-2, CD80, CD86,
CD40, and CD40L, are not expressed and cannot be induced on human
MSCs (15), whereas mouse MSCs express CD80 (17). A recent report suggests
that both human and murine MSCs can be induced by IFN-� to vigorously
up-regulate B7-H1 (18).

MSCs, at initial plating and subsequent passages, exhibit a lag phase of
growth, followed by a log phase, finally reaching a confluent growth-plateau
stage (12,19). During the lag phase, MSCs produce cytokines, chemokines,
and growth factors, such as interleukin (IL)-6, IL-7, IL-8, IL-11, IL-12, IL-14,
IL-15, leukemia inhibitory factor, granulocyte colony-stimulating factor, granu-
locyte macrophage colony-stimulating factor, stem cell factor, macrophage
colony-stimulating factor (M-CSF) and fms-like tyrosine kinase-3 ligand, impli-
cated mainly in hematopoiesis (20–23). Upon co-culture with cells of the
immune system, induction of the production of additional growth factors,
such as hepatocyte growth factor (HGF), transforming growth factor (TGF)-�,
IL-2, IL-4, and IL-10 (24–26), or the endocellular enzyme indoleamine
2,3-dioxygenase (IDO) (27,28) has been reported.

3. MSC-Interference with Cells of the Immune System
Interactions of mesenchymal tissues with the cells of the immune system,

occurring at multiple levels, are crucial for the development of the latter from the
hematopoietic stem cells (HSC). Variations of the microenvironment provide
different niches, resulting in diverse outcomes. MSCs interact with every type
of cell of the immune system, either directly or through soluble factors, thus
impeding all functions of the immune response.

3.1. Modulation of T-Cell Responses

MSCs share with the thymic epithelium the surface expression markers
VCAM-1, ICAM-2, and LFA-3 (12,15), which are essential for the inter-
action with T cells. Evidence has emerged that MSCs suppress the alloreaction
of both CD4+ and CD8+, naïve and memory T cells in a dose-dependent
manner. Blocking of proliferation, decrease in cytokine production, and reduced
cytolytic activity of T cells triggered by cellular or non-specific mitogenic
stimuli in autologous, allogeneic or even xenogeneic settings were still apparent
by delayed MSC addition (16,17,24–40). CD4+ and CD8+ T cells are equally
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affected, although differences appear among studies, depending on the exper-
imental setting (24,34,38,39). In addition, allogeneic MSCs were shown to
exhibit stronger immunosuppressive effect than autologous MSCs (38).

The majority of studies indicate a direct suppressive effect of MSCs on
T cells, mediated by soluble factors secreted following co-culture of MSCs with
the T cells. However, there is great confusion concerning their identity. MSC
immunomodulative ability was initially ascribed to TGF-� and HGF (24), but a
number of subsequent studies dispute this finding (25,30–32,34). Tryptophan-
deprivation of the culture medium by IDO, whose activity in MSCs is
induced by the IFN-� produced by T cells, was identified as another potential
mechanism (27,28,40), yet, again, to be argued by other investigators (30,35).
Most recently, Aggarwal et al. (35) identified prostaglandin E2 (PGE2) as the
potential factor mediating the suppressing properties of MSCs (35), but there
are studies contradicting this result (25,30). Rasmusson et al. (26) supported the
participation of PGE2 in mitogen assays but not in mixed lymphocyte reactions
(MLRs). Differences regarding MSC isolation, resulting in diverse popula-
tions, as well as the detection system for immunosuppression (i.e., lymphocyte
population used, type of stimulus, and timing of analysis) could account for the
apparent discrepancies. Furthermore, diverse factors may participate at different
time points (such as PGE2 around the third day and IDO activity after the
fifth) or in different experimental protocols. To this end, Rasmusson et al. (26)
demonstrated that different mechanisms mediate the suppression of MLRs and
mitogen-stimulating assays. Specifically, in MLRs, MSC addition resulted in
increased IL-2, soluble IL-2 receptor and IL-10 levels, with the latter having
an activating role, and in PMA-stimulated cultures, MSC addition resulted in
a decrease of IL-2 levels, whereas soluble IL-2 receptor and IL-10 remained
unaffected.

By contrast, two murine studies suggested that cellular contact is essential
for T-cell suppression, the first pointing out that MSCs hinder T-cell contact
with antigen-presenting cells (APCs) in a non-cognate transient manner (17)
and the other indicating programmed death 1 (PD-1) molecule interaction
with its ligands as the potential mechanism (37). The species-specific differ-
ences of MSCs, particularly between human and murine MSCs, could justify
those results. Besides, in the former study, a minor contribution of soluble
factors was actually observed. T-cell suppression is generally not attributed
to apoptosis (24,30), although there is a report supporting that MSCs induce
apoptosis of activated T cells, having no effect on resting T cells (28). After
MSC removal and restimulation of T cells, normal proliferation is detected (24).
Upon co-culture with MSCs, activating receptors such as CD25, CD38, and
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CD69 are down-regulated (34), as regards human MSCs at least, because in a
mouse setting, CD25 and CD69 remained unaffected (39). In the latter report,
it was demonstrated that MSCs do not interfere with early T-cell activation,
allowing the initial protein synthesis, but blocking subsequent DNA synthesis,
thus resulting in an arrest in the G0/G1 phase, inducing division arrest anergy.
When MSCs are removed and T cells are stimulated with the cognate peptide,
IFN-� production is induced but not T-cell proliferation, in contrast to the
reversibility of inhibition in the human or other primate systems (24,29).
Besides, Maccario et al. (38) using human MSCs showed that upon MSC
removal, proliferation is resumed only for CD4+ but not for CD8+ cells.

An important subtype of T cells consists of the CD4+CD25bright regulatory T
�Tregs�, naturally arising, thymus-derived cells, that effectively control immune
responses. When PB mononuclear cells (PBMCs) are cultured together with
MSCs, there is an increase in the percentage of CD4+CD25bright Fox-P3 and/or
CTLA-4-expressing Tregs (35,38). However, the increased percentage of Tregs

may represent only an additional means for MSC-mediated T-cell suppression,
because their removal from the co-cultures does not affect suppression (17,23).
Additionally, Djouad et al. (31) implied the involvement of regulatory CD8+

T or natural killer (NK)T cells as a potential mechanism for MSC immunosup-
pressive activity.

The complexity of lymphocyte stimulation, involving activating and
inhibitory signals, contributes to the generation of the above contradictory
results. Although the underlying mechanisms are not yet clarified, overall,
MSCs suppress T-cell proliferation, inhibit IFN-� and tumor necrosis factor-
� (TNF-�) production and induce an increase in IL-4 and IL-10 levels,
thus shifting the immune response from a pro-inflammatory toward an anti-
inflammatory/tolerant state. This is further fortified by the alteration of the
dendritic cell (DC)-profile from a DC1 to a DC2 (35,38) and the favoring of
Treg development.

3.2. Modulation of DC Properties

DCs are the most potent antigen-presenting cells (APCs), playing a crucial
role in antigen uptake, transport, and presentation and thus in the initiation of
an effective immune response. Their life span consists of an immature and a
subsequent mature stage characterized by high efficiency in antigen uptake and
processing the first and by potent antigen presentation the latter (41). Whereas
mature DCs induce the development of effector T cells, immature DCs induce
peripheral tolerance either by T-cell deletion or Treg expansion; although this
concept was challenged recently (42). The two subtypes DC1 and DC2, through
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polarizing mediators, trigger Th1 and Th2 responses, respectively. They can
also interact with B and NK cells. Thus, modulation of DC properties is a
potent mechanism to orchestrate cellular and humoral T-cell responses, giving
rise to different final yields of effector (Th1 or Th2), memory, and regulatory
T cells (43).

MSCs are able to affect DC properties and function at all major stages
of their life cycle, that is, differentiation, maturation, and activation. Specifi-
cally, they inhibit up-regulation of CD1a, CD40, CD80, CD86, and HLA-DR
expression during differentiation and CD40, CD83, CD86, and MHC class
I expression during maturation. Moreover, endocytosis capability and IL-2,
IL-12, and TNF-� production are reduced, accompanied by increased secretion
of IL-10 (23,35,44,45). This denotes DC arrest in the immature stage, corre-
sponding with a regulatory APC type, thus directing the immune reaction
from inflammatory to anti-inflammatory and inhibiting T-cell activation. Using
another experimental setting, namely, examining the effect of MSCs on DCs
in MLR using unpurified PBMCs instead of isolated populations, Maccario
and colleagues (38) showed that there is a sharp decrease in the total number
of DCs in the cultures containing MSCs, and this outcome concerns the DC1
subpopulation.

Regarding the underlying mechanisms of MSC-mediated DC suppression,
small differences within protocols, such as the maturation agents used
[lipopolysaccharide (LPS) (23,45) or TNF-� (44)] or the MSC : DC ratios
(varying from 1:1 to 1:40), result in a discrepancy whether the phenomenon
is cell-to-cell contact dependent or not. This inconsistency could possibly be
attributed to the higher concentrations of soluble factors in the microenvi-
ronment around MSCs. To this end, Jiang and colleagues found that IL-6
and M-CSF secreted by MSCs exhibit a role in retaining the DC immature
immunophenotype. However, their neutralization failed to produce CD1a+

DCs, whereas, upon removal of MSCs, functional DCs were generated (45).
Besides, Groh and colleagues (36) demonstrated a reverse phenomenon, where
PB monocytes activate MSCs through soluble factors including IL-1� to secrete
the inhibitory molecules mediating T-cell suppression.

MSC-mediated modulation of DC properties results in DC lock at an
immature stage, suggesting an alternative means of modulating the immune
system during the initial immune response, thereby adding to their direct impact
on T cells. This may be of therapeutic significance in autoimmune diseases and
graft versus host disease (GVHD), where regulatory DCs exhibit a central role.

Apart from the modulation of DC functions, MSCs themselves were recently
ascribed APC function. Specifically, IFN-�-treated mouse and human MSCs,
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strictly in syngeneic settings, were able to process exogenous antigens, subse-
quently activate T cells in vitro and induce antigen-specific immune responses
in vivo. Up-regulation of the B7-H1 molecule was proposed to hold a role in
MSC-mediated antigen presentation (18). This work was supported to some
extent by a recent study illustrating that at low concentrations of IFN-�, MSCs
robustly up-regulate MHC-class II and exert APC functions, although solely to
recall antigens, whereas at elevated IFN-� levels, there is a gradual decrease
of those properties (46). The dual role of MSC as APCs and suppressors of the
immune response may have significant ramifications in autologous MSC-based
therapies.

3.3. Modulation of B-Cell Properties

B lymphocytes represent an important component of adaptive immunity,
which, upon activation, differentiate into Ab-producing plasma cells or memory
cells. Their development takes place in the bone marrow (BM) where interaction
of B cells with BM stroma determines their survival and proliferation (47).

Very few studies have focused on the immunomodulatory effects of MSCs
on humoral immunity and B cells. Using murine splenocytes and the combi-
nation of anti-CD40 antibody and IL-4, which exclusively stimulate B cells,
MSCs were shown to inhibit B-cell proliferation (39). In another murine study,
proliferation of B cells within total splenocyte cultures activated with pokeweed
mitogen, which stimulates both T and B cells, was inhibited through MSC-
derived soluble factors (37). Moreover, using BXSB mice, a model of systemic
lupus erythematosus, Deng and colleagues (48) demonstrated that MSCs have
an inhibitory effect on the proliferation, activation, and IgG production of the
hyperactive B cells, whereas they slightly induce typical CD40 and suppress
ectopic CD40L expression. Both these results indicate the inhibition of B-cell
development into plasma cells.

Regarding human B cells, a recent study investigated the in vitro inter-
action of human MSCs with PB-derived B cells (49). Using an effective model
of B-cell activation, Corcione and colleagues demonstrated that following
incubation with MSCs, proliferation, differentiation to Ab-producing cells and
chemotaxis of B cells are significantly impaired. Specifically, B cells do not
undergo apoptosis but are arrested in the Go–G1 phases of the cell cycle, similar
to what occurs with T cells. Production of IgM, IgG, and IgA is inhibited.
Moreover, CXCR4, CXCR5, and CCR7 expression are down-regulated: the first
even at low MSC-to-B cell ratios, leading to the decrease of B-cell chemotaxis
in response to CXCL12 and CXCL13, thus possibly eliminating migration to the
secondary lymphoid organs. All these effects of MSCs are mediated by soluble
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factors, which, however, were not characterized. On the contrary, TNF, IFN-�,
IL-4, and IL-10 production by B cells is not impaired, and surface expression
of HLA-DR, CD40, CD80, and CD86 is not down-regulated, indicating that
APC-function of B cells may not be affected.

In another study, however, MSCs are able to suppress B-cell proliferation
only in the presence of exogenously added IFN-� (40). The discrepancy possibly
reflects the difference of the activation protocol, because the latter study uses
CpG-containing DSP30F oligodeoxynucleotide in the presence of irradiated
allogeneic T-cell-depleted PBMCs.

MSC-mediated B-cell suppression suggests the potential usage of MSCs in
cellular therapeutic protocols for autoimmune diseases, where robust B-cell
activation plays the major role.

3.4. Modulation of NK-Cell Properties

NK cells are the major effector cells of innate immunity, displaying a crucial
role in early host defense against infected and tumor cells. They exert their
function through immunoregulatory cytokine/chemokine secretion, cytolysis,
and Ab-dependent cellular cytotoxicty mediation. NK-cell function is regulated
by a balance of signals transduced by activating and inhibitory receptors inter-
acting with specific surface molecules on the target cells (50).

Using freshly isolated NK cells from PB, initial studies concluded that MSCs
escape lysis by alloreactive NK cells (15,32). However, after triggering NK
cells with IL-2, inhibition of IFN-� secretion was reported (35). In another
experimental setting, using PBMCs in conventional MLRs, the number of NK
cells was found to be reduced when MSCs were added to the culture (38).

More detailed information on the cellular interactions between MSCs and
NK cells was published following the investigation of the phenotypical and
functional properties of isolated CD56+CD3− cells. As MSCs exhibit surface
expression of ligands for DNAX accessory molecule-1 (DNAM-1) (such as
PDGF- and VEGF- related receptor (PVR) and Nectin-2) and NK group 2D
(NKG2D) (such as UL16-binding proteins (ULBPs) and MHC class I-related
chain A (MIC-A)) and produce regulatory factors such as IL-15, TGF-�1, and
PGE2, they are able to interact with NK cells and affect their proliferation and
function (51–53).

When no triggering factor is added in the culture, MSCs induce activation
of NK cells, which is expressed by up-regulation of the activation antigen
CD69 and secretion of IFN-� and TNF-�. This effect is cell contact dependent
and requires LFA/ICAM-1 interaction, whereas NKp30 partakes in cytokine
production (51). However, when NK cells are activated by IL-2 or IL-15,
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there is an inhibition of proliferation and reduction of cytokine secretion and
cytolytic capacity (40,52,53). Inhibition of NK-cell proliferation mainly affects
the CD56bright subpopulation and is mediated by soluble factors (including
TGF-�1 and PGE2) induced to MSCs upon interaction with NK cells (52).
Cytotoxic ability is also reduced upon co-culture with MSCs (40,52), possibly
through down-regulation of �c-chain expression induced by PGE2 (52) or IDO
production (40). Production of IFN-�, TNF-�, and IL-10 is also inhibited, yet
again as regards the CD56brigt cell subset (52).

Despite the MSC-mediated NK cell-suppression and the initial finding that
fresh NK cells do not lyse MSCs, studies using cytokine-activated NK cells
have altered the perception that MSCs are neglected by the former. To this end,
after activation with IL-2, IL-15, IL-12, and/or IL-18, NK cells exhibit potent
cytolytic activity against both allogeneic and autologous MSCs (51–53). The
responsible activating receptors include NKp30, NKG2D, and DNAM-1 (53)
or LFA1 (51). Furthermore, for MSC-targeted cytolytic activity, both calcium
and perforins are involved (51). Surprisingly, although IFN-� mediated up-
regulation of HLA-class I molecules renders them less susceptible to NK
cytotoxic activity (53), masking HLA-class I molecules has no impact on their
lysis (51,53).

Together, all these findings suggest that the outcome of MSC/NK cell inter-
action relies on NK-cell activation status and should be taken into consideration
when estimating the therapeutic benefit of MSCs in tissue regeneration and
of activated NK cells in cancer immunotherapy, to avoid elimination of donor
cells by resident NK cells or tumor stroma, respectively.

4. MSCs Are Not Immunogenic and Avoid Allogeneic Rejection
MSC surface phenotype reflects poor recognition by both T and NK cells,

because of the absence of MHC class II and co-stimulatory molecules, as well
as the presence of MHC class I molecules, respectively. There are several
studies demonstrating that MSCs escape recognition by allogeneic lympho-
cytes (17,28–30,54,55). MSCs fail to induce allogenic T-cell responses even
after differentiation into osteocytes, adipocytes, or chondrocytes, indicating the
safety of transplantation for tissue regeneration studies (54,56). However, this
cannot be attributed solely to the absence of HLA-class II molecules, because
their IFN-�-induced up-regulation does not result in recognition (30,54), nor to
co-stimulation deficiency, because MSCs transduction with B7-1 and B7-2 (25)
as well as anti-CD3 Ab addition to the culture (30) do not elicit significant
lymphoproliferation. Conversely, Beyth et al. (23) used MSCs to efficiently
activate highly purified T cells, an effect attenuated by APC addition, whereas
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in another study, MSCs constitutively expressing HLA-class II elicited T-cell
reaction (16). Interestingly, studies illustrating the suppressive role of MSCs
indicated that, in very low concentrations, they are capable of stimulating T-cell
reactions (33,55). Nevertheless, Kushnekova et al. (25) implied that MSCs
initiate alloreactive T-cell activation but do not elicit T-cell responses because
of active suppressive mechanisms.

In agreement with the in vitro data, several in vivo studies have shown
that infusion of MHC-mismatched or even xenogeneic MSCs are not rejected
by the host, irrespective of immunocompressive treatment, thus suggesting the
potential use as universal donor MSCs (29,57–63). The avoidance of rejection
of MSCs cannot be ascribed solely to their lack of immunogenicity. We should
thus hypothesize that their immune-privileged phenotype together with their
immunosuppressive properties accounts for this distinctive attribute.

In contrast to the preceding results, recent work in the murine
system indicated that MSCs may trigger immune responses in non-
immunocompromised recipients (64,65). Eliopoulos et al. (64) demonstrated
that, in complete MHC class I and II mismatched setting, transplanted MSCs
are rejected, outcome amplified through repeated challenge. Besides, Nauta
et al. (65) illustrated that allogeneic MSCs not only induce memory T-cell
responses but also increase rejection of allogeneic BM cells. Moreover,
xenogeneic transplantation of human MSCs in rat myocardium resulted in
rejection in immunocompetent but not in athymic mice (66). The discrepancy
in these studies could partially be attributed to the species specificity. Besides,
Eliopoulos et al. used high numbers of transplanted MSCs after several
population doublings (passages 12–17 for control MSCs and even greater for
transduced MSCs), which may lead to chromosomal instability (67). Never-
theless, these data should be an important consideration when planning clinical
trials with allogeneic MSCs.

5. Therapeutic Application of MSC-Mediated Immunosuppression
MSC immunoregulatory properties observed in vitro, together with the fact

that they are well tolerated in an allogeneic setting, led to their in vivo use for
the prolongation of graft survival, as well as for the treatment of autoimmune
diseases and GVHD. To this end, Bartholomew et al. (29) demonstrated in
a baboon model that a single dose of MSCs was able to emit a modest but
significant prolongation of skin graft survival. Regarding HSC transplantation,
which represents the treatment of choice for numerous disorders, MSCs have
been used to significantly increase the survival rate after MHC-mismatched
HSC transplantation (68), to ameliorate engraftment of multiple cord blood

干细胞之家www.stemcell8.cn ←点击进入

http://www.stemcell8.cn


Immune Properties of Mesenchymal Stem Cells 235

transplantations, possibly through elimination of graft-versus-graft reaction (69)
and to allow engraftment of limited numbers of human HSCs in NOD/SCID
mice (55). In the human setting, MSCs were used to improve survival and
eliminate the risk of GVHD in hematopoietic malignancy patients (62), as
well as to prevent GVHD in a patient receiving haplotype-mismatched CD34+

cells (70). An attractive therapeutic modality for MSCs would be the treatment
of ongoing GVHD. As a proof of concept, Le Blanc et al. successfully treated
a pediatric patient with refractory GVHD with two doses of haploidentical
“third party” MSCs. After MSC infusion, patient’s lymphocytes efficiently
responded to in vitro induction with donor lymphocytes, indicating in vivo
immunosuppression, excluding the establishment of tolerance (61).

In autoimmune diseases, MSCs can be used for both immunosuppression and
repair of tissue damage caused by chronic inflamation. In a murine model of
experimental autoimmune encephalomyelitis, MSCs were shown to ameliorate
symptoms in both preventive and therapeutic protocols but not in chronic
disease (71,72). T-cell anergy (71) or reduction of inflammatory infiltrates and
demyelination and oligedendrogenesis stimulation (72) were identified as the
potential mechanisms. Furthermore, in a study using unfractionated BM for the
treatment of systemic lupus erythematosus, stromal cells have been presumed to
exert the major role (73). However, in a murine model of rheumatoid arthritis,
MSCs failed to produce any benefit, intensifying Th1 responses, a fact reversed
in vitro by TNF-� addition (74).

Although still at the beginning, these studies encourage the prospect for
immune modulation using MSCs. However, some of the contradictory results
indicate that considerable work is required before MSCs can be used as
cellular immunosuppressive agents in organ-transplant recipients and patients
with severe autoimmune diseases, either alone or in combination with other
immunosuppressive modalities.

6. MSCs and Cancer
The tolerogenic effects of MSCs together with their ability to produce angio-

genic factors may have a role in cancer development, if tumor micromasses are
present in the host. Djouad et al. (31) demonstrated that allogeneic melanoma
cell lines, which are normally rejected, develop tumors when co-injected with
MSCs. The targeting of microscopic tumors by MSCs and their proliferation
and contribution to the tumor stroma was confirmed by in vivo imaging (75),
whereas enrichment of angiogenesis of the developed tumors and elevated
capability of proliferation and highly metastatic ability of the cancer cells within
were also evidenced (76). Conversely, in a xenogeneic model of Kaposi’s
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sarcoma, human MSCs clearly exhibited essential antitumor effect through the
inhibition of Akt activation within sarcoma cells (77).

On the contrary, the fact that MSCs are attracted by growth factors secreted
by the tumor, become incorporated as components of the tumor stroma, and
contribute as a significant proportion of it enables their use as “Trojan Horses,”
namely as cellular vehicles to locally deliver anti-tumor agents at the tumor
site. MSCs are easily genetically modified, with high gene-transfer efficacy
and long-term transgene expression. MSCs transduced with IFN-� (78,79) or
IL-2 (80) have already been successfully used for tumor growth inhibition and
increased patient survival.

In addition to the potential enhancement of tumor growth, a few studies
indicated MSCs as precursors for tumorigenic cells (67,81). Although cellular
life span is normally under strict control and spontaneous transformation is rare,
stem cells, because of their longevity, may have higher probability of accumu-
lating mutations and consequently of malignant transformation. Likewise,
Rubio et al. (81), using adipose tissue-derived cells, demonstrated that while
MSC-expansion was safe for 2 months, long-term (4–5 months) in vitro culture
resulted in spontaneous transformation and elevated potential for in vivo tumor
formation (81). This was also confirmed for BM-derived murine MSC and
was attributed to accumulated chromosomal abnormalities, amplified c-Myc
expression and elevated telomerase activity (67). However, applying the same
experimental setting in the human system, the latter team showed that human
BM-derived MSCs even at the latest stage of their life span are still capable of
maintaining their chromosomal stability (67). However, following transduction
with the telomerase hTERT gene and after numerous population doublings,
MSCs were able to form tumors (82). Nevertheless, those results raise consid-
erable concerns for the use of extensively expanded MSCs.

7. Conclusion
MSC use as universal “off the self” immunosuppressive elements looks

very appealing and could have potential in clinical instances with high risk
of engraftment failure (HLA-mismatched donors or cord blood transplanta-
tions), in the treatment of GVHD and autoimmune disorders, as well as for
the support of hematopoietic recovery following HSC transplantation. Their
generally recognized ability to avoid rejection may render them candidates
for application in tissue engineering across HLA barriers. However, further
research is required to elucidate fundamental questions regarding the mecha-
nisms of manipulation of immune responses by MSCs, before realization of
their therapeutic use in cell and gene therapy.
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Clinical Grade Expansion of Human Bone Marrow
Mesenchymal Stem Cells

Panagiota A. Sotiropoulou, Sonia A. Perez, and Michael Papamichail

Summary

Mesenchymal stem cells or marrow stromal cells (MSCs) represent a multipotent adult cellular
population with immunomodulatory functions. In the adult human body, they are present in
various niches, but their main source is bone marrow (BM). The regeneration capability of MSCs,
their ease to undergo gene modification, as well as their immunosuppressive capacity render them
as popular candidates for tissue engineering, gene therapy, and immunotherapy. They exhibit a
unique in vitro expansion capacity, which however does not always compensate for the large
number of cells required for cellular therapeutic applications. Unfortunately, to date, a uniform
worldwide approach to MSC-culture is not available. Thus, in this chapter, we try to describe the
optimal conditions for the successful isolation and ex vivo expansion of human MSCs from BM,
to be used in all types of cellular therapeutic approaches. Moreover, we describe the methods for
identification of their quality in terms of both multilineage potentiality and immunosuppressive
ability. Detailed protocols for fetal calf serum selection and other culture parameters that affect
the final outcome are described.

Key Words: Mesenchymal stem cells; Ex vivo expansion; Clinical trials; Tissue engineering;
Immunosuppression; Multilineage potential.

1. Introduction
Mesenchymal stem cells or marrow stromal cells (MSCs) are rare multi-

potent stem cells, residing mainly in bone marrow (BM), but have also been
isolated from other tissues, such as umbilical cord blood, adipose tissue, and
mobilized peripheral blood. However, to date, BM remains the main source
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for clinical applications. MSCs are capable of differentiating along multiple
pathways including bone, cartilage, cardiac and skeletal muscle, neural cells,
tendon, adipose, and connective tissue. Systemic administration of MSCs in
injury models has been reported to lead to specific migration to the site of
damage, followed by tissue-specific differentiation patterns. The multilineage
differentiation ability of MSCs, together with their relatively easy isolation from
BM and their extensive capacity for in vitro expansion, led to the discovery
of novel approaches for utilizing MSCs in tissue engineering as well as for
gene therapy, for various congenital and acquired diseases, such as facilitation
of hematopoietic recovery in hematopoietic stem cell transplantation, osteoge-
nesis imperfecta, metabolic diseases, amyotrophic lateral sclerosis, stroke, and
myocardial infarction (1–3).

MSCs are not inherently immunogenic and seem to be natural immuno-
suppressive elements (4). Administration of MSCs has already been used for
the effective treatment of acute graft-versus-host disease and prolongation
of histoincompatible graft survival in humans and animal models, respec-
tively (5). The ability of MSCs to modulate immune responses implies their
potential role in cellular immunoregulatory therapy, whereas their susceptibility
to gene modification enables them to serve as delivery vehicles for intratumoral
production of anticancer agents, such as interferon-� (IFN-�) and interleukin-2
(see Chapter 15 for more information).

MSCs comprise a mere 0.0001%–0.01% of total BM-nucleated cells,
depending on age and varying extensively among individuals, even within the
same individual at different times (3). The very low proportion of MSCs in the
BM necessitates their in vitro expansion, to acquire vast numbers, sometimes
exceeding 109 cells, which are needed for clinical therapeutic protocols.
Whereas MSCs are currently a target of scientific research worldwide, a broadly
accepted culture system has not yet been established for their isolation and
in vitro expansion. This causes extensive protocol variability among labora-
tories, resulting in the generation of diverse MSC populations and consequently
impeding comparisons of resulting outcomes.

Standard culture techniques for MSC in vitro expansion involve MSC
attachment to the plastic surface of a culture vessel and, after an initial lag
phase, rapid division until density intensification, when they enter a stationary
phase. During the lag and log phases, MSCs are spindle-shaped and fibroblast-
like (6,7). However, if they are cultured in high densities or after numerous
population doublings, they tend to adopt a flattened morphology in parallel
with their entry into the stationary phase (8).
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Essential parameters for MSC culture comprise the type of basal medium,
the batch of fetal calf serum (FCS), the initial and passaging cell-density, and
the addition of growth factors. Various basal media have been used for MSC
isolation and culture. A recent study by our group, in which we compared
several media, has suggested that Modified Eagle Medium alpha (a-MEM) is the
optimal type of basal medium, whereas, as a more general rule, stable glutamine
and low glucose concentration favor MSC-isolation and in vitro expansion (9).

The key component of MSC culture is FCS. Although, ideally, cells to be
used in clinical procedures should be expanded in serum-free media to avoid
potential hazards, this has not been applicable so far in MSC culture. A recent
publication however suggests that the serum substitute ULTROSER® is suitable
for supplementing a-MEM basal medium for clinical scale expansion of human
MSCs (10). If those promising results get confirmed by other laboratories as
well, this might signify a new era for MSC-based therapies.

The optimum alternative to FCS is autologous serum. In this regard, there
are publications indicating that the use of autologous serum provides equivalent
or even superior results to FCS. For clinical protocols involving low numbers
of MSCs, it is feasible to obtain the appropriate volume of peripheral blood.
However, most types of cellular therapy require vast numbers of MSCs, which
in turn necessitate large amounts of culture media and subsequently forbid-
dingly large volumes of peripheral blood. Moreover, the quantity of peripheral
blood needed cannot be overcome by the use of pooled human serum, because
allogeneic serum causes MSC growth arrest and death (11).

To date, all reported clinical trials have used FCS for the culture of MSCs.
However, the essential nutrients and growth factors provided by FCS appear
to vary from lot to lot, thus affecting, to the highest degree, the quantity and
quality of cells produced (12). Thus, extensive screening of numerous batches
should be performed to select the one resulting in optimum MSC growth (see
Subheading 2.3.). The FCS-screening procedure should be planned at least 6
months before the FCS stock is depleted. The serum lot that produces cells with
the appropriate phenotype (see Subheading 2.4.) provides the best results in terms
of cell numbers and differentiation potential (see Subheadings 2.6.1–2.6.6.),
and shows immunosuppressive capacity (see subheading 2.7.) should be
selected. This outcome should not be far from that given by a control medium.

Another critical condition for MSC growth is culture density. MSCs appear
to reduce their doubling period when seeding density is lowered, in both the
initial BM mononuclear cell (MNC) plating and the passages to follow (ideally
1000 BM MNCs/cm2 and 50 MSCs/cm2, respectively). Given the high prolif-
erative capacity of MSCs, especially during the first few passages, low initial
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plating density appears to be critical for obtaining final numbers, especially
when limited culture time is required (9,13). Unfortunately, the population
of MSCs needed in clinical trials often involves large numbers of cells, thus
making the optimum MSC culture density unrealistic. Therefore, depending on
the clinical protocol to be used, one should compromise between laboratory
capabilities and optimal conditions. In the Subheading 2.2., we describe an
easy method to handle MSC culture protocol that finishes with large numbers
of high-quality MSCs, even from limited volumes of BM.

Several growth factors are known to augment MSC proliferation ability,
either without affecting their multipotentiality or by favoring the selection
and/or expansion of cells with differentiation potential toward a specific lineage.
The most common growth supplement for MSC culture is basic fibroblast
growth factor (bFGF). bFGF exhibits a dose-dependent excessive mitogenic
function but also favors osteogenic and, to a lower extent, adipogenic differ-
entiation potential, while limiting neurogenic potential and eliciting HLA-class
I upregulation and HLA-class II induction. Still, in vitro immune responses to
allogeneic MSCs are very weak compared to the ones elicited by allogeneic
peripheral blood MNCs (PBMCs) (9,14). Along these lines, bFGF addition
to the MSC culture system depends on the clinical approach to be followed
(i.e., target disorder and allogeneic/autologous transplants).

As MSCs comprise a heterogeneous population, confirmation of culture-
expanded MSC quality requires various phenotypical and functional characteri-
zations. In contrast to most cellular populations that are uniformly characterized
by a unique surface molecule, no such marker has yet been determined for MSCs.
Thus, MSC identification relies on a combination of positively and negatively
expressed markers; such an expression profile allows us to identify them among
other cellular subsets. Briefly, MSCs express on their surface CD29, CD41, CD44,
CD73 (SH3, SH4), CD90, CD105 (SH2), CD106, CD120a, CD124, MAB-1470,
STRO-1, and low levels of HLA-class I molecules, whereas they are negative for
CD14, CD34, CD45, and HLA-DR (1,7,9). For phenotypical characterization of
MSCs, refer to Subheading 2.4.

Culture-expanded MSC populations incorporate various clones with different
proliferative potential. The expandability of MSCs is of great importance for
their in vivo regeneration ability, because the numbers homing to the damaged
tissue might not suffice for the required regeneration process. Growth rates in
culture are not necessarily predictive of MSC expandability, because MSCs
represent a heterogeneous population consisting of diverse clones. The detection
of the percentage of cells with high replicating potential in a MSC culture can
be identified by means of a colony-forming assay (15) (see Subheading 2.5.).
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Clinical protocols involving MSCs target either tissue regeneration or
immunosuppression of the host. Thus, multipotential differentiation ability
and immunosuppressive capacity need to be investigated. With regard to the
former, osteogenic, adipogenic, and chondrogenic potential are generally enough
to corroborate the multilineage differentiation capacity of MSCs (9,16–18).
However, evidence for their neurogenic or cardiomyogenic potential may
be considered necessary depending on clinical relevance (9,19,20) (see
Subheadings 2.6.1–2.6.6.). Moreover, MSCs are immunoprivileged, being able
to escape immunologic responses, whereas they are capable of limiting T-
cell responses when added as third party ingredients (4,9). The immunological
properties of culture-expanded MSCs can be estimated by adding them, as a third
party or as stimulators, to mixed lymphocyte reactions (see Subheading 2.7.).

2. Materials
2.1. Isolation of BM MNCs by Ficoll–Hypaque Density
Gradient Centrifugation

1. Ficoll–Hypaque (cat. no. L6115, Biochrom AG, Berlin, Germany).
2. Dulbecco’s Phosphate Buffer Saline (DPBS; cat. no. 14190, Life Technologies,

Paisley, Scottland).
3. Trypan blue (cat. no. T0776, Sigma-Aldrich, St. Louis, CA, USA): A final concen-

tration of 0.2% trypan blue is added to the cell suspension 5–10 min before counting
with a hemacytometer. A stock solution of 2% in PBS is suggested.

2.2. Culture Expansion of BM MSCs

1. Complete a-MEM [a-MEM with Glutamax (cat. no. 32571, Life Technologies), 10%
FCS (lot selected for the optimal MSC-expansion); different sources and batches
should be tested see Subheading 2.3.) and 50 �g/ml gentamicin (cat. no. 15710,
Life Technologies].

2. DPBS.
3. Tyrode’s Salt solution (cat. no. T2397, Sigma).
4. Medium M199 (cat. no. 31150, Life Technologies).
5. Human serum albumin.
6. Saline.

For MSC in vitro expansion, regular culture flasks may be used. To this end,
Falcon flasks Becton-Dickinson (Mountain View, CA, USA) have shown to
induce higher proliferative rates compared with flasks from Nunc (Nunc A/S,
Kamstrup, Denmark), Greiner (Greiner Bio-One, Frickenhausen, Germany),
and Corning (Corning, NY, USA). However, given the extensive dimensions of
surface required to achieve the optimal cellular density for MSCs, large-scale
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culture systems, such as Cell Factories (Nunc) and cellSTUCK (Corning) appear
to be more suitable.

2.3. Selection of the Optimal FCS Lot for MSC-Growth a-MEM

1. Gentamicin.
2. FCS of different lots (heat inactivated for 30 min at 56 �C).
3. Hank’s Balanced Salt Solution (HBSS; cat. no. 14170, Life Technologies).
4. 0.05% Trypsin/EDTA (cat. no. 15200, Life Technologies).
5. Control medium [a-MEM supplemented with 10% FCS preselected for optimal

MSC growth or an MSC-specific medium, such as MSCGM (cat. no. PT-3001,
Cambrex BioScience, Nottingham, UK), Mesencult (cat. no. 05401 and 05402,
Stem Cell Technologies, Vancouver, Canada), or NH MSCM (cat. no. 130-091-680,
Miltenyi Biotec, Gladbach, Germany)].

2.4. Phenotypical characterization of MSCs

1. Wash buffer 1: PBS supplemented with 1% BSA.
2. Wash buffer 2: 0.01% Tween-20 (cat. no. P7949, Sigma) in PBS.
3. 1% Paraformaldehyde-A (PFA; cat. no. P6148, Sigma) in PBS.
4. Monoclonal antibodies (Abs) against human CD14, CD29, CD34, CD44, CD45,

CD90, CD73, CD105, CD106, HLA-ABC, and HLA-DR, and fluorochrome-labeled
anti-mouse immunoglobulins, as well as the appropriate isotype controls. For the Ab
combinations described herein, fluorescein isothiocyanate (FITC)-conjugated Abs
against CD105 (cat. no. MCA1557F) can be purchased from Serotec (Oxford, UK).
PerCP- or PE-Cy5-conjugated Abs against CD45 (cat. no. IM2653) and HLA-DR
(cat. no. IMMU357) and FITC-conjugated Abs anti- HLA-ABC (cat. no. 1838) can
be obtained from Immunotech (Beckman Coulter, Paris, France). PE-conjugated Abs
anti- CD34 (cat. no. 348057), CD44 (cat. no. 553135) and CD14 (cat. no. 30545X),
FITC-conjugated Ab against CD106 (cat. no. 551146) and APC-conjugated Abs
against CD29 (cat. no. 30869X) and CD90 (cat. no. 559869), as well as all isotype
controls can be obtained from BD Pharmingen (Mountain View, CA, USA). For the
determination of CD73 expression, culture supernatant derived from the hybridoma
cell line SH2 (cat. no. ATCC-HB-10743) or SH3 (cat. no. ATCC-HB-10744) can
be obtained from the Developmental Studies Hybridoma Bank (Iowa, IA, USA).
Goat secondary Abs against mouse immunoglobulins conjugated with PE (cat. no.
R0480) and aqueous mounting medium (cat. no. S3025) for immunofluorescence
can be obtained from DACO A/S (Glostrup, Denmark).

2.5. Colony-Forming Assay

1. Complete a-MEM.
2. PBS.
3. Trypsin.
4. 0.5% crystal violet (cat. no. 1.15940, Merck & Co, Whitehouse, NJ, USA) in

methanol (cat. no. 632546, Sigma).
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2.6. Differentiation Assays

2.6.1. Osteogenic Differentiation

1. Osteogenic differentiation medium: DMEM with 1000 g/l Glucose and Glutamax
(cat. no. 21885, Life Technologies), 10% FCS, 10−7 M dexamethasone (Decadron;
Merck), 10 mM b-glycerol phosphate (cat. no.50020, Fluka, Buchs, Switzerland),
50 �M l-ascorbic acid-2 phosphate (cat. no. A8960, Sigma), and 50 �g/ml
gentamicin.

2. Formalin buffer: 10% formalin (cat.no. F1635, Sigma) in PBS.
3. Sodium carbonate formaldehyde: 5% sodium carbonate (cat. no. S7795) in 25%

formalin in distilled water.
4. 2.5% silver nitrate (cat.no. S8157, Sigma) in distilled water.
5. Alkaline phosphatase substrate: 0.002 g Naphthol AS MX-PO4 (cat. no. N5000),

0.015 g red violet LB salt (cat. no. F1625), 100 �l N,N-dimethylformamide (DMF,
cat. no. D4551) and 25 ml Tris–HCl 0.1 M, pH 8.3 (all from Sigma).

2.6.2. Adipogenic Differentiation

1. Adipogenic differentiation medium: DMEM with 1000 g/l Glucose and Glutamax,
2% FCS, 0�5 �M dexamethasone, 0.5 mM isobutylmethylxanthine (IBMX; cat.
no. I5879, Sigma), 60 �M indomethacin (cat. no. I7378, Sigma) and 50 �g/ml
gentamicin.

2. PBS.
3. 10 % formalin in PBS.
4. Oil Red O stain [60% stock solution (0.5% in isopropanol; cat.no. O0625, Sigma)

in distilled water, freshly prepared and filtered].

2.6.3. Chondrogenic Differentiation

1. Chondrogenic differentiation medium: DMEM with 4500 g/l Glucose and Glutamax
(cat. no. 31966, Life Technologies), 500 ng/ml bone morphogenetic protein-6 (cat.
no. 507-BP, R&D Systems Abington, UK), 10 ng/ml transforming growth factor-�3
(cat. no. 243-B3, R&D Systems), 10−7 M dexamethasone, 50 �g/ml l-ascorbic acid-
2-phosphate (cat. no. A8960, Sigma), 40 �g/ml proline (cat. no. P5607, Sigma),
100 �g/ml pyruvate (cat. no. 11360, Life Technologies) and 50 mg/ml ITS+ Premix
[cat. no. 354350, Beckton Dickinson; this can be replaced with 6�25 �g/ml insulin
(Humulin Regular, Lilly, France), 6�25 �g/ml transferrin (cat. no. T3309, Sigma),
6.25 ng/ml selenous acid (cat. no. 211176, Sigma), 1.25 mg/ml BSA, and 5.35 mg/ml
linoleic acid (cat. no. L5900, Sigma)].

2. 4 % PFA in PBS.
3. Alcian blue stain [75% alcian blue stain (cat. no. A3157, Sigma) in 25% glacial

acetic acid in ethanol].
4. Mouse anti-human collagen type II Ab (cat. no. MAB8887, Chemicon, Temecula,

CA, USA).
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5. PE-conjugated goat-anti-mouse immunoglobulins Ab.
6. Methanol.
7. 25 mg/ml hyaluronidase (cat. no. H3506, Sigma) in PBS.
8. BSA.

2.6.4. Cardiomyogenic Differentiation

1. Cardiomyogenic differentiation medium 1: DMEM with 1000 g/l Glucose
and Glutamax, 2% FCS, 3�M 5-azacytidine (cat. no. A1287, Sigma), and
50 �g/ml gentamicin.

2. Cardiomyogenic differentiation medium 2: DMEM with 1000 g/l Glucose and
Glutamax, 2% FCS, and 50 �g/ml gentamicin.

3. Abs against human ANP (cat. no. A5050, Sigma), desmin (cat. no. MAB1698,
Chemicon), sarcomeric �-actinin (cat. no. A2172, Sigma), troponin (cat. no.
MAB3438, Chemicon), and �-myosin heavy chain (cat. no. MAB1548, Chemicon),
PE-conjugated Ab anti-mouse immunoglobulins.

4. 4% PFA in PBS.
5. Triton X-100 (cat.no. 93443, Sigma).
6. Wash buffer: 0.01% Tween-20 in PBS.
7. BSA.
8. 4-well or 8-well chamber slides (cat.no. 177437 and 177445, respectively, Nunc).

2.6.5. Neurogenic Differentiation

1. Complete a-MEM.
2. Neurogenic differentiation medium: DMEM with 1000 g/l Glucose and Glutamax,

2% FCS, 10−7 M dexamethasone, 0�5 �M linoleic acid, 10 ng/ml platelet-derived
growth factor (cat. no. 120-HD, R&D Systems), 10 ng/ml epidermal growth factor
(cat. no. 236-EG, R&D Systems), and 50 �g/ml gentamicin.

3. Abs against human neurofilament M (cat. no. MAB1592), synaptophysin (cat. no.
MAB8368), tubulin (cat. no. MAB1637), and galactoserebroside (cat. no. AB142,
all from Chemicon), PE-conjugated goat Ab anti-mouse immunoglobulins.

4. Methanol.
5. Wash buffer: 0.01% Tween-20 in PBS.
6. BSA.
7. 4-well or 8-well chamber slides (Nunc).

2.7. Immunological Assays

1. Complete a-MEM.
2. HBSS.
3. Phytohemagglutinin (PHA; cat. no. L9017 Sigma).
4. [3H]TdR (cat. no. TRK418, Amersham Pharmacia Biotech, Buckinghamshire, UK).

干细胞之家www.stemcell8.cn ←点击进入

http://www.stemcell8.cn


Clinical Grade Expansion of Human BM MSCs 253

3. Methods (see Notes 1 and 2 )
3.1. Isolation of BM Mononuclear Cells by Ficoll–Hypaque Density
Gradient Centrifugation

1. Place BM (heparinized, typically obtained from iliac crest under local anesthesia)
into 50-ml conical tubes up to 25 ml/tube.

2. Dilute 1:2 in DPBS.
3. Place 25 ml of Ficoll–Hypaque in 50-ml conical tubes.
4. Slowly overlay the BM/DPBS mixture on the top of Ficoll–Hypaque.
5. Spin at 400 g for 25 min, at 20 �C, without brake.
6. Remove the upper layer and transfer the white/hazy mononuclear cell layer to

another 50-ml tube (use one new tube for each three Ficoll–Hypaque tubes).
7. Add to the mononuclear cells 50 ml of DPBS and spin at 600 g for 10 min, at 20 �C

with low brake.
8. Remove supernatant, wash twice in DPBS and count cells, determining viability by

Trypan Blue dye exclusion (see Note 3).

3.2. Culture Expansion of BM MSCs

1. Adjust BM MSC suspension to 7000–175,000/ml in complete a-MEM (cellular
concentration depends on the total number of cells to be cultured and the facilities
available).

2. Distribute 25 ml cell-suspension per 175-cm2 flask or 90 ml/large-scale culture
system tray.

3. Incubate at 37 �C for 48 h, wash with Tyrode’s salt solution to remove non-adherent
cells, and add the initial quantity of fresh medium.

4. Change medium twice weekly until colonies consisting of approximately 50 cells are
formed (cells within colonies should not have very close contact and, consequently,
colonies should not be compact). Then perform passage 1.

5. Passage 1: Wash cells once with Tyrode’s salt solution, add medium M199 and
incubate for 1 h at 37 �C. Discard medium M199 and add trypsin/EDTA (5 ml per
175-cm2 flask and 20 ml per large scale culture system tray). Incubate for 5 min
at 37 �C, until cells are detached. Add complete a-MEM at four times the volume
of trypsin/EDTA, spin, and resuspend in complete a-MEM. Count cells, adjust
density to 350–1400 cells/m and distribute 25 ml cell-suspension per 175-cm2 flask
or 90 ml/large-scale culture system tray.

6. Repeat steps 4 and 5 at weekly intervals for subsequent passages, changing medium
twice weekly.

7. Before transplantation, wash cells once in Tyrode’s salt solution, add medium
M199, and incubate for 1 h at 37 �C. Discard medium M199 and add trypsin/EDTA
(5 ml per 175-cm2 flask and 20 ml per large-scale culture system tray). Incubate
for 5 min at 37 �C, until cells are detached. Add M199 supplemented with 1%
human serum albumin at four times the volume of trypsin/EDTA and count cells.
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Wash three times in M199/1% human serum albumin. Resuspend (care should be
taken to have a single-cell suspension) in the appropriate volume of saline and
transfer to the operation room immediately (see Note 4).

3.3. Selection of the Optimal FCS lot for MSC-Growth

1. Add 50 �g/ml Gentamicin to the a-MEM medium, mix well and distribute
45 ml/tube in 50-ml tubes.

2. Add 5 ml FCS to each tube (six tubes per FCS lot to be tested are required). Mix
well and store at 4 �C.

3. If an MSC-specific medium is used as a control, prepare according to manufacturer’s
instructions, dispense in 50 ml aliquots and store at the appropriate temperature.

4. Isolate BM MNCs and make a final cell-suspension of 8×106/ml in serum-free a-
MEM.

5. Add 0.5 ml cell suspension to 25 ml of each medium and place in a 175-cm2 flask.
6. After a 48-h incubation, discard non-adherent cells and add 25 ml of fresh medium

(of the respective type).
7. Culture for 8 days changing the medium twice weekly.
8. On day 10, wash cells twice in HBSS, add 5 ml of trypsin/EDTA, and incubate

for 5 min at 37 �C, until cells are detached.
9. Inactivate trypsin with 20 ml of the respective medium and spin.

10. Count cells, transfer 17,500 cells to a new tube and spin.
11. Resuspend in 25 ml of the respective medium and place in a 175-cm2 flask (thus

having for passage 1 one flask/type of medium).
12. Repeat steps 8–11 at weekly intervals for passages 2 and 3.
13. Calculate the total number of passage 3 cells derived from 106 BM MNC-seeded

and test for phenotype, colony-forming ability and adipogenic, osteogenic, and
chondogenic differentiation potential (see Subheadings 3.4.–3.7.).

3.4. Phenotypical Characterization of MSCs

3.4.1. Phenotypical Characterization of Cells in Suspension Using
Direct Immunofluorescent Assay

1. Count MSCs and resuspend in wash buffer 1 at approximately 100,000/ml. Incubate
for 1 h at room temperature to block non-specific Ab binding.

2. To FACS tubes, add saturating concentrations of labeled Abs at the appropriate
combinations (for combinations, refer to Note 5).

3. Spin cell suspension, resuspend in wash buffer 1 at approximately 2 ×106/ml and
distribute 50 �l/tube to the FACS tubes prepared in step 2.

4. Mix gently and incubate for 30 min in an ice bath (see Note 6).
5. Wash cells twice with 2 ml cold wash buffer 1.
6. Add 0.4 ml/tube 1% PFA in PBS and keep on ice, protected from light, until

analysis.
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3.4.2. Phenotypical Characterization of Cells in Suspension Using
Indirect Immunofluorescent Assay

1. Count MSCs and resuspend in buffer at approximately 100,000/ml. Incubate for 1 h
at room temperature to block non-specific Ab binding.

2. To FACS tubes, add saturating concentrations of primary (unlabeled) Abs.
3. Spin cell suspension, resuspend in buffer at approximately 2×106/ml and distribute

50 �l/tube to the FACS tubes prepared in step 2.
4. Mix gently and incubate for 30 min in an ice bath.
5. Wash cells twice with 2 ml cold wash buffer 1.
6. Add saturating concentration of the respective secondary Ab (labeled Ab against

the immunoglobulins of the host species of the primary Ab; see Note 6).
7. Repeat steps 4 and 5.
8. Add 0.4 ml/tube 1% PFA in PBS and keep on ice, protected from light, until analysis

(see Note 7).

3.4.3. Immunocytochemistry/Immunohistochemistry Using Fluorescent
Abs

1. Prepare tissue sections or cultured cells on slides and fix as described in the
respective Subheadings.

2. Block non-specific Ab binding by 1-h incubation with 2% BSA in PBS.
3. Cover slides with primary Abs diluted at the appropriate concentration in

PBS/0.5%BSA or add solely PBS/0.5%BSA as a negative control and incubate
30 min at room temperature or overnight at 4 �C.

4. Wash twice with wash buffer 2.
5. Add PE-conjugated anti-mouse immunoglobulins Ab, diluted 1/20 in 0.5% BSA in

PBS over all slides and incubate for 30 min at room temperature (see Note 6).
6. Wash three times with PBS.
7. Mount with an aqueous mountant and observe under fluorescence microscope.

3.5. Colony-Forming Assay

1. Count MSCs, resuspend in complete a-MEM at 50 cells/ml and distribute 2 ml/dish
in 35-mm Petri dishes.

2. Culture for 2 weeks changing medium twice weekly.
3. On day 14, remove medium and wash once with PBS.
4. Stain for 5 min at room temperature with 2.5 ml/dish crystal violet.
5. Wash twice with distilled water and leave the dishes to dry.
6. Count colonies with a diameter greater than 2 mm under a stereomicroscope

or inverted microscope and estimate the number of colonies formed per 100
cells seeded.
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3.6. Differentiation Assays

3.6.1. Osteogenic Differentiation Culture Protocol

1. Count MSCs and resuspend in complete a-MEM at 50,000/ml.
2. Distribute cell suspension at 2 ml/well in 6-well culture plates.
3. The following day decant culture medium and replace with an equal volume

of osteogenic differentiation medium (test cultures) or complete a-MEM (control
cultures).

4. Culture cells for 3 weeks replacing culture supernatant with the respective medium
twice weekly and proceed to the evaluation assay.

3.6.1.1. Evaluation (Alkaline Phosphatase/Von Kossa Staining)

1. Wash wells once with cold PBS.
2. Fix by adding 2ml/well cold formalin buffer and incubate for 15 min.
3. Wash three times with distilled water, leaving the water for 15 min during the

last wash.
4. While waiting, prepare the substrate.
5. Add 2 ml/well substrate and incubate for 45 min at room temperature.
6. Repeat step 3.
7. Add 2 ml/well silver nitrate and incubate at room temperature for 30 min.
8. Repeat step 3.
9. Add sodium carbonate formaldehyde for 15 s to 2 min. When the color of the

mineralized nodules starts to deepen, immediately wash carefully in tap water.
Fill with tap water and leave at room temperature for 30 min.

10. Discard water and leave the dish to dry.
11. Estimate the percentage of the mineralized (calcified) area (brown color, stained

by Von Kossa) and the area with alkaline phosphatase activity (red color) in the
total culture area. Osteogenic differentiated areas are positive for both stains.

3.6.2. Adipogenic Differentiation Culture Protocol

1. Count MSCs and resuspend in complete a-MEM at 50,000/ml.
2. Distribute cell suspension at 2 ml/well in 6-well culture plates.
3. The following day, decant culture medium and replace with equal volume of

adipogenic differentiation medium (test wells) or complete a-MEM (control wells).
4. Culture cells for 3 weeks replacing culture supernatant with fresh medium of the

respective type, twice weekly, and proceed to the evaluation assay.

3.6.2.1. Evaluation (Oil Red O Lipid Staining)

1. Wash wells once with PBS.
2. Fix by adding 2 ml/well 10% formalin and incubate at room temperature for 10 min.
3. Discard formalin, add 2 ml/well fresh Oil Red O stain and incubate at room temper-

ature for 15 min.
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4. Wash three times with distilled water.
5. Estimate the percentage of adipocytes in the culture by counting the number of

cells having lipid droplets (red stained) in a total of 500 cells.

3.6.3. Chondrogenic Differentiation

1. Count MSCs, place 200,000 in 15-ml polypropylene conical tubes and spin at 450 g
for 10 min.

2. Add to the pellet 0.5 ml chondogenic differentiation medium (test cultures) or
complete aMEM (control culture) and incubate at 37 �C with 5% CO2. After 24 h
of incubation, test cultures should have formed a spherical aggregate not adherent
to the walls of the tube.

3. Incubate pellets for 3 weeks, replacing with fresh culture medium of the respective
type, twice weekly and proceed to the evaluation assays.

3.6.3.1. Evaluation (Alcian Blue Staining, Immunohistochemistry)

Aggregates should be paraffin-embedded, cut into 5-mm sections, and deparaf-
finized/rehydrated before Alcian blue staining or immunohistochemistry.

3.6.3.1.1. Alcian Blue Staining

1. Fix sections with PFA for 5 min at room temperature.
2. Wash three times in water.
3. Cover sections with freshly made, filtered alcian blue stain and incubate for 30 min

at room temperature.
4. Wash five times in water.
5. Observe chondrogenesis by detecting blue-stained mucopolysaccharide- regions.

3.6.3.1.2. Immunohistochemistry

1. Fix sections with a 10-min incubation in methanol at room temperature.
2. Digest sections with hyaluronidase for 30 min at 37 �C for optimal antigen retrieval.
3. Perform steps 2–7 of Subheading 4.2, using as primary Ab mouse anti-human

type II collagen, diluted at 1 �g/ml.

3.6.4. Cardiomyogenic Differentiation Culture Protocol

1. Count MSCs and resuspend in complete a-MEM at 25,000/ml Distribute cell
suspension at 5,000 cells/cm2 in chamber slides.

2. The following day, decant culture medium and replace with equal volume of
cardiomyogenic differentiation medium 1 (test cultures) or complete a-MEM
(control cultures).

3. After 24 h of incubation, remove supernatant and replace with equal volume of
cardiomyogenic differentiation medium 2 (where cardiomyogenic differentiation
medium 1 was used) or fresh complete a-MEM (in the control cultures).
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4. Culture cells for 3 weeks replacing supernatant with fresh cardiomyogenic differ-
entiation medium 2 or complete a-MEM, respectively, twice weekly and proceed
to the evaluation assays.

3.6.4.1. Evaluation (Immunocytochemistry, see Note 8)

1. Remove chambers from the slides and wash slides twice with PBS.
2. Fix by adding PFA for 10 min at room temperature.
3. Permeabilize with 0.1% Triton X-100 for 15 min at room temperature.
4. Wash once with wash buffer 2.
5. Perform steps 2–7 of Subheading 4.2, using as primary Abs mouse anti-human

�-myosin heavy chain diluted at 1/10 and anti-human ANP, desmin, sarcomeric
�-actinin and troponin diluted at 1/200.

3.6.5. Neurogenic Differentiation Culture Protocol

1. Count MSCs and resuspend in complete a-MEM at 20,000/ml.
2. Distribute cell suspension at 10�000 cells/cm2 in chamber slides.
3. The following day, decant culture medium and replace with equal volume of neuro-

genic differentiation medium (test cultures) or complete a-MEM (control cultures).
4. Culture cells for 2 weeks replacing culture medium with fresh medium of the

respective type twice weekly and proceed to the evaluation assays.

3.6.5.1. Evaluation (Immunocytochemistry)

1. Remove chambers from the slides and wash slides twice in wash buffer 2.
2. Fix cells by incubating with methanol at −20 �C for 10 min.
3. Wash three times with PBS.
4. Perform steps 2–7 of Subheading 4.2, using as primary Ab mouse anti-human

galactoserebriside diluted 1/50 and anti-human neurofilament M, synaptophysin and
tubulin, 1/200.

3.7. Immunological Assays

MSCs do not elicit T-cell responses and furthermore, when added as
a third party, they suppress T-cell responses against alloantigens or non-
specific mitogenic stimuli. Thus, mixed lymphocyte reactions using MSCs
as stimulators or as regulatory/immunosuppressive cells (utilizing additionally
allogeneic PBMCs or PHA for stimulation) should be performed.

1. Irradiate MSCs at 25 Gy and wash once with HBSS to remove free radicals (see
Note 9).

2. Count MSCs and dispense into three centrifuge tubes 1�4 × 106� 1�4 × 105, and
1�4×104 cells, respectively.

3. Spin and resuspend in 1.4 ml complete a-MEM.
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Table 1
Template for Mixed Lymphocyte Reaction

1 2 3 4 5 6 7 8 9 10 11 12

A 100,000
MSCs

100,000
MSCs

100,000
MSCs

100,000
MSCs
100,000
PBMC-
1
100,000
PBMC-
2

100,000
MSCs
100,000
PBMC-
1
100,000
PBMC-
2

100,000
MSCs
100,000
PBMC-
1
100,000
PBMC-
2

100,000
MSCs
100,000
PBMC-
1
PHA

100,000
MSCs
100,000
PBMC-
1
PHA

100,000
MSCs
100,000
PBMC-
1
PHA

100,000
MSCs
100,000
PBMC-
1

100,000
MSCs
100,000
PBMC-
1

100,000
MSCs
100,000
PBMC-
1

B 10,000
MSCs

10,000
MSCs

10,000
MSCs

10,000
MSCs
100,000
PBMC-
1
100,000
PBMC-
2

10,000
MSCs
100,000
PBMC-
1
100,000
PBMC-
2

10,000
MSCs
100,000
PBMC-
1
100,000
PBMC-
2

10,000
MSCs
100,000
PBMC-
1
PHA

10,000
MSCs
100,000
PBMC-
1
PHA

10,000
MSCs
100,000
PBMC-
1
PHA

10,000
MSCs
100,000
PBMC-
1

10,000
MSCs
100,000
PBMC-
1

10,000
MSCs
100,000
PBMC-
1

C 1,000
MSCs

1,000
MSCs

1,000
MSCs

1,000
MSCs
100,000
PBMC-
1
100,000
PBMC-
2

1,000
MSCs
100,000
PBMC-
1
100,000
PBMC-
2

1,000
MSCs
100,000
PBMC-
1
100,000
PBMC-
2

1,000
MSCs
100,000
PBMC-
1
PHA

1,000
MSCs
100,000
PBMC-
1
PHA

1,000
MSCs
100,000
PBMC-
1
PHA

1,000
MSCs
100,000
PBMC-
1

1,000
MSCs
100,000
PBMC-
1

1,000
MSCs
100,000
PBMC-
1

(Continued )
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Table 1
(Continued )

1 2 3 4 5 6 7 8 9 10 11 12

D 100,000
PBMC-
1

100,000
PBMC-
1

100,000
PBMC-
1

E 100,000
PBMC-
2

100,000
PBMC-
2

100,000
PBMC-
2

F 100,000
PBMC-
1
100,000
PBMC-
2

100,000
PBMC-
1
100,000
PBMC-
2

100,000
PBMC-
1
100,000
PBMC-
2

G 100,000
PBMC-
1
PHA

100,000
PBMC-
1
PHA

100,000
PBMC-
1
PHA

H – – – – – – – – – – – –
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4. Distribute 100 �l/well from each concentration to 12 wells of 96-well flat-
bottomed plates, thus having wells with 10,000, 1000, and 100 cells/well.

5. After 5–12 h, once the MSCs have attached to the plastic surface and formed a
cellular stroma, isolate PB MNCs from 2 HLA-mismatched donors (see Note 10).

6. Irradiate the PBMCs of one donor (PBMCs-2; used as stimulators) at 20 Gy and
wash once with HBSS to remove free radicals (see Note 9).

7. Count PBMCs of both donors and resuspend at 106/ml in complete a-MEM.
8. Remove supernatant from the wells with MSC stroma.
9. Without allowing cells to dry, add 100 �l/well cell suspension from one or both

donors or complete a-MEM, without or with 10 �g/ml PHA, as presented in
Table 1, thus having triplicates for each condition (see Note 11).

10. Adjust culture volume to 200 �l/well for all wells.
11. On day 5, add 50 �l/well of 20 �Ci/ml �3H�TdR	1 �Ci/well final).
12. Incubate for 18 h.
13. Harvest cells on glass-fiber filters (see Note 12).
14. Measure [3H]TdR uptake in a �-counter.

4. Notes
1. The protocols described in this chapter involve live human cells, animal derivatives,

and hazardous agents; thus, appropriate biosafety procedures should be followed.
Furthermore, when the following protocols are used for clinical purpose, they
should be performed under GMP/GLP conditions, according to the recommenda-
tions of the respective government law regarding cellular therapy.

2. All centrifugations are performed at 700 g for 10 min, unless otherwise mentioned.
3. BM MNCs can also be isolated by Percoll density gradient centrifugation.
4. At regular time intervals and before infusion, MSC- cultures should be tested for

bacteria/fungi and mycoplasma contamination, as well as for endotoxin levels.
5. Suggested combinations for phenotypical characterization of MSCs are as follows:

Tube 1: Isotype-FITC/isotype-PE/isotype-PE-Cy5/isotype-APC.
Tube 2: CD105-FITC/CD14-PE/CD45-PE-Cy5/CD29-APC.
Tube 3: CD106-FITC/CD34-PE/HLA-DR-PE-Cy5/CD90-APC.
Tube 4: HLA-ABC-FITC/CD73+anti-mouse immunoglobulins-PE/CD44-PE-Cy5.

6. Incubations with fluorescent Abs should be performed in the dark.
7. When a combination of labeled and unlabeled Abs derived from the same species

is used (such as tube 4 mentioned in Note 5), first perform indirect staining
without the final step of PFA-addition and then carry out direct staining. Thus,
the secondary Ab will bind only to the unlabeled Abs and not to the labeled ones
as well.

8. Instead of or parallel to immunocytochemistry, mRNA expression for the indicated
proteins may be tested. In this case, cultures should be performed in 25-cm2 flasks
to acquire sufficient numbers of cells.
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9. If a blood irradiator is not available on the facilities, irradiation can be replaced by
mitomcin C treatment [45 min incubation with 100 �g/ml mitomycin C (Kyowa,
Tokyo, Japan) in serum-free medium, extensive wash and 1 h rest in complete a-
MEM].

10. Instead of allogenic PBMCs (PBMC-2 on the table), as stimulators HLA-
mismatched monocytes, dendritic cells or lymphoblastoid cell lines (LCL) can also
be used, depending on the availability in each laboratory. In this case, PBMC from
only one donor should be isolated (PBMC-1 on the table).

11. For allogeneic stimulation, test cultures are wells with PBMCs-1/PBMCs-2/MSCs
and positive controls PBMCs-1/PBMCs-2; for mitogen stimulation, test cultures
are wells with PBMCs-1/PHA/MSCs and positive controls PBMCs-1/PHA; when
MSC are tested for lymphocyte-stimulation ability, test cultures are PBMCs-1/MSCs.

12. At this point, depending on the type and settings of the cell harvester, water may
overflow because of the large size of MSCs. In this case, carry out a freeze-thaw
cycle on the plate before harvesting.
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Adenoviral Transduction of Mesenchymal Stem Cells

Pablo Bosch and Steven L. Stice

Summary

Intact or genetically manipulated mesnechymal stem cells (MSCs) are being considered an
important cell source for developing human cell-based therapeutic approaches. For applications
in which transient, high-level expression of the transgene is necessary, adenovirus vectors have
become increasingly popular gene-transfer vehicles. However, host range and cell-type tropism
restrict the use of specific adenovectors, sometimes necessitating the lengthy development of
vectors with appropriate cell specificity. Here, we present a versatile and inexpensive porcine
MSC transduction procedure that can also be used on other cell types from various species,
including human that are otherwise refractory to adenovirus infection.

Key Words: Mesenchymal stem cells; Viral vectors; Adenovirus; Flow cytometry; Trans-
duction.

1. Introduction
Mesenchymal stem cells (MSCs) are attractive candidates for the devel-

opment of cell-based therapy for various human diseases. MSCs are relatively
easy for isolation from adult mesodermal tissues such as bone marrow (BM),
and endowed with extensive ex vivo proliferative potential and pluripotent
differentiation capacity both in vivo and in vitro (1–3). For many therapeutic
schemes, transient or permanent genetic modification of in vitro expanded
MSCs is desirable. Transient expression of endogenous or foreign genes may be
valuable for the manipulation of the differentiation fate of stem cells or induce
immunologic tolerance. Moreover, MSCs engineered to transiently express
selected molecules may serve as vehicles for the delivery of therapeutics into

From: Methods in Molecular Biology, vol. 407: Stem Cell Assays
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target tissues (4–6). Adenoviruses provide particularly attractive vectors for ex
vivo gene transfer when high-level transgene expression for a limited period of
time is required. Additional advantages of adenoviral vectors are their ability
to infect different cell types, infect dividing and quiescent cells and accom-
modate large pieces of exogenous DNA (7). However, a limitation of adenoviral
gene transfer is the poor infection rate achieved with cells lacking the specific
adenoviral cell surface receptor such as hematopoietic stem cells (8,9) and
human MSCs (10). Consequently, different approaches have been developed to
overcome this limitation including the use of fiber-modified adenovectors (11)
and Ad5 chimeric vectors in which the fiber protein involved in cell internal-
ization is replaced by one from a different adenovirus serotype, thus changing
the adenovector’s cell tropism (10,12). Another approach relies on complexing
adenovirus with polycations or cationic lipids facilitating in vitro transduction
of refractory cells (13,14). Here, we describe a novel methodology, using
the polyamine-based transfection reagent GeneJammer (Stratagene, La Jolla,
CA), to efficiently infect cultured porcine MSCs [∼90% of green fluorescence
protein (GFP)-expressing cells] with replication-defective adenoviral vectors
carrying the GFP gene (15). We have also used this methodology to induce
high levels of expression of GFP and bone morphogenetic protein (BMP; a
protein with potential therapeutic effects) in human MSCs and murine stromal
cell line (16).

2. Materials
1. Preanesthesia: Atropine sulfate injection (Phoenix Pharmaceutical, St. Joseph,

MO, USA). Anesthesia: ketamine hydrochloride (Ketaset, Fort Dodge Labora-
tories, Fort Dodge, IA, USA) xylazine hydrochloride (Rompun, Bayer, Shawnee
Mission, KS, USA).

2. Bone marrow aspiration needle 11G 4′′ (Medical Device Technologies,
Gainesville, FL, USA).

3. Betadine surgical scrub (Purdue Pharma L.P., Stamford, CT, USA).
4. Povidone-iodine solution 10% (Betadine Solution, Purdue Pharma L.P.).
5. Disposable syringes (20 mL; BD, Franklin Lakes, NJ, USA).
6. Anticoagulant: Heparin sodium salt (300 USP units/mL of BM; cat. no.

H9399, Sigma, St. Louis, MO, USA). Dissolve heparin at 30,000 USP per
mL of Dulbecco’s phosphate-buffered saline without calcium and magnesium
(Ca2+-Mg2+ free D-PBS; cat. no. 14190, Gibco, Carlsbad, CA, USA), filter
sterilize and load into BM aspiration syringes; that is, to make uncoagulable 20 mL
of BM, load 200 �L of heparin solution per 20-mL syringe before BM aspiration.

7. Chromic gut suture No 3 (CP Medical, Portland, OR, USA).
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8. Antibiotic: Penicillin G procaine (6,500 units/Kg BW IM; Agri-Cillin, AgriLabs,
St. Joseph, MO). Anti-inflammatory: Flunixin meglumine (1.5 mg/Kg BW, IM;
Flunixamine, Fort Dodge Laboratories).

9. Histopaque 1077 (cat. no. 10771, Sigma).
10. Hank’s Balanced Salt Solution (HBSS) (cat. no. 14175-095, Gibco).
11. Culture medium for pMSCs: Minimum Essential Medium Alpha (MEM alpha)

medium (cat. no. 12000-022, Invitrogen Corporation, Carlsbad, CA, USA) supple-
mented with 10% fetal bovine serum (FBS) (Hyclone, Logan, UT, USA) and 1%
antibiotic-antimycotic (cat. no. A5955, Sigma).

12. Plastic centrifuge tubes (15 mL; Corning, Corning, NY, USA).
13. Disposable pipettes (5, 10, and 25 mL; Corning).
14. Neubauer hematocytometer (Fisher, Pittsburgh, PA, USA).
15. Cell culture flasks (Corning).
16. Disposable syringes (5 mL; BD).
17. Stainless steel 18G 6′′ pippeting needle (Popper & Sons, Inc. Lincoln, RI).
18. GeneJammer Transfection Reagent (Stratagene).
19. MEM alpha (cat. no. 12000-022, Invitrogen Corporation).
20. Cell culture 12-well plates (cat. no. 3513, Corning).
21. Trypsin-ethylenediamine tetraacetic acid (EDTA) solution (cat. no. T4049, Sigma).
22. Propidium iodide (PI; cat. no. 1348639, Roche, Indianapolis, IN, USA).
23. Round-bottom polypropylene tubes �12 × 75 mm� (cat. no. 352003, BD

Biosciences, San Jose, CA, USA).
24. Round-bottom polypropylene tubes �12 × 75 mm� with cell-strainer cap (cat. no.

352235, BD Biosciences).

3. Methods
3.1. Porcine Bone Marrow Aspiration

1. Animals are continuously monitored throughout the process by a trained veterinary
staff to ensure proper animal care and welfare.

2. Pigs (50–150 Kg BW) undergoing BM aspiration are not given water and food
6 and 12 h respectively before the surgical procedure.

3. Atropine sulfate (0.04 mg/kg BW) is administered intramuscularly 10–15 min
before anesthesia is induced. The pig is anesthetized with a mixture of ketamine
hydrochloride (5.5 mg/Kg BW) and xylazine hydrochloride (2.75 mg/Kg BW).
Half of the total dose is administered intravenously (e.g., through ear vein) and
the remaining intramuscularly. Combination of these anesthetics at the indicated
dose usually provides 15–20-min surgical time enough to complete BM aspiration
procedure (see Note 1).

4. Once the pig is in surgical plane of anesthesia, it is placed on dorsal recumbence on
a v-shape stretcher, and the shoulder area is prepared for the procedure. The area
where the epiphysis of the humerus is located is clipped, cleaned with Betadine
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surgical scrub and disinfected with Betadine Solution or any other povidone-iodine
solution.

5. The greater tubercle of the humerus is identified by palpation and a small skin
incision �∼ 5 mm� is made with a scalpel blade over the tubercle.

6. The BM aspiration needle is pushed through the muscle layer. Once the needle is
in contact with the surface of the bone, it is introduced 1–1.5 cm into the spongy
bone of the epiphysis of the humerus with a clockwise/counter-clockwise motion
and forward pressure.

7. Once the BM aspiration needle is in place, the stylet is removed from the shaft of
the BM aspiration needle and a 20-mL syringe containing heparin is coupled.

8. Then, 15–20 mL of BM is aspirated into the syringe previously loaded with heparin.
The syringe is uncoupled from the aspiration needle and left in a secure place.

9. The stylet is reintroduced into the shaft of the aspiration needle. The BM aspiration
needle is gently removed and sterile gauze is immediately applied over the incision
to reduce bleeding. A horizontal mattress stitch of gut suture is used to close the
skin incision.

10. The animal receives antibiotic and anti-inflammatory intramuscularly before it is
moved to a clean, dry pen with access to water; feeding is withheld for 6–12 h
after the surgical procedure. The pig is monitored for recovery.

3.2. Isolation and Culture of Porcine Bone Marrow MSCs

1. Once the heparinated BM sample is in the laboratory, it is diluted with the same
volume of HBSS and thoroughly mixed. Diluted BM is transferred to 15-mL
centrifuge tubes (8 mL/tube).

2. Using the stainless steel pipetting needle coupled to a 5-mL plastic syringe, transfer
3 mL of Histopaque (see Note 2) under the diluted BM. To achieve this, place the
tip of the blunt-ended needle on the bottom of the tube and release the Histopaque
under the diluted BM by gently pushing the syringe’s plunger; Histopaque will
displace the diluted BM column upward.

3. The tubes are centrifuged at 400 g for 30 min at room temperature (RT; ∼23�C).
4. The distinct layer at the plasma–Histopaque interface formed during centrifugation

(containing mononuclear cells) is transferred to 15-mL centrifuge tubes with a
Pasteur pipette coupled to a hand pipettor.

5. Mononuclear cells recovered from the interface are washed 3× with HBSS by
centrifugation (400 g, 10 min) to remove any remaining Histopaque.

6. After the last centrifugation, the supernatant is discarded and the cell pellet resus-
pended in 5 mL of pMSC culture medium. Cell concentration is determined with
hematocytometer (use 1:20 dilution, e.g., 5 �L in 95 �L of D-PBS).

7. Cells are plated at 600,000–800,000 mononuclear cells/cm2 in 75-cm2 culture flasks
in pMSC culture medium, with first media change at 24 h (see Note 3); medium
is replaced every 3–4 days afterward. Cultures are passaged by trypsinization (see
Note 4) when they reach 80–90% confluence (∼14 days after initial plating).

干细胞之家www.stemcell8.cn ←点击进入

http://www.stemcell8.cn


High-Level Adenovirus Transduction 269

Subculture is performed at 5�000 cells/cm2. Porcine MSCs grow well in an
atmosphere of 5% CO2 in air and maximum humidity; however, we have demon-
strated that pMSCs proliferate faster in a low oxygen atmosphere (5% O2, 5% CO2,
and 90% N2� (1).

3.3. Adenoviral Transduction of Porcine MSCs

1. Porcine MSCs are trypsinized and plated at a density of 43� 000 cells/cm2 per well
of 12-well plates (150,500 cells/well). Viral infection starts 24 h after cell plating
when the cultures have reached 80–90% confluence.

2. The method described here has been optimized for transduction with replication
defective E1-E3 deleted first generation human type five adenovirus (Ad5) or a
modified form in which the normal fiber protein is substituted for the human
adenovirus type 35 fiber (Ad5F35). This adenovectors are constructed to contain
the GFP gene in the E1 region of the virus (17) under the control of the immediate-
early promoter of cytomegalovirus (CMV) (see Note 5). The recommended virus
particles to plaque-forming units should be 200 or less. Aliquots of viral stock are
kept at −80 �C until use.

3. Eight microliters of GeneJammer are added to 200 �L of serum-free antibiotic-free
MEM alpha and incubated 10 min at RT. (This is the amount for 1 well; scale up
according to the number of wells to be transduced.)

4. Then, stock adenoviral suspension is added to the diluted GeneJammer transfection
reagent and incubated at RT for 10 min. According to our experience, adenoviral
multiplicity of infection (MOI, defined as pfu/cell) required to achieve high infection
efficiency of pMSCs without compromising cell viability ranges between 10 and
14 MOI (15).

5. The culture medium in each well is replaced by 300 �L of fresh MEM alpha with
10% FBS, and 200 �L of the GeneJammer-virus mixture prepared in steps 2 and 3
is added drop-wise to achieve a final volume of 500 �L per well. As a result of these
adjustments, the final concentration of GeneJammer is 1�6 �L/100 �L of medium
(1.6%; see Fig. 1).

6. Plates are incubated 6 h at 37 �C in 5% CO2 in air and 500 �L of MEM alpha with
10% FBS are added in each well (final volume: 1 mL/well). Cultures are incubated
at 37 �C in 5% CO2 in air until flow cytometric analysis 24–48 h after viral infection
(see Note 6).

3.4. Flow Cytometric Analysis of GFP Expression

1. Medium is removed from each well and washed off with Ca2+-Mg2+ free D-PBS.
Immediately, 150 �L of trypsin-EDTA solution are added to each well, and the plate
is incubated for 4–5 min at 37 �C. To stop trypsin, 2 mL of MEM alpha with 20%
FBS is transferred to each well, and the cells are dispersed by pipetting. The cell
suspension from each well is transferred to individual round-bottom polystyrene
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Fig. 1. Effect of GeneJammer on transduction efficiency of pMSCs with Ad5F35eGFP
(13.8 MOI). pMSC cultures were transduced without (control) or with increasing
concentrations of GeneJammer. Twenty-four hours after the induced infection, the
percentage of pMSCs expressing GFP and RFI were analyzed through flow cytometry
(A). GeneJammer treatment did not affect the percentage of non-viable cells (B). Photomi-
crographs of pMSC cultures 24 h after transduction in the absence (C) or presence
(D) of GeneJammer (1.6%). Representative distribution of GFP-negative/positive
cells from non-treated (red curve; 14.0% of positive cells) and GeneJammer treated
cells (1�6 �L/100 �L; blue curve, 90.1% of positive cells) (E). Bars with different
letters denote significant differences (P < 0�05; ANOVA) within each variable
studied. Results are expressed as mean ± SEM from three independent replicates.
Bar = 200 �m. (Reproduced from ref. 15 with permission of Wiley InterScience).

tubes and centrifuged at 400 g for 10 min. After discarding the supernatant, cells
are resuspended in 0.5 mL of D-PBS with 2% FBS and kept on ice until flow
cytometric analysis.

2. Immediately before running the sample through the cytometer, 50 �L of PI is
added to each tube containing the cell suspension. The sample is transferred to a
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Fig. 2. (A) Flow cytometric quantification of GFP expression after transduction of
hBM-MSCs with (i) Ad5-empty, (ii) Ad5eGFP 2,500 VP/cell, (iii) Ad5eGFP 5,000
VP/cell, or (iv) Ad5eGFP 10,000 VP/cell in the absence (solid column) or presence
(open column) of GeneJammer. The percentage of GFP-positive cells is depicted as the
average eGFP fluorescence, where n = 3. Columns and errors bars represent means ±
standard deviation, respectively, for n = 3 experiments. ∗∗∗P < 0�001 and ∗∗P < 0�01
(Student t test). (B) GFP fluorescence intensity shifts in the flow cytometry profiles
of eGFP expression in the hBM-MSCs transduced with Ad5GFP at 2500, 5000, or
10,000 VP/cell, in the presence or absence of GeneJammer [shown in (A)]. In all
samples, 100% of the cells were found to express eGFP. (Reproduced from ref. 16
with permission of Mary Ann Liebert).
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round-bottom polypropylene tube �12 × 75 mm� with cell-strainer cap to remove
any clump of cells normally present.

3. The samples are run through a flow cytometer (we routinely use a FACSCalibur
cytometer, Becton Dickinson, San Jose, CA, USA) equipped with an argon-ion laser
with an excitation wavelength of 488 nm. GFP fluorescence emission is collected by
the photomultiplier tube FL1 after passing a 530/30 BP filter, whereas PI emission
is collected by the photomultiplier tube FL3 after passing a 530/30 BP filter. At
least 20,000 events are acquired for further data analysis, which can be performed
with appropriate flow cytometry software such as FlowJo (Tree Star, Ashland, OR).
The analysis is carried out to determine percentage of GFP-positive cells, relative
fluorescence intensity (RFI) of the GFP-positive cell population and cell viability by
exclusion of PI on a gated cell population (the gate is established to exclude debris
and cell clumps). (Examples of results in pMSCs and human MSCs are shown in
Figs. 1 and 2, respectively).

4. Notes
1. Other drug combinations, such as xylazine plus telazol, are also appropriate to

perform short surgical procedures in pigs like the one described here. In addition,
approval by local animal use committees is required and may require the use of
alternative materials and methods, including additional anesthesia and analgesics.

2. Histopaque is stored at 4 �C. Histopaque must be brought to RT before use.
3. Porcine MSCs are enriched based on their ability to adhere and growth attached to

plastic. Non-adherent cells, presumably hematopoietic cells, are removed out of the
culture during first media exchange 24 h after culture initiation. Using this method-
ology, we have been able to consistently establish porcine cell lines that display
morphology, surface antigen profile and pluripotency characteristics of MSCs (1).

4. To trypsinize monolayers of pMSCs for passaging or other uses, the culture
medium is removed and pMSC monolayer is washed once with Ca2+-Mg2+ free
D-PBS. Then, trypsin-EDTA solution is added (just enough to cover the cell
monolayer). After incubation for 3–4 min at 37 �C, MEM alpha medium supple-
mented with 10% FBS is added to the cells to inhibit trypsin catalytic effect. Cell
suspension is transferred to a 15-mL conical tube and washed 2× with MEM alpha
containing 10% FBS by centrifugation at 400 g, 10 min.

5. Laboratory work that involves the use of adenovectors may pose some potential
risks for the personnel if strict biosafety guidelines are not followed. Recombinant
adenoviral vectors have been classified as Class I (minimum risk) or Class II
(potentially higher risk). Vectors expressing transgenes such as markers (e.g., LacZ,
neomycin phosphotransferase, or chloramphenicol acetyl transferase) are grouped
in Class I. On the contrary, vectors expressing toxic products or transgenes involved
in the regulation of cell function should be grouped in Class II. All procedures
involving Class I adenovectors are performed under Biosafety Level 2, whereas for
those involving Class II vectors, Biosafety Level 2 with the addition of Biosafety
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Level 3 practices apply. Adhere to specific biosafety guidelines for handling of
adenovectors according to institutional policies before starting experimentation.

6. If flow cytometry analysis is performed at 48 h, medium containing adenovirus in
each well is changed by fresh pMSC culture medium at 24 h. At 48 h after viral
infection proceed with step 3.4.1.
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Directed Differentiation of Human Embryonic Stem
Cells to Dendritic Cells

Maxim A. Vodyanik and Igor I. Slukvin

Summary

Embryonic stem cells represent a pluripotent population of cells capable of self-renewal,
large-scale expansion, and differentiation in various cell lineages including cells of hematopoietic
lineage. In this chapter, we describe a three-step cell culture method for directed differentiation
of human embryonic stem cells (hESCs) to dendritic cells (DCs) that includes (1) hESC differ-
entiation into hematopoietic progenitors by coculture with OP9 stromal cells, (2) expansion of
myeloid DC precursors in suspension bulk cultures with granulocyte monocyte-colony stimu-
lating factor (GM-CSF), and (3) differentiation of myeloid precursors to DCs in the serum-free
medium with GM-CSF and interleukin-4 (IL-4). The method employs cell culture conditions
selecting an almost pure population of myeloid DC precursors and does not require isolation
of hematopoietic progenitors. With this method, hESCs can be differentiated to functional DCs
within 30 days at an efficiency of at least four DCs per single undifferentiated hESC. Directed
differentiation of DCs from hESCs could be useful for studying cellular and molecular mecha-
nisms of DC development and potentially for the generation of antigen-presenting cells for
cellular immunotherapy.

Key Words: Human embryonic stem cells; Dendritic cells; OP9; Hematopoiesis; Dendritic
cell precursors; Myeloid progenitors.

1. Introduction
Dendritic cells (DCs) are powerful antigen-presenting cells, which play a

key role in directing immune responses (1). For many years, functional studies
of DCs were hindered by difficulties in obtaining a sufficient number of cells as
DCs are rare in tissues and blood. Development of protocols for DC generation
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from CD34+ hematopoietic progenitors and monocytes significantly facilitated
studies of DCs and made possible the production of DCs for immunothera-
peutic purposes (2–5). However, obtaining large numbers of human DC progen-
itors is still a laborious process and poses potential risks for donors. Human
embryonic stem cells (hESCs) represent a unique population of cells capable
of self-renewal and large-scale expansion as well as differentiation toward
hematopoietic cells (6–9). Therefore, hESCs can be seen as a novel source
of DCs.

In this chapter, we describe the protocol for high-scale production of
DCs from hESCs. Generation of hESC-derived DCs is performed in a three-
step culture. Hematopoietic differentiation of hESCs is first induced through
coculture with OP9 stromal cells. Myeloid DC precursors are then expanded
under non-adherent conditions in the presence of granulocyte monocyte-colony
stimulating factor (GM-CSF). Finally, myeloid DC precursors are induced
to differentiate into DCs in serum-free medium containing GM-CSF and
interleukin-4 (IL-4). The most critical step for successful DC generation is
efficient induction of hematopoietic differentiation in hESC/OP9 coculture.
OP9 cells induce multilineage hematopoietic differentiation in mouse and non-
human primate ESCs (10,11) and have been used successfully to induce mouse
ESC differentiation into myeloid, lymphoid, erythroid, megakaryocytic, and DC
lineages (12–15). We have shown that OP9 cells induce efficient hematopoietic
differentiation of hESCs as well (7). Hematopoietic differentiation of hESCs
in coculture with OP9 cells proceeds very rapidly, and the first CD34+

hematopoietic progenitors can be detected after 4–5 days of coculture. Recently,
we demonstrated that hESC-derived CD34+ cells are heterogeneous and
include CD34+CD43+ hematopoietic progenitors, CD34+CD43−KDR+CD31+

endothelial cells, and CD34+CD43−KDR−CD31− mesenchymal cells (16). The
major subpopulation of hematopoietic CD43+ cells expresses glycophorin A
(CD235a) and represents erythroid progenitors �CD43+CD235a+�, whereas
multilineage progenitors �CD43+CD235a−CD45+/−Lin−� comprise the minor
subpopulation (16). Because only the later cells give rise to the myeloid
progeny, their sufficient number in hESC/OP9 cocultures (> 2% of total cells)
was found to be critical for success of the following DC differentiation steps.

Selective expansion and subsequent isolation of a pure population of myeloid
precursors is achieved by cultivation of total cells collected from hESC/OP9
coculture in the serum-containing medium supplemented with GM-CSF in
flasks coated with anti-adhesive polymer–poly(2-hydroxyethyl methacrylate)
(pHEMA). The differentiation potential changes significantly, and myeloid cell
expansion could not be achieved when cells are allowed to adhere in regular
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flasks. During the “forced” suspension culture with GM-CSF, all adherent cells
form large floating aggregates, whereas myeloid cells proliferate in suspension.
Thus, a pure population of myeloid cells �∼95%� could be obtained by removal
of cell aggregates by filtration. The subsequent culture of myeloid precursors
with GM-CSF and IL-4 in the serum-free medium induces their differenti-
ation to functional DCs, which phenotypically resemble interstitial DCs. Using
the described protocol, we typically produce at least 4 × 106 DCs from 106

initially plated hESC, and therefore, a sufficient number of DCs can easily be
generated for functional studies or genetic manipulations. In addition, with this
method, myeloid DC precursors are obtained at different stages of maturation
accommodating studies of DC development.

2. Materials
2.1. Coating of Plastic Surface with Gelatin

1. 0.1% gelatin type A (cat. no. G1890, Sigma, St. Louis, MO, USA) solution in
endotoxin-free reagent grade water prepared by autoclaving of gelatin slurry at
120 �C for 45 min. Store at 4 �C.

2. 6-well tissue culture plates (cat. no. 353046, BD Labware, Bedford, MA, USA);
100-mm tissue culture dishes (cat. no. 353003, BD Labware).

2.2. Coating of Plastic Surface with pHEMA

1. 10% pHEMA (cat. no. P3932, Sigma) coating solution. Add 4 g pHEMA to 40 ml
95% ethanol containing 10 mM NaOH in 50-ml polypropylene tube. Close tube and
place on rotation mixer immediately, to prevent pHEMA crystals from precipitating
at the bottom or tube walls. Dissolve by continuous rotation at 37 �C overnight.
Store at room temperature.

2. T75 tissue culture flasks (cat. no. 353134, BD Labware).
3. 5-ml glass serological pipettes.

2.3. Preparation of Feeder Plates for hESC Subculture

1. Frozen mouse CF-1 strain embryonic fibroblasts (MEF; passage no. 3, 2�5 ×
106 cells/vial) prepared according to established protocol from WiCell Research
Institute, Madison, WI, USA (protocol I, http://www.wicell.org).

2. MEF growth medium: Dulbecco’s modified eagle medium (DMEM) (cat. no. 12100-
046, Gibco-Invitrogen, Carlsbad, CA, USA) supplemented with 10% heat-inactivated
fetal bovine serum (FBS; cat. 16000-044, Gibco-Invitrogen), and 1× non-essential
amino acid solution (NEAA; cat. no. 11140-050, Gibco-Invitrogen).

3. Dulbecco’s phosphate-buffered saline (PBS) without calcium and magnesium
(cat. no. 21600-044, Gibco-Invitrogen).
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4. 0.05% Trypsin–0.5 mM ethylenediaminetetraacetic acid (EDTA) solution (cat. no.
25300-054, Gibco-Invitrogen). Before use, pre-warm solution in the water bath at
37 �C for 15 min.

5. Gelatin-coated 6-well tissue culture plates.
6. 15-ml polypropelene centrifuge tubes, pipettes.
7. Cell counting supplies: hemacytometer (Bright-Line; cat. no. 1492, Hausser Scien-

tific, Horsham, PA, USA), 0.4% trypan blue solution (cat. no. T8154, Sigma).
8. Gamma irradiator.

2.4. Culture of Undifferentiated hESCs

1. H1 (WA01) or H9 (WA09) hESC lines (WiCell Research Institute).
2. 6-well plates with pre-plated irradiated MEFs.
3. Sterile-filtered DMEM/F12 basal medium prepared from powder (cat. no.

12400-024, Gibco-Invitrogen).
4. Knockout serum replacer (KSR; cat. no. 10828-028, Gibco-Invitrogen). Store

frozen at −20 �C in 50 ml aliquots.
5. 100× l-glutamine/2-mercaptoethanol (2-ME) solution. Dissolve 146 mg

l-glutamine (cat. no. 21051-024, Gibco-Invitrogen) in 10 ml PBS, add 7 �l 2-ME
(cat. no. M7522, Sigma), mix well, and store at 4 �C. Prepare fresh every week.

6. 100× NEAA 10 mM solution (cat. no. 11140-050, Gibco-Invitrogen).
7. Recombinant human basic fibroblast growth factor (bFGF; cat. no. 100-18B,

PeproTech, Rocky Hill, NJ, USA). Prepare 500× solution �2 �g/ml� by dissolving
50 �g bFGF in 25 ml sterile-filtered PBS containing 2 mg/ml bovine serum albumin
fraction V (BSA; cat. no. 15260-037, Gibco-Invitrogen). Store frozen at −80 �C
in 0.5 ml aliquots.

8. hESC growth medium: 200 ml DMEM/F12, 50 ml KSR (20%), 2.5 ml NEAA
�1×�, 2.5 ml l-glutamine/2-ME �1×�, 0.5 ml bFGF (4 ng/ml). Combine compo-
nents in the upper chamber of 250 ml bottle top filter unit (cat. no. 5680020,
Nalgene, Rochester, NY, USA) and sterilize by vacuum filtration. Prepare fresh
every 2 weeks. Before use, pre-warm medium in the water bath at 37 �C for 15 min.

9. Sterile-filtered collagenase type IV (cat. no. 17104-019, Gibco-Invitrogen) solution
(1 mg/ml in DMEM/F12). Store at 4 �C. Prepare fresh every week. Before use,
pre-warm solution in the water bath at 37 �C for 15 min.

10. 15-ml polypropylene centrifuge tubes, 5- and 10-ml glass serological pipettes.

2.5. Culture of OP9 Cells

1. Mouse OP9 bone-marrow stromal cell line (cat. no. CRL-2749, ATCC, Manassas,
VA, USA). OP9 cells used in the present method were originally obtained from
Dr. Toru Nakano (Osaka University, Japan) (see Note 1).

2. Sterile-filtered �-MEM basal medium prepared from powder (cat. no. 12000-022,
Gibco-Invitogen) (see Note 2).
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3. OP9 growth medium: �-MEM supplemented with 20% non-heat-inactivated defined
FBS (cat. no. SH30070.03, HyClone, Logan, UT, USA).

4. 0.05% Trypsin–0.5 mM EDTA solution.
5. PBS.
6. Gelatin-coated 100-mm tissue culture dishes.

2.6. Hematopoietic hESC Differentiation in OP9 Coculture

1. 100-mm dishes with overgrown OP9 cells on day 4–6 of post-confluence culture.
2. 6-well plates with undifferentiated hESCs on day 5–6 of culture.
3. 1000× monothioglycerol (MTG; cat. no. M6145, Sigma) solution (100 mM). Add

87 �l MTG to 10 ml endotoxin-free reagent grade water, mix well, sterilize by
0�2 �M filtration, and store frozen in 0.5 ml aliquots.

4. hESC differentiation medium: �-MEM supplemented with 10% non-heat-
inactivated defined FBS (HyClone) and 1× MTG �100 �M� (see Notes 2 and 3).

5. Sterile-filtered collagenase type IV solution in DMEM/F12 (1 mg/ml).
6. 0.05% Trypsin–0.5 mM EDTA solution.
7. Cell counting supplies: hemacytometer and 0.4% trypan blue solution.

2.7. Expansion Culture of hESC-Derived Myeloid Progenitors

1. 100-mm dishes with hESC/OP9 cocultures on day 9–10 of differentiation.
2. Recombinant human GM-CSF (Leukine® liquid 500 �g/ml, Berlex Laboratories,

Richmond, CA, USA). Prepare 1000× solution �100 �g/ml� by 1/5 dilution in
sterile-filtered PBS containing 2 mg/ml BSA. Store frozen at −80 �C in 100 �l
aliquots.

3. Expansion medium: �-MEM supplemented with 10% non-heat-inactivated defined
FBS (HyClone), 1× MTG �100 �M�, and 100 ng/ml GM-CSF. Add GM-CSF
before use.

4. Sterile-filtered solution of collagenase type IV in DMEM/F12 (1 mg/ml). Before
use, prepare fresh and pre-warm in the water bath at 37 �C for 15 min.

5. 0.05% Trypsin–0.5 mM EDTA solution.
6. Sterile 70 �M nylon filters (Cell strainer; cat. no. 352350, BD Labware).
7. Sterile-filtered cell wash buffer: PBS containing 5% FBS.
8. pHEMA-coated T75 tissue culture flasks.
9. Cell counting supplies: hemacytometer and 0.4% trypan blue solution.

2.8. Differentiation of Myeloid Precursors to DC

1. T75 flasks with myeloid precursors on day 9–12 of GM-CSF expansion culture.
2. Recombinant human IL-4 (cat. no. 200-04, PeproTech). Prepare 1000× solution

�100 �g/ml� by dissolving 0.5 mg IL-4 in 5 ml sterile-filtered PBS containing
2 mg/ml BSA. Store frozen at −80 �C in 100 �l aliquots.

3. DC differentiation medium: StemSpan serum-free expansion medium (SFEM; cat.
no. 09650, Stem Cell Technologies, Vancouver, Canada) supplemented with 1/500
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dilution of Ex-Cyte growth enhancement supplement (cat. no. 81-129-1, Serolog-
icals Proteins, Kankakee, IL, USA), 100 ng/ml GM-CSF, and 100 ng/ml IL-4.
Prepare fresh before use.

4. 25% Percoll solution. Prepare 100% Percoll by mixing 36 ml Percoll (cat. no.
P1644 Sigma) and 4 ml 10× PBS (cat. no. 70013-032, Gibco-Invitrogen) in 50-ml
polypropylene tube. Dilute 1/4 in PBS to obtain 25% Percoll solution.

5. Sterile 70 �M nylon filters.
6. Sterile-filtered cell wash buffer: PBS containing 5% FBS.
7. Cell counting supplies: hemacytometer and 0.4% trypan blue solution.

2.9. Fluorescence-Activated Cell Sorting Analysis

1. Fluorescence-activated cell sorting (FACS) buffer: PBS containing 2% FBS, 2 mM
EDTA, and 0.05% sodium azide.

2. Normal mouse serum (cat. no. M5904, Sigma). Store frozen in 0.5 ml aliquots.
3. Staining buffer: FACS buffer containing 1% normal mouse serum.
4. Fluorochrome-conjugated monoclonal antibodies (see Table 1).

3. Method
Differentiation of hESC to DCs includes a three-step protocol of successive

differentiation cultures for hESC hematopoietic induction, myeloid cell
expansion, and differentiation of myeloid DC precursors to DCs. Monitoring

Table 1
Monoclonal Antibodies for FACS Analysis

Antigen Format Clone Isotypea Dilutionb Supplier, cat. no.c

CD43 FITC 1G10 IgG1 1:10 BD PharMingen, 555437
CD45 APC HI30 IgG1 1:10 BD PharMingen, 555485
CD235a PE CLB-ery-1 IgG1 1:50 Caltag, MHCGLA04
CD11b FITC VIM12 IgG1 1:50 Caltag, CD11b01
CD11c PE S-HCL-3 IgG2b 1:20 BDIS, 340713
DC-SIGN FITC DCN46 IgG2b 1:10 BD PharMingen, 551264
CD1a PE VIT6B IgG1 1:50 Caltag, MHCD1a04
CD14 FITC M5E2 IgG2a 1:10 BD PharMingen, 555397
HLA-DR PE TÜ36 IgG2b 1:50 Caltag, MHLDR04

FITC, fluorescein isothiocyanate; PE, phycoerythrin; APC, allophycocianin.
a All isotype-matched control mAbs were from BD PharMingen.
b Optimal dilution for staining up to 5×105 cells in 100 �l incubation volume.
c BD Immunocytometry Systems (BDIS), San Jose, CA, USA; BD PharMingen, San Diego,

CA, USA; Caltag Laboratories-Invitrogen, Carlsbad, CA, USA.
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of differentiation is based on the analysis of relevant cell populations in each
differentiation step by flow cytometry.

In the first step, hESC are induced to differentiate into hematopoietic
progenitors by coculture with OP9 cells. The efficiency of differentiation is
assessed by enumeration of CD43+ multilineage hematopoietic progenitors
�CD235a−CD45−/+� by flow cytometry (see Fig. 1). Cells from hESC/OP9
cocultures containing > 2% of CD43+CD235a−CD45−/+ cells give rise to
myeloid cell expansion in the second step bulk cultures with GM-CSF under
non-adherent conditions in pHEMA-coated flasks. During GM-CSF culture,
adherent cells form floating cell aggregates, whereas myeloid cells grow
as single-cell suspension. Removal of aggregates and dead cells by 70 �M
filtration followed by Percoll separation results in the isolation of an almost pure
population of CD45+ myeloid progenitors �∼95%� expressing early myeloid
markers (CD15, CD33, CD11b, CD11c), but lacking markers of mature myeloid
and DCs (HLA-DR, CD68, CD66b, CD1a) (9). CD45- cells detected in second
step cultures are mostly erythroid cells. Commitment to DC lineage in GM-CSF
expansion cultures is assessed by the detection of CD11b+CD11c+ cells (see
Fig. 2). GM-CSF-expanded cells containing > 60% of CD11b+CD11c+ cells
effectively differentiate to DCs when cultured in the serum-free medium with
GM-CSF and IL-4 (third step). DCs can be identified as large cells with high
light-scatter profile, numerous cytoplasmic dendrites, and specific phenotype
�CD1a+� DC-SIGN+� HLA-DR+� (see Fig. 3). DCs generated by this method
are fully functional and are capable of antigen processing, triggering naive T
cells in mixed lymphocyte reaction, and presenting antigens to specific T-cell
clones through the MHC class I pathway (9).

3.1. Gelatinization of Tissue Culture Plastic

Cover plastic surface with gelatin solution (6 ml per 100-mm dish; 2 ml per
well of 6-well plate) and incubate at least overnight in CO2 incubator. Dishes
and plates filled with gelatin solution can be stored in incubator for several
days. Before use, aspirate gelatin solution and add cell growth medium.

3.2. Preparation of Feeder Plates for hESC Subculture

1. Prepare two gelatin-coated 100-mm dishes and 15-ml tube filled with 10 ml cold
(4 �C) MEF growth medium (for 1 vial of thawed MEFs).

2. Thaw a frozen vial of MEFs (2�5 × 106 cells in 1ml) in the water bath at 37 �C.
Add cell suspension to a 15-ml tube with 10 ml medium and centrifuge at 300 g for
5 min. Aspirate supernate and resuspend cells in 2 ml growth medium. Add MEFs
to 100-mm dishes with 10 ml growth medium (1 ml/dish). Distribute cells evenly
by gentle agitation and place dishes in CO2 incubator.
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Fig. 1. Hematopoietic differentiation of hESCs in OP9 coculture (step 1).
Photographs demonstrate major steps associated with preparation of hESC/OP9 cocul-
tures and typical hESC/OP9 cocultures on days 4 and 9 of differentiation. In undiffer-
entiated cultures, hESCs form typical flat colonies with well-defined borders. In the
maintenance culture and at overgrowth (before hESC plating), OP9 cells do not demon-
strate adipogenic differentiation. On day 4 of hESC/OP9 coculture, greater than 90% of
hESC colonies are differentiated. On day 9 of hESC/OP9 coculture, cells are harvested
and hematopoietic progenitors with myeloid potential �CD43+CD235a−CD45−/+� are
detected by flow cytometry (for success of subsequent differentiation steps, these
progenitors should comprise > 2% of total cells in hESC/OP9 cocultures). For FACS
analysis, CD43+ cells are first gated using CD43/side scatter (SSC) dot-plot (left), and
minimum 5000 CD43-gated events are acquired. Gated CD43+ cells are then analyzed
using CD235a/CD45 dot-plot (right) to determine proportion of CD235a−CD45+/−
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3. Grow MEFs to confluence for 3–4 days.
4. Wash MEF monolayer by adding and removing 10 ml PBS. Add 4 ml of 0.05%

trypsin–0.5 mM EDTA solution and incubate in CO2 incubator for 2 min. MEFs
detach quickly and completely. Collect cells by pipette and transfer in a 15-ml
tube containing 5 ml MEF growth medium. Centrifuge at 300 g for 5 min. Aspirate
medium and resuspend cells in 2 ml MEF growth medium.

5. Irradiate tube with 5000 rads of gamma irradiation.
6. Pellet cells by centrifugation (3 min at 300 g). Resuspend cells in 1 ml MEF growth

medium and take aliquot �10 �l� for counting.
7. Count cells and prepare MEF suspension at 2 × 105 cells/ml in MEF growth

medium. This suspension should be dispensed at 1 ml per well of 6-well plate.
Prepare corresponding number of gelatin-coated 6-well plates pre-filled with
2 ml/well of MEF growth medium. Add MEFs to 6-well plates and incubate plates
at least 24 h before hESC plating (see Note 4).

3.3. Culture of Undifferentiated hESCs

1. Have prepared MEF feeder plates for hESC subculture, optimally on 2–3 days after
MEF plating. Aspirate MEF growth medium, wash wells with 2 ml PBS, and fill
plate with 1.5 ml/well of hESC growth medium. Place MEF plates in CO2 incubator.

2. hESC cultures where hESC colonies occupy 60–70% of growth surface area are
usually split at 1/6 ratio (one well per one 6-well plate), typically on 6–7th day
of hESC culture. For hESC passage, aspirate growth medium, wash wells quickly
with 2 ml PBS and fill with 2 ml/well collagenase IV solution.

3. Incubate plates for 10–15 min in CO2 incubator until colonies begin to detach
from plate. Using a 5-ml glass pipette, dislodge hESC colonies with repetitive
gentle washing of plastic surface with collagenase solution (see Note 5). Transfer
suspension in 15-ml tube and centrifuge at 200 g for 5 min.

4. Aspirate medium and resuspend cells in 4 ml of hESC growth medium. By pipetting
cells up and down against the bottom of tube, break up hESC colonies into a fine
suspension of small cell aggregates. Centrifuge at 200 g for 5 min. Resuspend cells
in 6 ml hESC growth medium and dispense suspension in 6-well MEF plate at
1 ml/well using a vertically positioned glass serological pipette.

�
Fig. 1. cells in CD43+ population. The formula for calculation of the percent of

CD43+CD235a−CD45−/+ cells in hESC/OP9 coculture is: (% of CD43+ cells in total
cell population) × (% of CD235a− cells in CD43+ (gated) population)/100. In the
depicted experiment, CD43+CD235a−CD45−/+ cells comprise 4% of total cells in
H1/OP9 coculture ��7×57�/100�. Representative experiment with H1 hESCs is shown;
scale bar is 100 �M.
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Fig. 2. Myeloid cell expansion in GM-CSF suspension cultures (step 2). Photo-
graph shows H1-derived GM-CSF suspension culture on day 6 of expansion. Myeloid
cells proliferate in suspension, while non-hematopoietic adherent cells form large
floating ball-like aggregates (scale bar is 100 �M). As determined by flow cytometry,
a single-cell suspension isolated from GM-CSF cultures by filtration and Percoll
separation contains > 90% of CD45+ hematopoietic cells (95% in the depicted exper-
iment, left dot-plot). To achieve successful DC generation in subsequent differenti-
ation cultures (step 3), myeloid DC precursors �CD11b+CD11c+� should comprise
> 60% of cells isolated from GM-CSF cultures (78% in the depicted experiment, right
dot-plot).
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Fig. 3. DC differentiation culture (step 3). Photograph demonstrates culture of H1-
derived DCs (scale bar is 40 �M). In culture, differentiated DCs can be distinguished
from remaining undifferentiated myeloid precursors by their large size and numerous
cytoplasmic dendrites (insert shows DC in the Wright-stained smear prepared from
DC differentiation culture, scale bar is 10 �M). DCs can be clearly recognized by high
light-scatter profile at FACS analysis (R1 gate, dot-plot). More than 95% of R1-gated
cells have a DC-specific phenotype defined by CD1ahigh� DC-SIGNhigh� HLA-DRhigh,
and CD14low expression (histograms). R1 cells typically comprise > 60% of total cells
in DC differentiation cultures (80% in the depicted experiment).

5. Place plate on the shelf in CO2 incubator and distribute hESC aggregates evenly
throughout the growth surface by moving the plate back and forth 2–3 times. Avoid
rotating motions as this will cause accumulation of hESC clamps in the middle of
well. hESCs should attach to MEF monolayer during 24 h. Do not disturb plates
during this time.

6. Feed hESC cultures daily by aspiration and adding 3 ml fresh hESC growth medium
per well.
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3.4. Culture of OP9 Cells

1. Aspirate growth medium and wash OP9 monolayer with 10 ml PBS. Add 5 ml of
0.05% trypsin–0.5 mM EDTA solution and incubate in CO2 incubator for 10 min.

2. Resuspend cells by pipetting and add cell suspension to 15-ml tube containing 5 ml
OP9 growth medium.

3. Centrifuge tube at 300 g for 5 min, aspirate supernate, and resuspend cells in 1 ml
OP9 growth medium.

4. Add 1/7–1/10 volume of cell suspension to gelatin-coated 100-mm dish with 10 ml
OP9 growth medium.

5. Grow OP9 cells to confluence and split as above, typically every 4 days (see Note 6).

3.5. Hematopoietic Differentiation of hESCs by Coculture with OP9
Stromal Cells

1. Plate OP9 cells for hESC differentiation in separate gelatin-coated 100-mm dishes
as for regular passage (see Subheading 3.4.). After OP9 confluence on day 4, feed
cultures by replacing 5 ml medium with fresh OP9 growth medium. Incubate OP9
dishes for additional 4–6 days.

2. Before hESC plating, aspirate growth medium from OP9 dishes completely and
add 10 ml of hESC differentiation medium. Place OP9 dishes in CO2 incubator.

3. Prepare undifferentiated hESCs in suspension of small cell aggregates as for regular
hESC passage (see Subheading 3.3.), but perform washing step in differentiation
medium and resuspend cells in 1 ml of differentiation medium per each well of
hESCs collected.

4. To determine the absolute number of cells in suspension of hESC aggregates
(see step 3), use one well of 6-well plate to prepare single-cell suspension for
counting. Wash well with 2 ml PBS, add 1 ml 0.05% trypsin–0.5 mM EDTA
solution, and incubate at 37 �C for 5 min. Dissociate hESC colonies by pipetting,
add cell suspension to 15-ml tube with 2 ml differentiation medium, and centrifuge
tube at 300 g for 5 min. Aspirate supernate, resuspend cells in 1 ml medium and
take aliquot �10 �l� for counting. Calculate the total number of cells in 1 ml. This
number is equal to cell concentration (per 1 ml) in suspension of hESC aggregates
(see step 3).

5. Dilute hESC suspension to 1�5×106 cells/ml with differentiation medium (typically
at 1�5–2× dilution) (see Note 7).

6. Plate hESC suspension on OP9 dishes at 1 ml/dish (plating day is day 0). Place
dishes in CO2 incubator and distribute hESC aggregates evenly throughout the OP9
monolayer by moving the dishes back and forth 2–3 times.

7. On the next day (day 1), agitate dishes and aspirate all medium containing non-
attached hESC. Add 20 ml of fresh differentiation medium per dish.

8. Feed hESC/OP9 cocultures on day 4, 6 and 8 by replacing 10 ml culture medium
with fresh differentiation medium. Inspect cultures on day 4 under the microscope.
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Flat undifferentiated hESC colonies should not be detectable, and > 90% colonies
should have a characteristic appearance of mesodermal colonies with an elevated
central portions composed of tightly packed rounded cells (see Fig. 1).

9. Harvest hESC/0P9 cocultures on day 9–10 (see Subheading 3.7.1)

3.6. Coating of Plastic Surface with pHEMA

Pour 5 ml of pHEMA coating solution into T75 flask using glass serological
pipette. Rotate the flask until plastic surface is covered by pHEMA solution.
Put the flask in vertical position and allow the excess of pHEMA solution to
drain into flask corner. Remove pHEMA solution completely by pipette and
put flask in horizontal position immediately. Leave the flask opened in the
laminar hood to air-dry at least overnight. Completely dried pHEMA-coated
flasks can be then closed and stored at room temperature (see Note 8).

3.7. Expansion of Myeloid Progenitors in GM-CSF Bulk Cultures

1. Prepare single-cell suspension from hESC/OP9 cocultures by successive enzymatic
treatment with collagenase–trypsin (see Note 9). Aspirate medium and wash
hESC/OP9 dishes with 10 ml PBS. Add 5 ml/dish of collagenase IV solution
and incubate at 37 �C for 20 min. Remove collagenase solution into collection
tube (15- or 50-ml tube); keep this tube for collection of enzymatically digested
cells. Add 5 ml/dish of 0.05% trypsin–0.5 mM EDTA solution and incubate for
additional 20 min at 37 �C. Add 2 ml of PBS-5%FBS to stop trypsin digestion
and resuspend cells by pipetting. Transfer cell suspension into collection tube,
mix cells by inverting closed tube and centrifuge at 400 g for 5 min. Wash
cells three times with PBS-5%FBS, including filtration through 70 �M nylon
filter at last washing step. Resuspend cells in expansion medium (1 ml per
1 collected hESC/OP9 dish) and take aliquots for cell counting �5 �l� and
subsequently for FACS analysis (106 cells). Calculate the total cell number
and prepare cell suspension in expansion medium (with GM-CSF) at 2 × 106

cells/ml.
2. Dispense cell suspension into pHEMA-coated T75 flasks (20 ml/flask) and place

flasks in CO2 incubator.
3. Feed cultures on day 3, 6, and 8 by replacing half the volume (10 ml) of medium

with fresh expansion medium. Some cells will be removed with medium. These
cells should be pelleted, resuspended in fresh medium, and returned to the flask.
If myeloid cells start a vigorous proliferation after feeding on day 3, double a cell
culture volume by adding 20 ml of expansion medium on day 6.

4. Myeloid cultures are usually harvested on day 9–10; however, in case of delayed
cell expansion (see Note 10), myeloid cells can be collected on day 12–14.
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3.8. Differentiation of Myeloid Precursors to DC

1. Collect myeloid cultures in 50-ml tubes and centrifuge cells at 300 g for 10 min.
Aspirate supernate and resuspend cell mass in 10 ml PBS-5%FBS using glass
serological pipette. Be careful not to brake up cell aggregates as they contain
irrelevant cell types; myeloid cells can be resuspended easily with several pipette
fillings. Remove cell aggregates by filtration of cell suspension through 70 �M
nylon filter into 15-ml tube. Pellet cell filtrate by centrifugation (5 min at 300 g)
and resuspend cells in 5 ml PBS. Underlay cell suspension with 5 ml 25% Percoll
solution using serological pipette. Centrifuge at 400 g for 15 min and discard PBS
and Percoll phases by aspiration (PBS/Percoll interphase contains dead cells and
fine cell aggregates). Wash cells twice in PBS-5%FBS and resuspend cells in 5 ml
DC differentiation medium. Take aliquots for cell counting �10 �l� and subsequently
for FACS analysis (106 cells). Calculate the total number of cells and prepare cell
suspension in DC differentiation medium at 106 cells/ml.

2. Dispense cell suspension into pHEMA-coated T75 (20 ml) flasks and place flasks
in CO2 incubator.

3. Feed cultures on day 4 and 8 by replacing 10 ml of culture medium with fresh DC
differentiation medium. Cells contained in the removed medium should be pelleted,
resuspended in fresh medium, and returned to the flask.

4. Collect DC cultures on day 10–12 of differentiation.

3.9. Cell Staining with Fluorochrome-Conjugated mAbs

1. Prepare cells in FACS staining buffer at 5×106 cells/ml.
2. Add FITC, PE, and APC-labeled mAbs to the test tube and corresponding isotype-

matched control mAbs to the control tube.
3. Add 100 �l of cell suspension to test and control tubes, mix well by shaking, and

incubate at 4 �C for 40 min.
4. Wash cells once with 4 ml FACS buffer (5 min at 400 g) and resuspend cells in

0.4 ml FACS buffer without FBS. Store tubes at 4 �C before analysis.

3.10. Monitoring of Cell Differentiation by FACS Analysis

1. For cells collected from hESC/OP9 cocultures (step 1), use CD43−FITC�
CD235a−PE and CD45-APC mAbs to determine CD43+CD235a−CD45+/− multi-
lineage progenitors (see Fig. 1). Efficient expansion of myeloid cells and their
subsequent differentiation into DCs can be achieved only if more than 2% of
CD43+CD235a−CD45+/− cells are generated in hESC/OP9 coculture. As a rule,
cultures with a lower number of CD43+CD235a−CD45+/− cells fail to expand and
differentiate into DCs (see Notes 11 and 12).

2. For cells collected from GM-CSF expansion cultures (step 2), use
CD11b−FITC� CD11c−PE, and CD45−APC mAbs to evaluate proportion of
myeloid DC precursors �CD45+CD11b+CD11c+�. More than 90% of cells collected
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from GM-CSF cultures are CD45+ (see Fig. 2) and express early myeloid markers
CD33 and CD15 (9); however the proportion of CD11b+CD11c+ cells may be
variable. Myeloid cell populations containing more than 60% of CD11b+CD11c+

cells efficiently generate DCs in step 3 cultures with GM-CSF and IL-4.
3. DCs collected from step 3 differentiation cultures can be evaluated using

CD14−FITC/CD1a−PE and DC−SIGN−FITC/HLA−DR−PE mAb combina-
tions. At first, DCs can be distinguished from still undifferentiated myeloid cells
by high light-scatter profile (see R1 gate in Fig. 3). R1-gated cells typically
comprise more than 60% of total cells in culture and express specific DC phenotype
�CD1a+DC−SIGN+HLA−DR+CD14−/+�.

4. Notes
1. OP9 cells have recently been characterized as a preadipocyte cell line (17). In

fact, many researchers mention the massive adipogenesis in OP9 cultures shortly
after confluence. OP9 cells used in our laboratory exhibit diminished adipogenic
properties possibly because of continuous subculture on the gelatin-coated plastic
that we initially found to be important for the selection of highly inductive OP9
cells. These cells, however, retain adipogenic potential because adipogenic differ-
entiation can be induced by short-term culture in serum-free media. Less adipogenic
OP9 cells allow us to obtain the high-density overgrown OP9 cultures, which
are critical for efficient generation of hematopoietic progenitors in hESC/OP9
cocultures.

2. A quality of basal �-MEM medium is essential for OP9 cells. Freshly prepared
�-MEM from powder formulation is more suitable than liquid commercial medium.
We did not find an advantage of �-MEM formula supplemented with nucle-
osides for hematopoietic differentiation in hESC/OP9 cocultures, although this
medium significantly increases proliferation of OP9 cells. One peculiarity of
�-MEM formula is a high concentration of ascorbic acid �50 �g/ml�. We found
that additional supplementation of hESC differentiation medium (�-MEM-based
medium for hESC/OP9 cocultures) with 50 �g/ml ascorbic acid increases the yield
of CD34+ and CD43+ cells and may be recommended for poorly differentiating
hESC lines.

3. Use of SH-agents in hESC differentiation medium is optional. Differentiation
proceeds efficiently without addition of SH-agents. However, the yield of total cells
in MTG-supplemented cultures is consistently higher, suggesting a favorable effect
of SH-agents on cell survival and growth during differentiation. We found that 2-
ME is suppressive for differentiation starting from 50 �M concentration, whereas
MTG is permissive for up to 200 �M. We selected 100 �M MTG concentration
as optimal for differentiation medium. Addition of MTG to GM-CSF expansion
cultures may delay emergence of proliferating myeloid cells; however, its presence
is essential for long-lasting growth of myeloid progenitors.
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4. Semiconfluent MEF monolayers are optimal for hESCs culture. Over-crowding
MEFs suppress growth of hESC colonies and may stimulate their spontaneous
differentiation. MEFs from different batches and prepared using different lots of
plastic and FBS may vary in cell size. Therefore, MEF plating density should be
adjusted accordingly to ensure semiconfluent feeder layers for hESC subculture.

5. After treatment of hESC cultures with collagenase, nearly all hESC colonies should
be dislodged easily by washing or very gentle scraping. Intensive scraping should
be avoided to prevent excessive mechanical damage to cells and collection of the
firmly attached colonies, which may contain differentiated cell types.

6. During OP9 maintenance, cultures should be split no later than next day after
confluence. Because OP9 growth is largely influenced by FBS, a split ratio must be
adjusted with each new lot of FBS. The same type of FBS is usually used for OP9
maintenance and differentiation in hESC/OP9 cocultures. We select FBS lots with
minimal adipogenic effect on confluent OP9 cells after feeding with half the volume
of fresh medium and prolonged culture for 4–6 days. We found that different lots of
HyClone “defined” FBS (without heat inactivation) support efficient OP9 growth
with minimal if detectable adipogenesis in overgrown OP9 cultures (see Fig. 1)
and also provide a relatively stable hematopoietic differentiation in hESC/OP9
cocultures. Results with FBS from other suppliers were more variable, yet not
systematically studied.

7. Optimal plating density of hESCs in OP9 cocultures may vary for different hESC
lines. It is primarily dependent on intensity of hESC growth: hESC lines with a
higher proliferation rate in undifferentiated cultures may require a lower plating
density in OP9 cocultures. The density of the 1�5–2×106 cells/OP9 dish is optimal
for H1 cells, although H9 cells differentiate more efficiently starting from a lower
density (1–1�5 × 106 cells/OP9 dish). Optimal plating density for other hESC
lines should be established in preliminary experiments using an initial range of
0�5–2�5×106 cells/OP9 dish with 0.5 intervals.

8. Plastic coating with pHEMA-ethanol solution should be done quickly. Ethanol
evaporates rapidly causing pHEMA concentration. It may lead to the formation of
irregular excessive coating. Do not discard pHEMA solution after coating; pour it
back into pHEMA storage tube. Coating of one T75 flask usually takes 1–2 min
and consumes approximately 1 ml of pHEMA solution.

9. hESC/OP9 cocultures on day 9–10 of differentiation may form a plenty of extra-
cellular matrix that withstands digestion with collagenase and trypsin. As a result,
many cells may be lost because of clumping and mechanical damage during
pipetting. Longer incubations with collagenase and trypsin (up to 30 min each)
should be tried first to improve cell recovery. In addition, supplementation of
collagenase solution with 0.1 mg/ml hyalouronidase IV-S (cat. no. H3884, Sigma)
can be further used to improve dissociation of hESC/OP9 monolayers.

10. Because myeloid cell expansion in GM-CSF cultures is solely dependent on the
number of hematopoietic progenitors generated in hESC/OP9 coculture, variable
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efficiency of hESC/OP9 cocultures is a matter of subsequent variations in GM-CSF
cultures. A burst-like proliferation of myeloid cells in GM-CSF cultures is usually
detected on day 4–5 (after feeding on day 3), but intensity of proliferation in
following days may vary significantly. The feeding of GM-CSF cultures, therefore,
should be flexible to accommodate the optimal progression of myeloid cells. More
frequent feeding is necessary for highly proliferating cultures, whereas less frequent
feeding is optimal for slowly proliferating cultures. It is important to note that
more than half of growth medium in GM-CSF cultures should not be changed, as
excessive media replacement may block proliferation and induce differentiation in
the myeloid population.

11. The first multilineage hematopoietic progenitors are detectable in hESC/OP9
cocultures on day 6 of differentiation (16). Addition of GM-CSF (20 ng/ml) to
hESC/OP9 cocultures beginning from day 6 favors commitment and expansion of
the earliest myeloid progenitors and eventually will increase the yield of CD45+

cells in hESC/OP9 cocultures. GM-CSF addition to hESC/OP9 cocultures can be
used to improve efficiency of subsequent myeloid expansion cultures with GM-
CSF (step 2), and is highly recommended for hESC lines generating a low �< 2%�
number of CD43+CD235a−CD45−/+ cells.

12. Both, CD45− and CD45+ cells in CD43+CD235a− population contain multilineage
hematopoietic progenitors. However, CD45+ cells are highly enriched in myeloid
colony-forming cells and represent more committed myeloid population (16).
Therefore, simultaneous detection of CD45+ cells within CD43+CD235a−

population is essential to confirm an ongoing myeloid commitment in hESC/OP9
cocultures. On day 9–10, CD45+ cells should predominate and comprise 60–80%
of CD43+CD235− cells.
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Insulin-Producing Cells from Embryonic Stem Cells
Experimental Considerations

Enrique Roche, Roberto Ensenat-Waser, Nestor Vicente-Salar, Alfredo
Santana, Martin Zenke, and Juan Antonio Reig

Summary

The main objective of cell bioengineering is to generate customized tissues that allow recov-
ering the lost functions in the organism in the absence of immune rejection. Although the
possibility of in vitro generation of entire organs is technically very complex, obtaining specific
cell types for replacement therapies seems to be a more realistic goal at mean time. In this
context, those pathologies affected by the dysfunction of a specific cell type, as it is the case of
�-cell in diabetes, would be in principle candidates to benefit from cell transplantation protocols.
Embryonic stem cells offer interesting possibilities in this context because they fulfill two
important criteria: (i) High proliferation rate by symmetric cell division, overcoming the problem
of biomass scarcity and (ii) Plasticity of differentiating to all cell types present in the adult
organism, including the germ line. Different approaches have been developed in vitro to obtain
insulin-producing cells from embryonic stem cells. Nevertheless, a definitive protocol does not
exist yet. However, the experience accumulated in this field by the different laboratories has
provided considering key points that would help to design a preferred protocol in the future.

Key Words: Embryonic stem cells; Insulin-producing cells; �-Cells; Diabetes.

1. Introduction
Diabetes mellitus is a degenerative pathology caused by the absence or low

production of insulin by pancreatic �-cells. Insulin is a key hormone in controlling
the uptake of circulating glucose and fatty acids by peripheral target tissues, such
as skeletal muscle and adipose tissue (1). Therefore, diabetic people are obliged to
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inject insulin daily to survive, because there are not compensatory hormones that
can mimic exactly the function of this hormone. Diabetes is classically divided in
two main groups: type 1 diabetes and type 2 diabetes. Type 1 diabetes is caused
by an autoimmune destruction of pancreatic �-cells, leading therefore to total
absence of insulin. Type 2 diabetes represents a more complex pathology that
usually evolves to �-cell dysfunction caused by an excess of circulating fat and
glucose. Recent evidences indicate that the persistently high concentrations of
these nutrients could activate �-cell suicide programs, leading to apoptosis and
insulin absence (2). This is known as glucolipotoxicity, indicating that, at the
end, type 2 diabetes displays as well as type 1, a significant reduced �-cell mass.
Altogether, this information indicates that both type 1 and type 2 diabetes are
candidate pathologies for cell therapy protocols.

The Edmonton protocol has been a key attempt in the treatment of diabetes
by transplanting highly pure isolated islets from cadaveric donors (3). The
surgery protocol is minimally invasive for the patient and in this context
represents a clear advantage versus the whole pancreas/kidney double trans-
plant. However, this protocol has to face two main obstacles: to find a correct
immunosuppressive regime and the scarcity of cadaveric pancreata, indicating
that alternative sources for insulin-producing cells have to be considered (4,5).

The proposed cell therapy strategies consider several alternatives including
pancreas regeneration, isolation, expansion, and differentiation of pancreatic
stem cells, transdifferentiation of adult stem cells from other organs, and
bioengineering of embryonic stem cells (ESCs) (5,6). ESCs are good candidates
for in vitro strategies to obtain insulin-producing cells because they display a
strong proliferation potential and broad plasticity. However, a detailed in vitro
protocol is still missing. In this chapter, we plan to present the lastest version
of the protocol we are currently using, pointing out the critical steps in which
researches have to pay attention. Indeed, this is a quickly changing field, and
most likely, this protocol will be improved in a near future. In any case, we
intend to establish a rational working methodology that will help undoubtedly
to design a definitive protocol.

2. Materials
2.1. Cell Culture

1. Table 1 summarizes the composition of culture media used. Dulbecco’s Modified
Eagle’s medium (DMEM) and chemicals are purchased from Gibco (cat. no.
32430-100, Invitrogen, Carlsbad, CA, USA). Fetal bovine serum (FBS) from
selected batches was purchased from Biochrom, cat. no. 20S0115 (Berlin, Germany)
and leukemia inhibitory factor (LIF) from Chemicon, cat. no. T01.ES61106
(Temecula, CA, USA).
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Table 1
Culture Media Used with Undifferentiated and Differentiated ESCs

Reagent Stock

Final concentration in
the culture medium for
undifferentiated ESCs

Final concentration in
the culture medium for

ESCs differentiation

DMEM
32430-027

1× 1× 1×

FBS 100% 15% 15–10%a

Nonessential
amino acids

100% 1% 1×

�-Mercaptoethanol 50 mM 0.1 mM 0.1 mM
Penicillin
Streptomycin

100× 1× 1×

LIF 106 U/ml 103 U/ml –

DMEM, Dulbecco’s modified Eagle’s medium; ESC, embryonic stem cell; LIF, leukemia
inhibitory factor.

a3% of FBS is used in certain differentiation protocols (10,11). See Subheading 3.6 for
more details.

2. Gelatin (cat. no. G-2625, Sigma, St Louis, MO, USA) solution (0.1%) is prepared
in phosphate buffered saline (PBS) (Biochrom) and autoclaved.

3. Trypan blue solution in PBS is purchased from Gibco (cat. no. 15250-010, Invit-
rogen).

4. Trypsin ready-to-use solution containing 0.05% trypsin+0�002% Na4 ethylendi-
aminetetraacetic acid (EDTA), was purchased from (cat. no. 25300-062, Gibco,
Invitrogen, England).

5. Freezing medium consists of complete culture medium supplemented with 10%
dimethyl sulfoxide (DMSO) (cat. no. D-2650, Sigma) and 25% FBS.

2.2. Control of the Differentiation State of ESCs

1. Blocking solution for stage-specific embryonic antigen-1 (SSEA-1) immunode-
tection consists in 10% goat serum (cat. no. G-9023, Sigma) in PBS supplemented
with 1% bovine serum albumin (BSA) (Sigma).

2. Glycerin-gelatin (also named Glycerin Jelly) solution contains 7.63% gelatin,
53.83% glycerin, and 0.763% phenol, diluted in distilled water. Before adding
glycerin and phenol, gelatin has to be dissolved in warm water to get a homogeneous
solution and cooled down.
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3. Alkaline Phosphatase Substrate, from Vector Labs, either Vector Blue (dark blue
precipitate, cat. no. SK-5300) or Vector Red (red precipitate also fluorescent, cat.
no. SK-5100) kit were used (Vector Red/Blue Alkaline Phosphatase Substrate Kit,
Vector Laboratories, Burlingame, CA).

3. Methods
In general, the culture protocol is divided into three steps. First, ESCs are

expanded as adherent monolayers in the presence of LIF, a cytokine of the
interleukin-6 family that maintains the cells in an undifferentiated state. Second,
differentiation programs are activated by transferring the cells to bacteriological
plates, allowing the formation of floating cell aggregates called embryoid bodies
(EBs) (7). Under these conditions, cells start to express protein markers typical
of the three embryonic layers: ectoderm, mesoderm, and endoderm. Insulin
expression is evident at long-term incubation periods in EBs (21 days) (8).
Finally, cells are plated again in adherent dishes and incubated in the presence
of different substances to increase insulin expression and hormone production.
We have observed that the ESCs and EB culture conditions are critical and have
an important influence in the phenotype of the final cell product. Therefore,
the observation of some rules is instrumental in this context.

3.1. Culture of Undifferentiated Mouse ESCs

1. Mouse D3-ESCs obtained from American Type Culture Collection and R1-ESCs
from Dr Andras Nagy (Mount Sinai Hospital, Toronto) were used.

2. Culture dishes (TPP, Trasadingen, Switzerland) are treated with 0.1% gelatin in
PBS. The gelatin solution has to cover the culture surface. After 10-min incubation
at room temperature, gelatin solution is discarded and the dish is ready to use (see
Note 1).

3. Cell number is determined in Neubauer chamber after staining with 0.4% trypan
blue solution in PBS. Living cells are determined according to their round and
smooth morphology and trypan blue exclusion.

4. Cells are passaged in the corresponding culture plates or flasks (see Table 2) and
cultured at 37 �C in a 5% CO2 incubator. When reaching 80% confluence, culture
medium is discarded and cells are washed with the same volume of PBS. Once
PBS is removed, a specific volume of trypsin solution is added (see Table 2), and
the dish is incubated at 37 �C for 1–5 min (longer periods of time are recommended
for highly confluent cells but never longer than 5–10 min). When cells start to
detach, add the same volume of culture medium (stopping volume in Table 2).
Pipette up and down carefully to dissociate cell aggregates, minimizing always
foam production. Transfer cell suspension to a sterile tube and wash the plate
with the same volume of fresh culture medium as used to stop trypsin solution
(washing volume in Table 2). Transfer again to the same tube and mix to obtain a
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Table 2
Trypsin Volumes Used

Flask �cm2� Plate
(mm of diameter)

Surface
�cm2�

Trypsin
volume

Stopping
volume

Washing
volume

Final volume
of suspension

Flask (150) 150 4 ml 8 ml 8 ml 20 ml
Plate (150)
Flask (75) 60–75 2 ml 4 ml 4 ml 10 ml
Plate (100)
Flask (25) 25 1 ml 2 ml 2 ml 5 ml
Plate (60)

Plate (24
multiwells)

1.76 250 �l 500 �l 500 �l 750 �l

homogeneous cell suspension (final volume in Table 2). Count cells according to
step 3.1.3 and plate at the appropriate concentration (see Note 2).

5. After trypsinization, cells could be frozen in 1–1.8 ml of freezing medium. To
this end, the cell suspension obtained from step 3.1.4 is centrifuged at 110 g for
3–5 min. Supernatant is discarded, and pellet is resuspended in freezing medium
to obtain a homogeneous cell suspension �3–5 × 106 cells/1–1�8 ml�. Aliquots of
1–1.8 ml are transferred to cryovials (TPP, Trasadingen) that are introduced in a
“Mr Frosty” (Nalgene, Rochester, NY) according to manufacturer instructions and
then frozen at −80 �C for at least 4 h or overnight. Finally, cryovials are stored in
a tank containing liquid N2 at −196 �C.

6. Cell thawing is performed by quick transfer of the cryovial from liquid N2 to a water
bath at 37 �C. Cells are resuspended and mixed in a sterile tube with 6 ml of fresh
culture medium. The cryotube is washed with additional 2 ml of culture medium.
Cell suspension is centrifuged at 110 g for 3–5 min. The supernatant is discarded,
and the pellet is resuspended in culture medium at the desired cell concentration.
Cells are plated and the dishes are incubated at 37 �C in the CO2 incubator overnight.
To eliminate floating dead cells, it is recommended to change the medium next day
after 24–36 h.

3.2. Control of the Undifferentiated State of ESCs

1. Cells are cultured routinely in adherent tissue culture dishes treated with gelatin.
The undifferentiated state has to be controlled after certain number of passages
by monitoring the colony morphology and the expression of specific markers by
reverse transcriptase–polymerase chain reaction (RT–PCR) and immunostaining
microscopy (see Note 3).
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2. Specific markers of undifferentiated ESCs and ectoderm can be detected by
RT–PCR, using the primers and conditions indicated in Table 3.T3

3. SSEA-1 (marker of undifferentiated ESCs) detection was performed by
immunofluorescence according the following protocol (see steps 4–8).

4. Cells are washed three times and fixed with 100% methanol at −20 �C. After
10 min, cells are washed again three times with PBS.

5. At the end, cells are blocked with a 10% goat serum solution and incubated at
room temperature in a humid chamber.

6. After 1 h, blocking solution is discarded and cells are covered with a PBS
containing 1/100 anti-SSEA-1 (MC-480, developed by Dr Solter and obtained
from Developmental Studies Hybridoma Bank, Iowa University).

7. Cells are incubated for 1 h at room temperature. After this period, cells are washed
three times with PBS and quickly incubated with a PBS solution containing 1/600
goat anti-mouse immunoglobulin M (IgM) bound to Cy3 (Jackson Immunore-
search, West Grove, PA) and supplemented with 0.5% BSA. Cells are incubated
with the secondary antibody for 45 min.

8. At the end, cells are washed three times, covered with glycerin-gelatin (Glycerin
Jelly) solution and a coverslip and observed under microscope (inverted Nikon
Eclipse TE200 microscope, Tokyo, Japan).

9. Alkaline phosphatase (marker of undifferentiated ESCs) activity is detected
according to the steps 10–12.

10. Cells are washed once with PBS and immediately fixed with 4% paraformaldehyde
solution in PBS (Sigma) at room temperature for 15 min. Alternatively, cells can
be fixed with 100% cold methanol at −20 �C for 10 min.

11. Following fixation, the fixing reagent is discarded and cells are washed once with
100 mM Tris–HCl pH 8.3 (Sigma). After this, cells are incubated in the presence
of alkaline phosphatase substrate (Vector Red) for 25 min. The processing of
this substrate by the enzyme generates a red precipitate that can be detected by
transmission as well as fluorescence microscopy.

12. Finally, cells are washed with 100 mM Tris–HCl pH 8.3, covered with glycerin-
gelatin (Glycerin Jelly) solution and a coverslip and observed under microscope.

3.3. EB Formation by Massive Method

1. Trypsinized cells �2�5–5 × 105 cells/ml� are transferred to a bacteriological plate
(100 mm of diameter) in differentiation medium (see Table 1) to reach a final
volume of 10 ml.

2. Cells are incubated at 37 �C in the CO2 incubator for 2 days.
3. Medium is changed next by transferring the EB suspension to a tube with a conical

bottom. EBs sediment by gravity in 10 min and supernatant is discarded. The
medium is changed in the same plate from days 4 to 5.

4. EBs are then resuspended in fresh differentiation medium with no LIF and trans-
ferred to a new bacteriological Petri dish (see Note 4).
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Table 3
List of Gene-Specific Primers �5′–3′� Used in PCR

Genes Forward primer Reverse primer Product
size (bp)

Tm/cycle
number

GeneBank
accession
number

ESCs
Oct3/4 AGGCCCGGAAGAGAAAGCGAACTA TGGGGGCAGAGGAAAGGATACAGC 265 67 �C/26 NM_013633
Nanog AGGGTCTGCTACTGAGATGCTCTG CAACCACTGGTTTTTCTGCCACCG 363 62 �C/29 AB093574
ESG-1
(Dppa5)

ATAAGCTTGATCTCGTCTTCC CTTGCTAGGATGTAACAAAGC 501 55 �C/29 BC092354

Ectoderm
Otx-2 CCATGACCTATACTCAGGCTTCAGG GAAGCTCCATATCCCTGGGTGGAAAG 211 67 �C/35 BC027104
N-200 GAGTGGTTCCGAGTGAGGTTGGAC GACGTTGAGCAGGTCCTGGTACTC 343 67 �C/32 NM_010904
GFAP CTGTTTGCCAGGCTCAGTTCCCAC GGAAACTTCCAGCTCTGGCAACGG 297 67 �C/32 NM_010277
AChE CCGGGTCTATGCCTACATCTTTGA CACAGGTCTGAGCAGCGCTCCTGCTTGCTA 483 67 �C/35 BC046327
TH AGTTCTCCCAGGACATTGGACTT ACACAGCCCAAACTCCACAGT 100 67 �C/35 NM_009377
MBP GTGCAGCTTGTTCGACTCCG ATGCTCTCTGGCTCCTTGGC 153 67 �C/35 NM_010777
Nestin CGGCCCACGCATCCCCCATCC AGCGGCCTTCCAATCTCTGTTCC 258 67 �C/32 NM_016701

Mesoderm
Brachyury GCTCATCGGAACAGCTCTCCAACC GGAGAACCAGAAGACGAGGACGTG 319 67 �C/30 NM_009309
�-MHC CTGCTGGAGAGGTTATTCCTCG GGAAGAGTGAGCGGCGCATCAAGG 301 64 �C/32 NM_010856
�-MHC TGCAAAGGCTCCAGGTCTGAGGGC GCCAACACCAACCTGTCCAAGTTC 205 64 �C/32 NM_080728
ANF TGATAGATGAAGGCAGGAAGCCGC AGGATTGGAGCCCGAAGTGGACTAGG 203 67 �C/29 NM_008725

Endoderm
AFP CCTTGGCTGCTCAGTACGACAAGG CCTGCAGACACTCCAGCGAGTTTC 301 67 �C/26 NM_007423
Foxa2 GTTAAAGTATGCTGGGAGCCG CGCCCACATAGGATGACATG 219 61 �C/30 NM_010446
Foxa3 CGGGCGAGGTGTATTCTCCA GCCCAGTAGGAGCCTTTGCC 520 62 �C/32 NM_008260
GATA4 GGCCCCTCATTAAGCCTCAG CAGGACCTGCTGGCGTCTTA 249 61 �C/30 NM_008092

(Continued)
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Table 3
(Continued )

Genes Forward primer Reverse primer Product
size (bp)

Tm/cycle
number

GeneBank
accession
number

GATA5 GCGTCTGTCCTCATCCCGAA CTGGAGGCCTGGGAGGTGATA 354 62 �C/30 NM_008093
Amnionlessa ACTGCCTCCAACTGGAACCAGAAC CGCAGAGGTCACAGCATTGTCCTT 667 62 �C/30 BC087954.1
Glucagonb CTTCCCAGACAGAAGCGCATGAGG GTCCCTGGTGGCAAGATTGTCCAG 394 67 �C/30 NM_008100

Neuroectoderm
and
�-cells
Pax6 AGTGAATCAGCTTGGTGGTG TCTGTCTCGGATTTCCCAAG 294/336 60 �C/32 AF443223
Isl1 CACTATTTGCCACCTAGCCAC AAATCATGATTACACTCCGCAC 255 60 �C/32 AJ132765
Pdx1 ACACAGCTCTACAAGGACCCGTGC GCACAATCTTGCTCCGGCTCTTCG 655 60 �C/32 NM_008814
Insulin CCCACCCAGGCTTTTGTCAAACAGC TCCAGCTGGTAGAGGGAGCAGATG 250 60 �C/32 NM_008386/87

Positive
control
GAPDH GCCATCAATGACCCCTTCATTG CACCACCTTCTTGATGTCATCA 692 62 �C/32 NM_008084
�-Actin CCCTAGGCACCAGGGTGTGA TCCCAGTTGGTAACAATGCCA 128 60 �C/27 X03672

Endoderm markers are for primitive and definitive.
a Specific marker for primitive endoderm.
b Specific marker for definitive endoderm.
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3.4. EB Formation by Hanging Drop Method

1. Trypsinized cells are prepared in a suspension of 600 cells/20 �l of differentiation
medium (see Note 5).

2. Put the 20-�l drops containing the cell suspension on the upside down face of a
cover of a bacteriological plate (75–150 drops/100 mm diameter cover).

3. Put 10–15 ml of PBS into the plate to create a humid atmosphere and avoid drop
evaporation.

4. When everything is ready, take the cover containing the drops and turn quickly.
The drops remain hanging in the upper surface of the cover.

5. Close the plate that contains PBS with the cover containing the hanging drops and
incubate at 37 �C in CO2 incubator for 3–5 days.

6. After this incubation period, EBs were pooled in 2 ml of differentiation medium
(see Table 1) and transferred to a bacteriological plate of 100 mm of diameter. The
EBs from two additional covers can be pooled in the same bacteriological plate
bringing a 6 ml final volume.

7. EBs were then incubated in suspension, and the medium is changed as described
in the massive method (see steps 3.3.3 and 3.3.4).

3.5. Additional Methodology to Use with ESCs

3.5.1. Transfection

1. All constructs must be linearized before transfection.
2. At the end of the digestion, DNA has to be precipitated under the hood in

sterile conditions with 70–90% ethanol (2–2.5 vol) plus 3 M sodium acetate pH 5.2
(1/10 vol). Linear DNA precipitates at −80 �C overnight.

3. Next day, DNA is pelleted, washed with 70% ethanol and resuspended under the
hood by adding sterile PBS.

4. Transfection is performed by electroporation. To this end, 3×107 ESCs were mixed
with 50 �g �25 �g for 1�3×107 ESCs) of linear construct in PBS to a final volume
of 0.7–1 ml.

5. The DNA/cell suspension were transferred to an electroporation cuvette and
incubated on ice for 5–10 min.

6. Cells were electroporated with one single pulse of 0.8 KV and 3 �F using a Gene
Pulser II® (Biorad, Hercules, CA).

7. After electroporation, cells are placed on ice, resuspended in culture medium
(see Table 1) and transferred to 100-mm plates at 3×106 cells/plate.

8. Cells are cultured as described before (see Subheading 3.1.) for 2–3 days, changing
the medium daily to eliminate floating dead cells (see Note 6).

3.5.2. Clonal Selection by Antibiotic Addition to the Culture Medium

Cell dilution could be used to select clones. Nevertheless, usually purest
clones could derive from antibiotic selection after transfection, provided that
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the corresponding resistance gene is present in the DNA construction. In our
laboratory, the DNA construct contains a cassette with the hygromycin resis-
tance gene under the control of the constitutive promoter of the phosphoglyc-
erate kinase gene (9).

1. We add 400–800 �g/ml of hygromycin (GIBCO/Calbiochem, La Jolla, CA) to
perform cell selection.

2. Clones are growing separately and are visible under the microscope. The dish has
to be washed once with PBS and left with PBS. To pick up a certain clone, it is
important to use a pipette adjusted to a final volume of 15 �l. The tip has to be
blocked with FBS by repipetting several times. This avoids the adherence of the
clone to the tip. The selected clone is pushed carefully with the tip. Once floating,
the clone is picked up with the pipette and transferred to a Petri dish as a drop.

3. At the end, the plate contains several drops containing each one a different clone.
Add to each drop 50 �l of 0.05% trypsin plus 0.02% EDTA.

4. Leave the plate containing the drops 5 min at 37 �C in the CO2 incubator. This
allows to cell dissociation in each drop.

5. After this, each clone is pipetted slowly to favor the total dissociation of the clone.
The obtained cell suspension is brought to 750 �l final volume and transferred to
well of 24 multiwell plate treated with gelatin as described in step 3.1.2. The plate
is incubated at 37 �C for 2 days in a CO2 incubator.

6. Medium is changed every 2 days, and incubation continues until the surface is
totally covered by the cells.

7. When confluence is reached, each clone is trypsinized as described in step 3.1.4
and transferred to a 60 mm of diameter plate treated with gelatin (see step 3.1.2) in
a final volume of 5 ml. Change medium next day.

8. When cells reach the confluence, they can be expanded by transferring to subsequent
Petri dishes (see Table 2). Alternatively, cells can be frozen in a cryovial as
described in step 3.1.5 (see Note 7).

3.5.3. Clonal Selection

This can be performed as well by cell sorting by using flow cytometry. To
this end, cells have to be transfected with a construct codifying the expression
of fluorescence marker, usually green fluorescence protein. For this type of
analysis, we used the cytometer Vantage SE System with FACS separation
(BD Biosciences, San Jose, CA, USA).

1. Cells are resuspended in PBS containing 1 mM EDTA to a final concentration of
106 cells/ml and kept on ice. The EDTA avoids cell aggregation.

2. Analysis is performed quickly on 104 cells, and then sorting can be carried out.
3. A different dissociation protocol before sorting has to be used with EBs (see steps

4–9).
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4. Wash EBs with PBS containing 1 mM EDTA.
5. Cover the EBs with a solution containing 200–250 U/ml of collagenase (Sigma)

in DMEM.
6. Incubate at 37 �C for 35–45 min in the CO2 incubator.
7. At the end, add trypsin from a stock of 0.25% to reach a final concentration of

0.05%, directly to the collagenase solution. Let incubate for 15 min.
8. At the end of this incubation period, cells are carefully pipetted with a 5-ml tip to

favor cell dissociation.
9. Viable cells are counted by trypan blue exclusion as described in step 3.1.3, quickly

resuspended to 106 cells/ml in PBS plus 1 mM EDTA and proceeding for analysis.
10. After sorting, it is important to verify the purity of the culture by microscopy.

3.6. Differentiation Protocols

1. Differentiation starts in the EB culture and some manipulations can be introduced
at this stage. For instance, EBs were cultured for 7 days in the presence of 3% FBS
and different factors or conditioned media were added (10,11) (see Note 8).

2. If the culture medium is not manipulated, insulin gene expression seems to be
evident in EBs after long incubation periods (21 days) (8).

3. The resulting EBs were plated onto 100 mm of diameter tissue culture dishes and
allowed to attach. Factors present during the EB incubation period or new factors
can be added. FBS concentration in the medium is reduced to 10% at this stage
(10,11) (see Note 8).

4. In cells transfected with a construct containing the neomycin resistance gene under
the control of �-cell-specific promoters, the selection of insulin-producing cells can
be achieved by adding 0.4–0.8 mg/ml G418 (Gibco, Invitrogen) (10,11).

5. Before transplantation, cells are allowed to form aggregates that mimic the islet
structure. To this end, cell aggregates are gently detached from the dish and trans-
ferred to 100-mm Petri dishes and further incubated with differentiation selection
medium containing 10% FBS, 0.4–0.8 mg/ml G418, 10 mM nicotinamide and 5 mM
glucose (9), for their final maturation.

Notes
1. The treatment of the culture surfaces with gelatin can be performed at 4 �C from

1 to 24 h. However, we do not recommend this procedure because the additional
manipulations increase the risk of contamination.

2. The number of cells in this phase is crucial for subsequent results. When cells
are plated at high density (i.e., 7×106 cells/100 mm of diameter dish), we obtain
commitment to definitive endoderm (according to the expression of specific
markers) during the differentiation period in EBs. When the cells are expanded
at low density (i.e., 1–2 × 106 cells/100 mm of diameter dish), commitment to
definitive endoderm is observed during spontaneous differentiation, but at the
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same time, markers of primitive endoderm are expressed as well, what might be a
consequence of slight differences in the differentiation potential of undifferentiated
ES cells depending on the culture conditions. This point is important because both
primitive and definitive endoderm express insulin and many other markers that
are found in mature �-cell and in �-cell precursors. If the final cell product has to
mimic as much as possible the pancreatic �-cell phenotype, the culture protocol
has to focus on the enrichment in definitive endoderm precursors.

3. We have observed that cells tend to differentiate to ectoderm when cultured
in monolayer after several passages, even in the presence of LIF. Undifferen-
tiated cells grow forming round shaped colonies and express specific markers
such as Oct3/4, Nanog, and ESG-1 (now called Dppa5) (detected by RT–PCR),
alkaline phosphatase activity (detected by microscopy), and SSEA-1 (detected by
immunostaining). When cells start to commit to ectoderm, SSEA-1 expression is
reduced, and the expression of typical ectodermal markers, such as neurofilament-
200 (N-200) and glial fibrillary acidic protein (GFAP), starts to be evident. The
cells change the morphology growing as a continuous monolayer with no colony
formation (see Fig. 1). Karyotype alterations have been noticed at these late stages
of culture.

Passage 26Passage 8

A

B

C

268Passage:

AFP

Oct3/4

N–200

GFAP

GAPDH

D

Fig. 1. (A) Phase-contrast image showing a typical culture of mouse R1-embryonic
stem cells (ESCs) at passages 8 and 26. Bar: 100 �m. (B) Stage-specific embryonic
antigen-1 (SSEA-1) immunofluorescence (rhodamine filter) for different passages
(8 and 26) of mouse R1-ESCs. Bar: 100 �m. (C) Alkaline phosphatase staining of mouse
R1-ESCs at passages 8 and 26. Bar: 100 �m. (D) Reverse transcriptase–polymerase
chain reaction (RT–PCR) showing the increased expression of neuroectodermal genes
[N-200 and [glial fibrillary acidic protein (GFAP)] at passage 26 respect to passage 8.
Markers of endoderm [alphafetoprotein (AFP)] are not expressed. See Table 3 for PCR
conditions.
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4. It is important to change the Petri dish because cellular debris tend to attach to the
plastic surface, interfering with the normal growth of EBs. Markers (see Table 3)
from the different embryonic layers can be detected at different times of EB
culture. This kinetics is altered when EBs are obtained from late passages of ESCs
(see Fig. 2).

AFP

0 3 5 7 10 14 20 30d24

0 3 5 7 10 14 20 30d24

0 3 5 7 10 14 20 30d24

β-Actin

β-MHC

-

0 3 5 7 10 14 20 30d24-

0 3 5 7 10 14 20 30d24

0 3 5 7 10 14 20 30d24

-

0 3 5 7 10 14 20 30d24

α-MHC

ANF

Glucagon

N-200

Passage 26
Passage 8

Passage 26

Passage 8

Passage 26
Passage 8

Passage 26

Passage 8

Passage 26
Passage 8

Passage 26
Passage 8

Passage 26
Passage 8

Fig. 2. Pattern of expression of different marker genes from ectoderm (N-200),
mesoderm [�-myosin heavy chain (�-MHC), �-MHC, and atrial natriuretic peptide
(ANF)], primitive and definitive endoderm (AFP) and definitive endoderm (glucagon)
in embryoid body (EB) cultures from 0 to 30 days derived from mouse R1-embryonic
stem cells (ESCs) at passages 8 and 26. �-Actin expression is used as unvariant control.
See Table 3 for PCR conditions.
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5. The number of cells in this stage is critical for commitment into specific cell
lineages: 200 cells/20 �l for neuroectoderm, 400 cells/20 �l for cardiac muscle,
600 cells/20 �l for pancreatic lineages and skeletal muscle and 800 cells/20 �l for
smooth vascular muscle.

6. Electroporation works very well with ESCs, yielding around 10–30% of transfected
cells. This yield depends on the cell passage, cell line, and the electroporator type.
The best yields are obtained with square wave electroporators.

7. Usually 8×106 cells can be obtained from a 60 mm of diameter plate. Use 2–3×106

to extract RNA and analyze markers of pluripotentiality and freeze the rest. This is
important to avoid saturation of the incubator because of the big number of clones
that can be expanded and the high cost of the corresponding culture medium.

8. Eliminating LIF from the culture medium favors activation of differentiation
programs. In addition, certain laboratories claim that different factors can be added
to the medium to obtain insulin-producing cells. Some of them are 2 �g/ml of
anti-sonic hedgehog (Developmental Studies Hybridoma Bank, Iowa) and condi-
tioned medium obtained from incubation of mouse pancreatic rudiments isolated
at embryonic day 16.5 (10,11). At present, our laboratory has not fully tested these
treatments yet, and several points still need to be clarified. For instance, the real
origin of the obtained cells is not known. This can be performed in part just by
checking the expression of insulin I gene (expressed in mature �-cells) or insulin
II gene (expressed in neuroectoderm, primitive endoderm, and fetal liver). This
has not been deeply addressed in these studies (10,11). Furthermore, the final
cell products still present high rates of BrdU incorporation, suggesting a potential
tumoral risk in the therapeutical use of these cells. This can be checked by looking
for tumor formation in transplanted animals. In these studies, transplanted animals
are maintained for no longer than 14–16 days (10,11), and in our laboratory, we
have assessed that tumor formation is clearly detectable only 3 months after trans-
plantation in similar experimental approaches. Other protocols based on nestin
selection have been published (12–15). It seems that the final cell product might
have a neuroectodermal origin and thereby not be fully mimicking all functional
� -cell features (16). In conclusion, it is important to work in this stage of the
protocol to improve the present methodology and obtain a reliable differentiation
procedure.
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Efficient Generation of Dopamine Neurons
from Human Embryonic Stem Cells

Chang-Hwan Park and Sang-Hun Lee

Summary

In this chapter, we introduce a co-culture protocol for human embryonic stem (hES) cell
differentiation in which dopamine (DA) neurons with midbrain-specific markers are efficiently
derived. Human ES cells on a feeder layer of stromal cells are induced to differentiate into
neuroepithelial or neural precursor cells with embryonic midbrain precursor properties. The
resulting neural precursor cells are then selectively expanded and serially passaged to obtain a
large, homogeneous population of these cells. Under the conditions for terminal differentiation,
the majority of hES-derived neural precursors differentiate into neuronal cells that are positive
for DA neuronal markers such as tyrosine hydroxylase (TH) and function in vitro as presynaptic
DA neurons.

Key Words: Dopamine neurons; Human embryonic stem cells; Tyrosine hydroxylase,
Parkinson’s disease.

1. Introduction
The derivation of specific cell fates from human embryonic stem (hES)

cells represents the initial step for using these cells in developmental biology
research as well as in regenerative medicine. Clinical transplantation experience
using fetal midbrain tissues has suggested that cell replacement strategies
may be a future therapeutic option for Parkinson’s disease, which is caused
by the specific degeneration of dopamine (DA) neurons in the substantia
nigra within the midbrain (1). Generation of DA neurons from stem cells is
therefore of particular relevance in the use of hES cells as a renewable cell
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source for the treatment of Parkinson’s disease. Several protocols, including
embryoid body (EB)-based lineage selection (2) and co-culture (3) methods,
have been developed for the generation of DA neurons with midbrain cell
properties from mouse ES (mES) cells. EB-based neural differentiation has
yielded low numbers of DA cells from hES cells (4,5). In contrast, the co-
culture protocol, in which DA neuronal differentiation of ES cells is induced
by signals derived from stromal cells [referred to as SDIA (stromal cell-derived
inducing activity) in (3)], has recently been demonstrated to be applicable for
DA differentiation of hES cells (6–8). However, efficient DA differentiation of
hES cells using these co-culture protocols requires a laborious step involving
dissection of clusters of differentiated neural structures under a microscope (6),
thereby making mass production of DA cells unfeasible. Here, we introduce
a substantially improved co-culture method in which hES cells synchronously
and sequentially differentiate into midbrain neural precursors and DA neuronal
cells. Repeated subcultures during the co-culture step produce a high yield of
midbrain precursor clusters, rendering microscopic dissection unnecessary. The
hES-derived midbrain precursor cell clusters in the subsequent step are disso-
ciated into single cells that are selectively expanded and are finally subjected
to differentiate into neuronal cells, of which the majority are DA cells with in
vitro DA neuronal functions.

2. Materials

2.1. Media, Buffers, and Reagents

2.1.1. MS5 Medium

Modified Eagle’s Medium alpha (�-MEM) (cat. no. 11900, Invit-
rogen/Gibco, Carlsbad, CA, USA) containing 20 mM sodium bicarbonate, 100 U
penicillin/100 �g/ml streptomycin (cat. no. 15140, Invitrogen/Gibco), and 10%
fetal bovine serum (FBS, cat. no. SH30397.03, Hyclone, Logan, UT, USA)

2.1.2. ITS Medium

Dulbecco’s MEM (DMEM)/F12 (cat. no. 12500, Invitrogen/Gibco)
containing 3 mM D(+) glucose (cat. no. G7021, Sigma, St. Louis, MO, USA),
2 mM l-glutamine (cat. no. G8540, Sigma), 5 mg/L insulin (cat. no. I1882,
Sigma, in 0.1 N NaOH), 50 mg/L transferrin (cat. no. T2036, Sigma), 30 nM
sodium selenite (cat. no. S5261, Sigma), 28.5 mM sodium bicarbonate (cat. no.
S5761, Sigma), and 100 U penicillin/100 �g/ml streptomycin (cat. no. 15140,
Invitrogen/Gibco).
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2.1.3. Other Buffers and Reagents

Distilled water (cat. no. 15230-147, Invitrogen/Gibco).
100 mM ascorbic acid (AA; cat. no. A4544, Sigma, 500× stock).
10 �g/ml basic fibroblast growth factor (bFGF; cat. no. 233-FB, R&D,
Minneapolis, MN, USA, 500× stock).
Ca+2� Mg+2-free HBSS (CMF-HBSS; cat. no. 14185-052, Invitrogen/Gibco,
10× stock).
Phosphate-buffered saline (PBS; cat. no. 70011, Invitrogen/Gibco,
10× stock).
200 �g/ml polybrene (hexadimethrine bromide, cat. no. H9268, Sigma,
100× stock).
1 mg/ml blasticidin (cat. no. R210-01, Invitrogen/Gibco, 100× stock).
15 mg/ml polyornithine (PO; cat. no. P3655, Sigma, 1000× stock).
1 mg/ml fibronectin (FN; cat. no. F1141, Sigma, 1000× stock).
10mg/ml (2500 U/ml) collagenase (collagenase Type IV, cat. no. 17104-019,
Invitrogen/Gibco, 10× stock).
50 �g/ml sonic hedgehog (rmSHH-N; cat. no. 461-SH, R&D, 100 ×
–500× stock).
50 �g/ml fibroblast growth factor-8 (rmFGF-8b; cat.no. 423-F8, R&D,
500× stock).
0.1% gelatin (Sigma, cat.no. G1890, v/w in PBS).

2.2. Preparation of the MS5 Stromal Cell Feeder Layer

Prepare gelatin-coated dishes by adding gelatin solution (0.1%, v/w in PBS)
to culture dishes and incubating for at least 5 min in a CO2 incubator.
Irradiate MS5 cells at 6000 rad in a �-irradiator (Gammacell 1000Elite, MDS
Nordion, Canada).
Plate the �-irradiated MS5 cells at 3×104 cells/cm2 on gelatin-coated plates.

2.3. Generation of MS5 Cells Stably Overexpressing SHH

The human sonic hedgehog N-terminal region (ShhN) was amplified with
primers 5′-CATATGCTGCTGCTGGCGAGAT-3′ and 5′-GTCGACTCAGCCT
CCCGATTTGG-3′ using high-fidelity Taq polymerase (cat. no. 11304, Invit-
rogen/Gibco) with 30 cycles of 94 �C/0.5 min, 55 �C/min, and 68 �C/3 min. The
ShhN polymerase chain reaction (PCR) product was cloned into the pGEM
T-Easy TA cloning vector (cat. no. A 1360, Promega, Madison, WI, USA),
digested with NotI/SalI restriction enzymes, and cloned into the corresponding
sites in the IRES-BsdEGFP-CL retroviral vector, which simultaneously expresses
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the antibiotic blasticidin resistance gene and the EGFP fusion protein (ShhN-
BsdEGFP-CLBC3). The ShhN-BsdEGFP-CLBC3 plasmid was introduced into
the 293gpg retrovirus packaging cell line (9) by transient transfection with
Lipofectamine 2000 (cat. no. 11668, Invitrogen/Gibco). After 72 h, the super-
natants were harvested and used to infect MS5 cells with polybrene (2 �g/ml)
for 2 h. Two days later, transduced MS5 cells were selected by growing in the
presence of 10 �g/ml blasticidin for 1 week.

2.4. Preparation of PO/FN-Coated Plates

Add 5–10 ml PO solution (15 �g/ml in PBS) to culture plates, incubate for
at least 4 h in a CO2 incubator, and wash three times with PBS.
After washing, add FN solution (1 �g/ml in PBS) and incubate for at least
1 h. Aspirate FN solution immediately before use and add cell solution to the
dishes. The prepared PO/FN-coated dishes should be used within 1 week.

3. Methods
DA differentiation using the co-culture protocol with stromal cell lines MS5

and PA6 has been previously performed in the hES cell lines HSF6, SNU-hES-
3, Miz-hES-1 (8), H1, H9, HES-3 (6), BG-01, and BG-03 (7). The protocol
described here is based on Park et al. (8), with some modifications. Briefly, the
protocol for hES differentiation into DA neuronal cells consists of four stages:
propagation of undifferentiated hES cells (stage 0), neural induction of hES
cells on the stromal feeder layer (stage I), further selection and expansion of
neural precursor cells on PO/FN-coated plates (stage II), and terminal differ-
entiation into DA neuronal cells (stage III) (see Fig. 1). Human ES-derived
neuroepithelial cells or neural precursor cells after efficient neural induction or
expansion (stage I or II) can be stored in liquid N2 and recultured by simple
freezing/thawing. Note that the efficiency of neural induction using the co-
culture protocol is highly variable between hES cell lines and the different
experimental conditions used (see Note 1).

Stage 0

MEF 
KSR+bFGF

MS5
ITS+AA 

-
ITS+AA+bFGF

-
ITS+AA+bFGF

-
ITS+AA

MS5-Shh
ITS+AA

Feeder:
Medium:

Stage I Stage II Stage III
2’ Precursor 

expansion
(IIb)

Clusters Single cells

1’ Precursor
expansion

(IIa)

Undifferentiated
hES cells

1’ Neural induction
(Ia)

2’ Neural induction
(Ib)

Precursor
differentiation 

Fig. 1. General scheme of the co-culture protocol used for dopamine (DA) differ-
entiation of human embryonic stem (hES) cells.
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3.1. Culture for the Maintenance and Propagation of hES
Cells (Stage 0)

In general, undifferentiated hES cells (see Fig. 2) should be maintained in
specialized medium for hES maintenance on the layer of mouse fibroblast feeder
cells or STO-1 cells. However, specific methods for the maintenance of each hES
cell line should be followed according to the protocols provided by the cell line
establishers.

3.2. Neural Induction on the Stromal Feeder Layer (Stage I)

1. Prepare the feeder layer of MS5 or PA6 stromal cells (see Note 2) on 10-cm culture
dishes as described in Subheading 2.2., 1 day before starting the neural induction
of hES cells. Incubate the feeder cells in a CO2 incubator until use.

2. Transfer hES colonies onto the MS5 (or PA6) feeder layer.

a. Aspirate the medium from the cultures for undifferentiated hES cells and add
4 ml collagenase solution (1 mg/ml in DMEM/F12).

Fig. 2. Representative image of an undifferentiated human embryonic stem (hES)
cell colony. Undifferentiated hES cells have morphologic characteristics including a
high nucleus/cytoplasm ratio and prominent nucleoli.
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b. After incubation for 10 min in a CO2 incubator, gently aspirate the collagenase
solution and wash the cells once with 5 ml DMEM/F12 medium (see Note 3).

c. Add 5 ml ITS medium to the collagenase-treated dishes and then harvest hES cell
colonies by scraping the cells with a cell lifter (cat. no. 3008, Coring, Corning,
NY, USA).

d. Place the cell suspension in a 15-ml centrifuge tube and wait for 5 min until
the cell clusters sink down. Gently aspirate the transparent upper layer of the
medium from the tube.

e. Split the cell clusters into smaller pieces (50–500 cells/cluster) by mechanical
pipetting (see Note 4). Aspirate the upper medium again after waiting for 5 min.

f. During the collagenase treatment procedure, wash the MS5 feeder cells with
DMEM/F12, and incubate in 5 ml ITS+AA medium until use.

g. Resuspend the chopped cell clusters in 1–2 ml ITS+AA and inoculate into one
to five dishes of freshly washed MS5 feeder layers. Swirl the dishes gently to
evenly distribute the cell clusters on the feeder layer. Return the dishes to the
CO2 incubator.

3. Repeat the procedure of subculturing onto freshly prepared MS5 (or PA6) feeders,
as described in step 2, every 7 days, until > 80% of the cell colonies achieve
a primitive neuroepithelial cell morphology (see Fig. 3), such as neural rosettes
(arrow in Fig. 3B), on microscopic examination (see Note 5). Change the medium
every other day. After the final round of subculture, cells can be harvested with
collagenase treatment and frozen in ITS+AA containing 10% DMSO in liquid N2.

Fig. 3. A differentiated human embryonic stem (hES) cell cluster with a primitive
neural structure. Compared to undifferentiated hES cells shown in Fig. 2, hES-derived
neuroepithelial cells are much smaller, more compactly arranged, and have an abundant
cytoplasm and barely visible nuclei. (A) subpopulation of the differentiated hES clusters
contains neural tube-like primitive structures, neural rosettes (arrows in B).
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3.3. Selection and Proliferation of hES-Derived Neural Precursor
Cells (Stage II)

1. The differentiated hES colonies should be dislodged, chopped using collagenase
treatment as described above, and then plated on PO/FN-coated plates (see
Subheading 3.) in ITS+AA medium supplemented with 20 ng/ml bFGF (see
Note 6). Alternatively, neuroepithelial cell colonies can be isolated by mechanical
dissection under a microscope (6), particularly in cases in which differentiated hES
cell cultures comprise only a small percentage of the neuroepithelial cell clusters.
Subculture onto freshly prepared PO/FN-coated plates every 7 days two to four
times (see Note 7). Medium should be changed every other day, and bFGF should
be added every day. During culture in bFGF-supplemented medium, the clusters
of neuroepithelial or neural precursor cells will selectively survive and proliferate,
whereas non-neural cells, including hES-derived cells with the other lineages, the
stromal feeder cells, and differentiated neurons (or glia), will tend not to survive,
particularly because of the mechanical procedures of detaching, chopping, and re-
plating during the cell passages. As a result, a more uniform population of cells
positive for nestin, a specific marker for neural precursor cells, will be obtained
after subculturing.

2. Disrupt the cell clusters into single cells (see Note 8).

a. Wash the cells one or two times for 5 min with PBS.
b. Incubate the cells in 5 ml Ca+2� Mg+2-free-HBSS for 30–60 min in a CO2

incubator. This will loosen cell–cell contacts because of the cell junction
requirement for divalent metal ions.

c. Using a 1-ml pipette, suck and squirt the HBSS solution onto the cells several
times with the dish in a tilted position, so that the cell layer peels off. Scrape
remnant cells with a cell lifter.

d. Collect the cells in a 15-ml centrifuge tube and briefly spin down.
e. Dissolve the cell pellet into single cells by pipetting in 1 ml ITS+AA+bFGF.

3. Inoculate the dissociated cells at 50� 000 cells/cm2 on PO/FN-coated dishes (for
maintenance and further propagation of the hES-neural precursor cells) or coverslips
(12-mm diameter, Marienfeid 0111520; for immunocytochemical phenotype deter-
minations and functional analyses). In this stage of the cell culture, hES-derived
neural precursor cells can be maintained and propagated in ITS + AA supple-
mented with 20 ng/ml bFGF, a mitogen for neural precursor cells (see Note 6), for
several months with serial passages (see Note 9). During the period of precursor
cell expansion, cultures should be passaged every time 70–90% cell confluency
is reached (usually every 4–7 days). The hES-derived neural precursor cells can
be stored in bFGF-supplemented medium containing 10% DMSO in liquid N2

and recultured by simple freezing/thawing. Midbrain precursor properties of hES-
derived neural precursors in cell cultures at this stage have been determined in our
previous study (8) by immunocytochemical and reverse transcriptase–polymerase
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chain reaction (RT–PCR) analyses for various embryonic midbrain markers such
as Pax2 and Engrailed-1.

3.4. Terminal Differentiation of hES-Derived Neural Precursor Cells
into DA Neurons (Stage III)

The purpose of this step is to induce differentiation of hES-derived neural
precursor cells in ITS+AA medium in the absence of bFGF. Such withdrawal
of bFGF sufficiently induces the neural precursors to differentiate into neuronal
and glial cells. Differentiation phenotypes can be assessed by immunologic and
RT–PCR analyses for markers specific for neurons (tubulin �-III, TuJ1;
microtubule-associated protein 2, MAP2), DA neurons (tyrosine hydroxylase,
TH), astrocytes (glial fibrillary acidic protein; GFAP), and oligodendrocytes
(CNPase), for example. In optimal culture conditions, up to 90% of cells are
positive for the neuronal marker TuJ1, and 10–60% of the TuJ1+ cells express the
DA neuron marker TH after 10–15 days of differentiation (see Fig. 4). In in vitro
functional analyses, avid depolarization-induced DA release and DA transporter-
mediated DA uptake have been observed (8).

Fig. 4. Representative images of dopamine (DA) neurons derived from hES cells.
In vitro-expanded hES-neural precursors (stage II) were induced to terminally differ-
entiate by withdrawing basic fibroblast growth factor (bFGF) for 16 days (stage III).
Phenotypic determination was performed using immunocytochemistry for TuJ1 (A,
neuronal maker) and Tyrosine hydroxylase (TH) (B, DA neuronal marker).
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4. Notes
1. Efficiency in the derivation of neural precursor cells and DA neurons is highly

variable among hES cell lines. For instance, nestin-positive neural precursors and
TH-positive DA neurons have been efficiently derived from hES cell lines HSF6
(8), H1, and H9 (6) that were co-cultured with MS5 or PA6 stromal feeder cells. In
contrast, only a minor proportion of Miz-hES-1 and SNU-hES-3 cells have been
shown to differentiate into the midbrain neural precursor cells that give rise to DA
neurons (8). The degree of DA neuronal differentiation of hES cells also greatly
varies depending on the number of hES cell passages, even within the same cell
line, and depending on other experimental conditions, including cell density, the
size of hES cell colonies, cell viability, and general conditions of the feeder layer.

2. Stromal feeder cell lines MS5 and PA6 may have similar efficacy in eliciting
DA differentiation of hES cells. However, more synchronous differentiation of
HSF6 hES cells, with homogenous populations of cells at the same developmental
stage, has been observed with MS5 cells, whereas the period required for efficient
differentiation of hES cells into a neural lineage is shorter using PA6 cells.

3. Collagenase treatment loosens cell–cell contacts, which facilitates cell dissociation
during cell passaging. However, a 10-min collagenase treatment in most cases
does not dislodge the cell colonies during washing, unless cells are mechanically
scraped. Alternatively, cells can undergo a longer collagenase treatment to avoid
the mechanical stress that occurs during cell scraping. However, this longer colla-
genase treatment is more lethal to the cells than the shorter collagenase treatment
followed by scraping and most likely causes hES cells to have more chromosomal
abnormalities (10).

4. Neural differentiation of hES colonies is highly dependent on the size of the
colony. The differentiation potential of hES cells assembled into smaller clusters
tends to be greater, but cells are less viable if disrupted into clusters that are
too small. Thus, the optimal conditions for cell disruption should be determined
in each laboratory. We have found that the cell disruption procedure is more
convenient and efficient when performed on an in vitro fertilization (IVF) dish
(cat. no. 353653, BDF alcon, Franklin Lakes, NJ, USA).

5. Although 7 days is adequate for subculture, this period can be varied depending
on the state of the cultures, including cell viability of the feeder or hES cells as
well as the size and number of hES colonies. The percentage of differentiated
hES colonies with a neuroepithelial cell morphology gradually increases during
subculture. In general, four to eight subcultures (for 1–2 months) are required for
>80% of the colonies to adopt a neuroepithelial cell morphology (see Fig. 3). The
period required for such efficient differentiation is also highly variable depending
on which hES cell lines and experimental conditions are used, as described in
Note 1. DA neuronal yield is enhanced when cells are subcultured on an MS5-
SHH feeder layer (see Subheading 2.) after two and three rounds of subculture
(8). However, the neural induction efficiency of hES cells greatly decreases when
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cells are co-cultured on the MS5-SHH feeder layer from the beginning of the
co-culture stage.

6. SHH (100–500 ng/ml) or SHH+FGF8 (100 ng/ml) can be added to bFGF-
supplemented medium or substituted for bFGF to enhance DA neuronal yield (6).

7. Both the size of the cell clusters and cell density are crucial factors for cell viability
and uniformity of the cell population. In smaller clusters with low cell density, cell
viability is low, but efficient selection for neural precursor cells can be achieved.
The optimal conditions for cluster size and cell density, as well as the appropriate
interval for each cell passage, should be determined by each experimenter.

8. If cultures are maintained in the cell cluster stage up to terminal differentiation,
synchronous differentiation cannot be achieved: cells in the center of the cluster
maintain their undifferentiated properties or undergo apoptosis because of high
cell density, whereas cells in the periphery tend to have a higher differentiation
potential. Thus, disruption of clusters into single cells and subsequent procedures
for selective proliferation of the neural precursors by bFGF are required to obtain a
uniform population of neural precursor cells. After several days of bFGF-induced
expansion, >95% of cells in cultures plated with single dissociated cells have
been shown to be positive for the neural precursor cell marker nestin (8) (see
Fig. 5). The majority (80–90%) of the precursors differentiate toward a neuronal
fate under the differentiation conditions described in Subheading 3.4 (see Fig. 4).

Fig. 5. Human embryonic stem (ES)-derived neural precursor cells. Differentiated
hES cell clusters with neural structures were dissociated into single cells and cultured
in medium supplemented with bFGF, a specific mitogen for neural precursors. The
neural phenotype of these cells was confirmed by immunohistochemical analysis for
expression of nestin, a marker specific to neural precursor cells (A) 3 days after bFGF
expansion. Total cells are visualized by DAPI nuclear staining (B). Note that the
majority of cells, with the exception of the cells marked with arrows, are nestin-positive.
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In addition, the bFGF-induced increase in cell number tends to be much greater in
cultures plated with single cells than in those plated with clusters.

9. hES-derived neural precursor cells that have undergone bFGF-expansion for
several days predominantly differentiate into neurons. However, increased glial
(astrocytic and oligodendrocytic) differentiation at the expense of neuronal differ-
entiation has been observed in differentiated cultures in which precursors were
allowed to expand for a longer period with several cell passages (8). Although DA
neural yield was also reduced in the hES-derived precursors with increased passage
numbers, 10–20% of the total cells under optimal conditions were DA neurons
in the differentiated cultures after cell expansion was allowed for > 2 months
(data not shown). This contrasts greatly with the finding in primary rat midbrain
precursor cultures that demonstrated a large decrease in DA differentiation after
only one to two cell passages (11–12).
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Isolation of Oligodendroglial Cells from Cultured
Neural Stem/Progenitors

Frank Zeigler and Stephen G. Hall

Summary

The central nervous system (CNS) is composed of multiple cell types formed through a
process of lineage commitment and phenotypic differentiation of stem-like progenitor cells into
three key cell types: neurons, astrocytes, and oligodendrocytes. The ability to isolate and culture
these CNS stem/progenitors has facilitated the characterization of the molecular mechanisms that
regulate this process, in the hopes of providing therapeutically effective cells to treat disease
and injury. Although astroglial, and to a lesser extent some neuronal, phenotypes are robustly
generated when these cultured stem/progenitor cells are induced to differentiate, oligodendrocytes
that form the myelin-rich sheath that allows nerves to conduct action potentials are only formed
at a low frequency. This relatively low frequency has necessitated the development of methods
for quantifying oligodendroglial phenotypes in vitro, with greater precision and accuracy than
the standard technique of microscopic counting by hand. Here, we describe the isolation of
neural stem cells and the application of intracellular flow cytometry to quantify oligodendroglial
phenotypes in cultured CNS stem/progenitor cells using commercially available kits.

Key Words: CNS; Oligodendrocytes; Progenitor cell; Differentiation; Intracellular flow
cytometry; Phenotype.

1. Introduction
Although the exact location of multipotent neural stem cells (NSCs) in the

adult brain is somewhat controversial, it is accepted that one of the areas with
the highest NSC concentration is in the subventricular zone (SVZ) of the lateral
ventricular walls (1–3). One can consistently distinguish multipotent NSCs
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from other precursor cells as well as differentiated cells present in the central
nervous system (CNS). The addition of epidermal growth factor (EGF) and
basic fibroblast growth factor (bFGF) has been shown to expand neurospheres in
undifferentiated state (4). In contrast, retinoic acid (RA) can induce stem cells to
differentiate into glial cells (astrocytes and oligodendrocytes) and neurons (5).

The existence of a glial precursor in both the developing and the adult
CNS was first demonstrated with the isolation and culture of a common glial
progenitor to oligodendrocytes and type-2 astrocytes, termed O-2A progenitor
or oligodendroglial progenitor cells (OPC) (6). In culture, this precursor cell
could directly give rise to either oligodendrocytes or type-2 astrocytes or divide
to form another OPC. Subsequently, cells with similar attributes have been
isolated from various regions of both rodent and human CNS (7), and more
recently, growth factor-responsive CNS stem/progenitor cells grown as non-
adherent cultures of “neurospheres” have also been shown to contain OPC’s (8).

These studies have primarily relied on semi-quantitative determinations,
such as reverse transcriptase – polymerase chain reaction (RT–PCR) for
gene expression analysis and immunophenotyping with manual microscopic
counting. Although RT–PCR is exquisitely sensitive, it cannot distinguish the
precise number of cells of a given phenotype, whereas microscopic hand
counting of immunostained cells is prone to both inaccuracy and variability,
unless great effort is taken to count sufficient cell numbers to obtain a repre-
sentative sample size. This type of quantitation is also subjective and often
depends on individual operators whose relative experience and “trained eye”
can vary widely. Additionally, manual immunophenotyping methods are not
easily adapted to multi-parameter analyses, particularly when more than two
markers are desired within a single population of cells. A method is therefore
required to address the need for quantitative cellular phenotyping of cultured
CNS stem/progenitors, OPCs, and terminally differentiated oligodendrocytes.

Flow cytometry provides an analytical technology that can supply the
required phenotypic information, while also providing the necessary accuracy,
sensitivity, and robustness. Its multi-parameter capability allows for the
detection and enumeration of multiple phenotypes simultaneously on thousands
of cells per second in just a few minutes. This provides a large amount of
high-content information regarding a population of cells at the single-cell level
and is ideally suited for studies of CNS stem/progenitor cells, which display
a strong inherent potential for multi-lineage differentiation. However, many of
the markers commonly used to phenotype OPCs and oligodendrocytes are in
fact intracellular, for example, CNPase, glial fibrillary acidic protein (GFAP),
nestin, and the transcription factors Olig 1/2.
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Intracellular FACS requires that cells are first dissociated into a single-cell
suspension. In our experience, trypsin is the best enzyme for efficient prepa-
ration of a viable single-cell suspension of cultured cells in many applications,
including rodent and human cultured neural stem cells. However, care must
be taken because trypsin can vary significantly in activity, and we have found
that both considerable efforts can be required to optimize the use of trypsin,
including optimization of reaction time and screening different manufacturers
and production lots. CNS cells are fragile and have been reported to lose
viability after trypsin dissociation, but as they will be fixed for intracellular
FACS in any case, this is not problematic.

Once the method of cell dissociation has been optimized, cells must be fixed
to preserve both cellular morphology and antigenicity and permeabilized to
allow antibody penetration within the cell. Formaldehyde is the most widely
used and effective fixative for preserving cell and tissue morphology and
antigenicity, and although many different formulations and commercial kits
exist for intracellular FACS, they generally rely on the covalent cross-linking of
primary amines in cellular macromolecules, mostly proteins and nucleic acids,
and generally contain between 1 and 4% formaldehyde. Some protocols use
methanol as both fixative and permeabilizer; however, issues with cell losses
and incompatibility can occur. Permeabilization can be accomplished using
various detergents, such as saponin and Tween series non-ionic detergents, with
effective concentrations of 0.01 to 0.1% in most cases.

With the basic techniques for cell dissociation and intracellular FACS prepa-
ration complete, attention must next be paid to the choice of both the pheno-
typic markers and the antibody probes used to identify them. Regarding the
choice of phenotypic marker, each study may have its own unique require-
ments, and a full discussion of the relevance of the many possible markers is
outside the scope of this work. However, a brief review of the literature shows
that many phenotypic markers are used in the majority of studies involving
cultured CNS stem/progenitors, OPCs, and oligodendrocytes derived from
them. Nestin is commonly used to mark non-differentiated stem/progenitors,
b-tubulin III identifies neuronal cells, GFAP for astroglial, and for committed
oligodendroglial progenitors and terminally differentiated oligodendrocytes
CNPase, MBP, and the O1/O4 glycolipid antigens. The biological relevance
of each of these must of course be empirically determined through rigorous
experimentation.

Many primary antibodies are available commercially; however, the degree
to which they have been validated and in some cases even their specificity is
variable or unknown. Each antibody–antigen combination needs to be evaluated
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for compatibility with the intracellular FACS reagents, as well as for specificity
for the target antigen. Dual parameter flow cytometry can be helpful in this
regard, for example, using both CNPase and MBP to qualify both antibodies
by dual localization on primary spinal cord isolated oligodendrocytes. Cell
lines that have been shown to express the antigen can also be useful in some
cases, or more frequently, as a source of a non-expressing cell type for the
particular antigen [i.e., if your myelin basic protein (MBP) antibody reacts
with KG1a hematopoietic cells, then it cannot be trusted]. We have also found
it important to visualize the pattern of reactivity with each antibody and cell
type by immunofluorescence, to confirm the appropriate cellular localization
(e.g., nestin and GFAP should look like intermediate filaments microscopically)
when qualifying an antibody.

As FACS is an extremely sensitive detection methodology, and as one cannot
visualize the phenotypic signal in intracellular FACS, the appropriate negative
controls are absolutely required. Each cell type and preparation needs to have
a negative control using either an isotype-matched immunoglobulin G (IgG) or
an irrelevant IgG from the same species as the primary antibody and at same
concentration, time, and so on. For multi-parameter studies using two different
primary antibodies, tests should be run with the secondary fluorochrome-
conjugated antibodies to confirm specificity of dual labeling.

Intracellular FACS for oligodendroglial phenotypes can be applied to
the study of oligodendroglial lineage differentiation from cultured CNS
stem/progenitor cells. Commercially available kits and reagents save time for
assay development work, allowing researchers more time to focus on functional
biology, and provide an excellent starting point for phenotyping oligoden-
droglial cell populations in vitro.

2. Materials
2.1. Isolation of Neural Stem Cells

1. Artificial cerebrospinal fluid (aCSF) (pH 7.4): 126 mM NaCl, 2.5 mM KCl, 2 mM
CaCl2, 1–2 mM MgCl2, 1.25 mM NaH2PO4, 26 mM NaHCO3, and 10–25 mM
d-glucose

2. Add the appropriate amount of 50× penicillin–streptomycin stock solution (cat.no.
P4458, Sigma, St. Louis, MO, USA) to 100 ml of aCSF and sterile filter. Oxygenate
the solution with 95% O2 and 5% CO2 for 20 min. A spinner flask may be adapted
to facilitate oxygenation.

3. Enzymatic dissection solution: Mix 0.8 mg/ml hyaluronidase (cat.no. H6254, Sigma)
and 0.5 mg/ml trypsin (cat.no. T1005, Sigma) and add to 50 ml of oxygenated aCSF
at 30 �C.
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4. Dulbecco’s modified Eagle’s medium (DMEM)/F-12 medium: Ham’s F12 (50:50
v : v) (D/F) (cat.no. D8900, Sigma).

5. DMEM/F-12/EGF medium: DMEM/F-12 medium as described above plus 20 ng/ml
EGF (cat.no. E4127, Sigma).

2.2. Preparation of Single Cell Suspension

1. Phosphate-buffered saline (PBS) (cat.no. P5368, Sigma) without calcium or
magnesium.

2. 0.025% Trypsin/ethylenediaminetetraacetic acid (EDTA) (cat.no. T4174, Sigma).

2.3. Fixation and Permeabilization

1. Fixative: 2.0% (v/v) formaldehyde in PBS, prepared by dilution of a 10% EM grade
stock (Ultrapure cat.no. 04018, Polysciences, Warrington, PA, USA).

2. Permeabilization/wash solution; PBS with 0.1% (v/v) added Tween-20 detergent
(cat.no. P7949, Sigma).

2.4. FACS Staining

1. FACS storage buffer: 0.05% (v/v) formaldehyde in PBS, prepared by dilution of a
10% EM grade stock.

2. Secondary fluorochrome-conjugated antibodies; many good commercial suppliers,
however, we prefer to use Jackson Immunochemicals products [e.g., R-PE
AffiniPure F�ab′�2 Fragment donkey anti-mouse IgG �H+L�, cat.no. 715-116-150
at 1:200 dilution/0�1 ml/1×106 cells].

2.5. Commercial Kits

1. IntraCyte™ Intracellular FACS Reagent System (cat.no. 77017, Alpha Genix,
Carlsbad, CA, USA) for the fixation, permeabilization, and detection of intracellular
antigens by flow cytometry in single-cell suspensions. IntraCyte fixative solution is
a formaldehyde-based fixative. IntraCyte wash solution permeabilizes and washes
using a proprietary detergent blend that maximizes signal intensity and reduces
background.

2. IntraCyte-rNSC™ FACS Phenotyping kit (cat.no. 77026, Alpha Genix, Carlsbad,
CA, USA) for quantifying cultured rat neural stem and progenitor cell phenotypes
through the fixation, permeabilization, and detection of intracellular antigens by
flow cytometry in single-cell suspensions. This kit provides all the Ab reagents
required, including primary Abs to nestin, GFAP, TUJ1, MBP, and CNPase, IgG
controls, and fluorochrome-conjugated secondary antibodies. All antibody reagents
come as ready-to-use pre-titered stocks sufficient for at least 20 cell samples stained
for five different lineage markers. The kit provides everything required except for
cells, PBS, staining tubes, centrifuge, and a flow cytometer.

干细胞之家www.stemcell8.cn ←点击进入

http://www.stemcell8.cn


328 Zeigler and Hall

3. Methods
3.1. Isolation of Neural Stem Cells

1. The SVZ of rat brain is dissected according to Paxino and Watson (9). Stereotactic
coordinates representing the rat SVZ in reference to bregma are A/P 1.6 mm, M/L
−1�3 mm, D/V, 5.3 mm.

2. Dissected brain tissue should be rinsed in oxygenated aCSF.
3. Using a dissecting microscope, dissect the striatum and cut the tissue into small

pieces.
4. Transfer the tissue into a sterile tissue culture dish containing aCSF with enzymatic

dissection solution added using a sterile wide-bore pipette.
5. Place on a rotating platform at low speed and allow to rotate for 1 h.
6. Transfer the tissue to a sterile 50-ml centrifuge tube containing 5 ml of DMEM/F-

12 medium supplemented with ovomucoid (0.7 mg/ml) using a sterile, wide-bore
Pasteur pipette. Triturate the tissue 50 times.

7. Centrifuge the suspension at 500 g for 5 min.
8. Aspirate the supernatant and resuspend single cells in DMEM/F-12/EGF complete

medium.
9. Plate the cells onto T25 cell culture plates or flasks and culture at 37 �C in 5% CO2

10. Passage the cells every 4 days with a half media change every second day.
After about 7 days in the presence of EGF, the cells will form undifferentiated
neurospheres. The neurospheres can be maintained for long periods of times by
successive passages involving dissociation and proliferation or frozen in cryop-
reservation medium.

11. The cultures can be induced to differentiate in DMEM/F-12 medium containing
1�0 �M retinoic acid, 10 ng/ml T3 hormone, and 1% fetal bovine serum (FBS).

3.2. Preparation of Single-Cell Suspension

1. Aspirate cell culture medium and wash adherent cultured CNS cells with PBS once
briefly.

2. Gently dispense approximately enough Trypsin solution to cover surface (e.g., 5 ml/
10-cm dish or 1 ml per 6-well plate) and place in 37 �C incubator for 2–10 min. Monitor
visually using phase-contrast microscopy every 2–3 min, and the earliest time that
cells have begun to lift off the culture surface with a gentle tap of the vessel is usually
after 5–10 min.

3. Terminate by the addition of an equal volume of protein-containing culture medium
to the culture, followed by gentle pipetting up and down 3–5 times to dislodge cells.

4. Centrifuge at 300 g for 10 min at 4 �C.
5. Resuspend cell pellet in PBS and count using hemacytometer. Viability of trypan

blue negative cells should be 90% or more.
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3.3. Fixation and Permeabilization

1. Wash 1–5 × 106 viable cells in a single-cell suspension using 10–15 ml ice cold
PBS by centrifugation at 300 g for 5 min.

2. Fix cells by re-suspension in fixative solution and incubate at room temperature for
30 min, or overnight at 4–8 �C. Fix 1–5 × 106 cells per 1.0 ml of fixative, scaling
up volumes for larger cell numbers. Some cells and antigen/antibody combinations
require longer fixation times at lower temperatures, whereas most antigens are
efficiently preserved after 30 min at room temperature.

3. Wash fixed cells by addition of 10–15 ml of PBS and centrifugation at 300 g for
10 min. The formaldehyde and/or organic solvent contained in the fixative must be
removed before permeabilization. All steps from this step forward can be performed
at room temperature. After fixation, cells are less dense and therefore require slightly
more g force to pellet effectively.

4. Resuspend in 1–2 ml using permeabilization/wash solution. Using a P1000 tip helps
in resuspension, and a cell count can be performed as well to determine yield.

3.4. FACS Staining

1. It is generally convenient to stain 1–5 × 105 cells for FACS using 0.1–0.2 ml per
test in a 1.5ml microfuge tube. 96-well format can also be used, and we recommend
using 50 �l with 1–5×105 cells per well.

2. Carefully label tubes and dispense cells according to a prepared list. Remember to
include the appropriate positive and negative controls.

3. Add appropriate concentration of primary Ab in 1–10 �l then mix gently. Dilute
primary Ab as needed before addition using permeabilization/wash solution. Most
primary Abs are effective at 1�g/ml/0�1×106 cells; however, each antibody used
should be carefully titered against test cells more specifically.

4. Incubate for 30 min at 4–8 �C, then wash cells by addition of 1.0–1.5 ml of IntraCyte-
Wash and centrifugation at 300 g for 5 min. Use at least 1 ml per test for 1.5-ml
tubes and 0.3 ml per test for 96-well plates. Only a single wash step is usually
required, but sometimes, washing twice can reduce background. When aspirating,
remember to leave a small volume of wash fluid above the cell pellet.

5. Aspirate and resuspend in 0.1 ml/test wash/permeabilization solution.
6. Add appropriate concentration of pre-titered fluorochrome-conjugated secondary

Ab at in 1–10 �l wash/permeabilization solution.
7. Incubate for 30 min, then wash cells as before in step 3.4.4 by centrifugation.
8. Re-suspend in 0.1–0.2 ml per test of PBS or FACS storage buffer. Store in dark at

approximately 4–8 �C for up to 1 week before FACS analysis.
9. Analyze on flow cytometer with appropriate filter set (see Fig. 1).
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Fig. 1. Quantitative phenotyping of cultured rodent oligodendroglial cells using
multi-parameter intracellular flow cytometry. NeuroCyte-Rat cultured rodent NSCs
(cat.no. 77024, Alpha Genix, Carlsbad, CA, USA) were withdrawn from bFGF and
exposed to 1�0 �M retinoic acid, 10 ng/ml T3 hormone, and 1% FBS to induce oligo-
dendroglial differentiation and lineage commitment. Viable cells were identified retro-
spectively using oxidative metabolic activity as before. Cultures were analyzed for
nestin, GFAP, TUJ1, and MBP at time 0, and days 2, 5, and 7 using IntraCyte-rNSC
intracellular FACS kit. Controls included unstained samples and irrelevant IgGs from
the appropriate species’ primary Ab. FACS plots show the percent positive above the
IgG controls.

4. Notes
1. Use sterile technique when performing the brain tissue dissection. Keep the temper-

ature of the tissue and reagents between 30–34 �C.
2. Monitor the pH of the aCSF during the oxygenation process to insure that it stays

relatively neutral. The presence of bicarbonate can cause shift in the pH of the
aCSF as it converts to CO2. If this is a problem, aCSF can be made without
bicarbonate.

3. Be sure that the medium containing the cells does not have excessive debris in it.
Centrifuge at 500 g for 5 min and resuspend in fresh DMEM/F-12/EGF medium
if this is the case.

4. Protein must be removed before fixation. Bovine serum albumin (BSA) or serum
for example will interfere with the fixation reaction. A 15-ml conical centrifuge
tube is convenient, because subsequent washing volumes of 10–15 ml will be used.
Hank’s balanced salt solution can also be used.
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5. One should determine the optimal fixation times and temperatures for your cells
and antigen/antibody combinations.

6. The use of FACS for quantitative phenotyping can be performed whether or not
the isolation of neural stem cell portion of the protocol is used.

7. Intracellular FACS generally gives higher levels of non-specific IgG binding; use an
irrelevant IgG control as an “unstained” sample, reducing the voltage to bring this
population into the first or second decade on a log scale, to correct for this effect.

8. Spiking some cells from your irrelevant IgG controls into your positive control
sample can aid in getting the appropriate voltage and compensation parameters in
the flow cytometer.

9. Both single-color controls for compensation and irrelevant IgG controls must be
run for each experiment.

10. Titer all primary and secondary Abs, ranging from 0.1 to 10�0 ug/ml/1×106 cells.
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Differentiation of Human Embryonic Stem Cells Toward
the Chondrogenic Lineage

Wei Seong Toh, Zheng Yang, Boon Chin Heng, and Tong Cao

Summary

Human embryonic stem cells (hESCs) have the ability to self-replicate and differentiate into
cells from all three embryonic germ layers, thereby holding great promise for tissue regener-
ation applications. However, controlling the differentiation of hESCs and obtaining homogenous
differentiated cell populations still remain a challenge. We present a highly efficient and repro-
ducible experimental system that mimics the three-dimensional (3-D) environment of in vivo
chondrogenesis and that supports the directed differentiation of human embryoid body (EB)-
derived cells toward the chondrogenic lineage under serum-free chondrogenic culture conditions
in the presence of bone morphogenetic protein-2 (BMP-2).

Key Words: BMP2; Chondrogenic; Differentiation; Embryonic stem cells; Human.

1. Introduction
Development of the vertebrate skeleton is a complex multi-step process that

involves lineage commitment of mesenchymal cells, migration of these cells
to the site of skeletogenesis, mesenchymal–epithelial interactions that result in
cellular condensation, and differentiation of chondroblasts and/or osteoblasts
(1,2). Although many factors that have important function during this process
are known, there is limited knowledge about the commitment of mesenchymal
cells to differentiate into cartilage or bone (3).

Embryonic stem cells (ESCs), derived from the inner cell mass of the
blastocyst, represent a promising cell source for transplantation because of their
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capacity for unlimited self-renewal and ability to differentiate into all somatic
cell lineages (4,5). Recent studies in mouse ESCs suggested that ESC differenti-
ation through EBs parallels early embryonic development, and biochemical cues
provided directly by growth factors can induce differentiation of ESC-derived
embryoid bodies (EBs) toward the chondrogenic lineage (6,7,8). Recent tissue
engineering studies have also demonstrated potential chondrogenic differen-
tiation of ESCs using three dimensional (3-D) scaffold systems incorporated
with appropriate growth factors (9,10). We have established a reproducible
model system to study full-span chondrogenesis of human EB-derived cells and
also demonstrated the temporal involvement of bone morphogenetic protein-2
(BMP-2) in early and late phase chondrogenesis (11,12).

This chapter will focus on the effects of BMP-2 on chondrogenic differen-
tiation of human EB-derived cells, culture systems for chondrogenic differen-
tiation as well as characterization of human EB-derived chondrogenic cells.

2. Materials
2.1. Cell Culture

2.1.1. Embryoid Body Culture (see Note 1)

1. Dulbecco’s Modified Eagle’s Medium (DMEM)/F-12 media (cat. no. #11330-032,
Gibco/BRL, Gaithersburg, MD).

2. Knockout™ Serum Replacement (KSR) (cat. no. #10828-028, Gibco/BRL)
3. MEM Non-Essential Amino Acids (NEAA) Solution, 10 mM; 100× (cat. no.

#11140-050, Gibco/BRL)
4. Collagenase Type IV, Lyophilized (cat. no. #17104-019, Gibco/BRL). Prepare the

collagenase IV splitting medium (1 mg/mL) with DMEM/F-12 media. Filter-sterilize
before use.

5. EB differentiation medium: DMEM/F-12 supplemented with 20% KSR, 1%
(v/v) NEAA, 1 mM l-glutamine (cat. no. #21051-016, Gibco/BRL), and 0.1 mM
2-mercaptoethanol (cat. no. #M7522, Sigma, St Louis, MO). EB media should be
protected from light and stored in 4 �C.

6. 6-Well Ultra Low Attachment Microplates (cat. no. #3471, Costar® Corning, Nagog
Park Acton, MA).

2.1.2. Culture Media for Chondrogenic Differentiation

1. DMEM high-glucose (4.5g/L; cat. no. #D1152, Sigma)
2. Fetal Bovine Serum (FBS) (cat. no. #CH30160.03, Hyclone, Logan, UT, USA).
3. Serum substitutes: KSR (cat. no. #10828-028, Gibco/BRL).
4. ITS+1 (6�25 �g/mL insulin, 6�25 �g/mL transferrin, 6.25 ng/mL selenium,

1.25 mg/mL bovine serum albumin (BSA), 5�35 �g/mL linoleic acid) (cat. no.
#354352, BD Bioscience, Franklin Lakes, NJ).
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5. MEM NEAA Solution, 10 mM; 100× (cat. no. #11140-050, Gibco/BRL).
6. Recombinant human BMP-2 (cat. no. #355-BM, R&D Systems, Minneapolis, MN)

(13). Prepare stock solution of 100 �g/mL by reconstituting in filter-sterilized
4 mM HCl containing 0.1% (w/v) BSA, follow by freezing in aliquots of working
volume.

7. BSA (cat. no. #A9418, Sigma).
8. Gelatin, Type A, from Porcine Skin, approximately 300 Bloom (cat. no. #G1890,

Sigma). 0.1% (w/v) gelatin coated 12-well tissue culture plates. Weigh out 0.1 g
gelatin in an autoclavable bottle and add 100 mL of distilled water �dH2O�.
Autoclave with cap tightened loosely, allow cooling to room temperature (RT),
and pipet into the culture plates (1 mL/well of 12-well plate). Coat the plates
overnight by incubating at 37 �C until use.

9. Dulbecco’s Ca2+ and Mg2+ free phosphate-buffered saline (PBS).
10. 0.25% Trypsin/1 mM ethylenediaminetetraacetic acid (EDTA) solution (cat. no.

#25200-072, Gibco/BRL).
11. Basic medium : DMEM high-glucose supplemented with 10% FBS, 10% KSR,

and 100U/100 �g Penicillin/Streptomycin (P/S).
12. Basic serum-free chondrogenic medium: DMEM high-glucose supplemented with

1% ITS+1 (6�25 �g/mL insulin, 6�25 �g/mL transferrin, 6.25 ng/mL selenium,
1.25 mg/mL BSA, 5�35 �g/mL linoleic acid), 1% KSR (see Note 2), 2 mM
l-glutamine (cat. no. #21051-016, Gibco/BRL), 40 �g/mL l-proline (cat. no.
#P5607, Sigma), 50 �g/mL ascorbic acid 2-phosphate (AA2P) (cat. no. #A8960,
Sigma), 1% sodium pyruvate (cat. no. #11360-070, Gibco/BRL), 1% NEAA,
10−7 M dexamethasone (cat. no. #D2915, Sigma), and 100U/100 �g P/S (cat.
no. #15140-122, Gibco/BRL). Preparation of the basic serum-free chondrogenic
differentiation media, the media components, and their storage conditions are
summarized in Table 1.

13. 40-�m nylon cell strainer (Falcon cat. no. #352340, BD Biosciences).
14. 10-mL syringes (Becton Dickinson, Franklin Lakes, NJ, USA).
15. 22-G needles (Sterican B Braun).

2.2. Analysis of mRNA

1. Total RNA extraction performed using RNeasy® Mini Kit (cat. no. #74106,
Qiagen, Chatsworth, CA, USA).

2. QIAshredder spin column (cat. no. #79654, Qiagen).
3. cDNA synthesis performed using iScript™ cDNA synthesis kit (cat. no. #170-

8891, Bio-Rad, Hercules, CA).
4. Real-time reverse transcriptase–polymerase chain reaction (RT–PCR) using

SYBR® Green PCR Master Mix System (cat. no. #204143, Qiagen).
5. Sterile RNase-free reagents, polypropylene tubes, tips, and other materials.
6. Nanodrop ND-1000 spectrophotometer (NanoDrop Technologies, Wilmingon,

DE).
7. PCR thermal cycler (Bio-Rad).
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Table 1
Preparation of Basic Serum-Free Chondrogenic Differentiation Media
(see Note 9)

Media components Stock concentration/storage
(see Note 10)

100 mL
Preparation

Final concentration

DMEM-high
glucose

NA; 4 �C ∼ 92 mL NA

l-Glutamine 200 mM �100×�� −20 �C 1 mL 2 mM �1×�
l-Proline 5 mg/mL; −20 �C 0.8 mL 40 �g/mL
ITS 100×� 4 �C 1 mL 1%
KSR 100×� −20 �C 1 mL 1%
NEAA 10 mM �100×�� 4 �C 1 mL 0.1 mM
P/S 10� 000U/10� 000�g �100×��

−20 �C
1 mL 100U/100�g �1×�

Dexamethasone 10−4 M �1000×�� −20 �C 100 �L 10−7M
AA2P 5 mg/mL �100×�� −20 �C 1 mL 50 �g/mL
Sodium pyruvate 100 mM �100×�� 4 �C 1 mL 1 mM �1×�

NA, not applicable.
AA2P, ascorbic acid 2-phosphate; DMEM, Dulbecco’s Modified Eagle’s Medium; KSR,

Knockout™ Serum Replacement; NA, not applicable; NEAA, non-essential amino acids; P/S,
Penicillin/Streptomycin.

8. RT–PCR thermocycler (MX3000P; Stratagene, La Jolla, CA).
9. Gel electrophoresis and standard apparatus (Bio-Rad).

10. Gel Doc EQ Imaging System (Bio-Rad).

2.3. Analysis of Matrix Protein Synthesis

2.3.1. Collagen Synthesis

2.3.1.1. Immunofluorescence Staining

1. Fixative: Methanol: Acetone (7:3).
2. Goat serum (cat. no. #S-1000, Vector Laboratories, Burlingame, CA, USA).
3. 2-Chamber tissue culture-treated glass slides (cat. no. #354102, Becton Dickinson).
4. Vetashield mounting medium with 4’,6-diamidino-2-phenylindole (DAPI) for

nuclear counterstaining (cat. no. #H-1200, Vector Laboratories).

2.3.1.2. Immunohistochemistry

1. UltraVision HRP Detection System (cat. no. #TM-125-HL, Lab Vision, Fremont,
CA, USA).
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2. Pepsin (cat. no. #AP-9007-005, Lab Vision).
3. Hydrogen peroxide block (cat. no. #TA-125-HP, Lab Vision).

2.3.1.3. Antibodies

1. Monoclonal antibody II-II6B3 (Chemicon, Temecuela, CA, USA).
2. Qdot 655 goat anti-mouse immunoglobulin G (IgG) antibody (Quantum Dot,

Hayward, CA, USA).
3. Monoclonal antibody clone X-53 (Quartett Immunodiagnostika GmBH, Berlin,

Germany).
4. Control mouse IgG isotype (Zymed Laboratories, San Francisco, CA, USA).

2.3.2. Proteoglycan Synthesis

2.3.2.1. Sulfated Glycosaminoglycan and DNA Quantitation

1. Papain digestion buffer: Dissolve 125 �g/mL papain (cat. no. #P4762, Sigma) in
sterile PBS with 5 mM cysteine hydrochloride (cat. no. #C6852, Sigma) and 5 mM
Na2EDTA (see Note 3).

2. Blyscan Sulfated Glycosaminoglycan (s-GAG) Assay kit (Biocolor,
Newtownabbey, Ireland).

3. 10× TNE buffer: Dissolve 12.11 g Tris base, 3�72 g Na2EDTA, and 116.89 g NaCl
in 900 mL of dH2O. Adjust the pH to 7.4 with concentrated HCl and top up to
1000 mL. Stir well to dissolve and filter to remove particles. 1× TNE: Dilute 10 mL
10× TNE with 90 mL of dH2O.

4. 1× TE buffer: Dissolve 1.211 g Tris base and 0�372 g Na2EDTA in 900 mL of
dH2O. Adjust the pH to 7.4 with concentrated HCl and top up to 1000 mL. Stir
well to dissolve and filter to remove particles.

5. Hoechst 33258 dye (cat. no. #B2883, Sigma): Dilute 1 mL Hoechst 33258
(10 mg/mL solution) with 9 mL of dH2O to make up the Hoechst 33258 stock dye
solution (1 mg/mL). Protect from light and store at 4 �C for up to 6 months. Dilute
20 �L Hoechst 33258 stock solution (1 mg/mL) with 100 mL1× TNE to obtain
0�2 �g/mL �2×� assay solution (see Note 4).

6. Calf thymus DNA (Cat No. #D1501, Sigma): Prepare 1 mg/mL stock solution of
Calf Thymus DNA in 1× TE.

7. Fluorescence plate reader (Safire; Tecan GmbH, Salzburg, Austria).
8. Multichannel pipetter (Eppendorf AG, Hamburg, Germany).

2.3.2.2. Alcian Blue Staining

1. 0.05% (w/v) Alcian Blue staining solution: Dissolve 4.5 g NaCl and 6�4 g MgCl2

in 400 ml 3% acetic acid, add 0.25 g Alcian blue 8GX (cat. no. #A3157, Sigma),
adjust to pH 1.5 and the volume to 500 mL. Stir for 2–3 h and clear by filtration.

2. 10% (v/v) neutral buffered formalin (NBF): To make 1 L of NBF, weigh out and
dissolve 4 g NaH2PO4 and 6�5 g Na2HPO4 in 900 mL of dH20 and then add 100 mL
of 37% formaldehyde stock solution.
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3. Methods
The methods pertaining to the (i) formation of EBs from hESCs, (ii) culture

systems for chondrogenic differentiation of EBs, (iii) analysis of the mRNA
expression, and (iv) synthesis of cartilage-specific matrix proteins are described
below:

3.1. Formation of Embryoid Bodies

In vitro differentiation can be induced by culturing hESCs (see Note 1) in
suspension to form EBs.

1. Aspirate medium from hESCs and add 1 mL/well of collagenase IV splitting medium
into each well of the 6-well plate.

2. After incubation at 37 �C in incubator for 5 min, scrape the hESC colonies from the
plate with a 5 mL pipet and transfer cells to a 15-mL sterile falcon tube.

3. Add 1 mL of EB differentiation medium (DMEM/F-12 supplemented with 20%
KSR, 1% (v/v) NEAA, 1 mM l-glutamine, and 0.1 mM 2-mercaptoethanol) into
each well. Scrape off the remaining cells in the well with a cell scraper and pool
the cells together in the 15-mL falcon tube. Gently pipette the cells up and down a
few times in the tube to further break up the colonies.

4. Pellet cells by centrifugation at 200 g for 5 min. Aspirate the supernatant and then
re-suspend the cell pellet with EB differentiation medium to give a final volume
of 3 mL per well of 6-well ultra low attachment microplates. The splitting ratio is
set at 1:1, where one 6-well plate of hESCs is split to one 6-well plate of EBs,
maintaining at approximately 300 EBs per well.

5. After overnight culture in suspension, hESCs form floating aggregates known as
EBs. Culture medium is changed every 2–3 days. Transfer EBs into 15-mL falcon
tube and let the aggregates settle for 5 min. Aspirate the supernatant, replace with
fresh EB differentiation medium (3 mL/well), and transfer back to the 6-well ultra
low attachment microplates for further culture.

6. During the first few days, the EBs are small with irregular outline; they increase
in size by day 4. At day 5, EBs are harvested for induction of chondrogenic
differentiation.

3.2. Culture Systems for Chondrogenic Differentiation of EBs

3.2.1. EB-Outgrowth Culture

1. Transfer the 5“d” EBs into a sterile 50-mL falcon tube and allow the EBs to settle
for 5 min. Aspirate the supernatant and wash once with PBS (see Note 5). Remove
the PBS after EBs have settled and replace with pre-warmed basic medium (DMEM
high-glucose supplemented with 10% FBS and 10% KSR and 100U/100 �g P/S).

2. For direct plating of EBs, split 1 well of EBs to 10 wells of the 12-well plate,
maintaining at approximately 30 EBs per well (1:10 splitting ratio). The EB cultures
were incubated at 37 �C for 24 h to enable cell attachment, before induction of
differentiation.
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3.2.2. EB-High Density Micromass Culture

1. 5“d” EBs are dissociated into single cells by trypsinization using 0.25%
trypsin/EDTA for 5 min at 37 �C, followed by passing the cell suspension through
a 22-G needle and then a 40-�m cell strainer to obtain single cells suspended in
pre-warmed basic medium (DMEM high-glucose supplemented with 10% FBS and
10% KSR and 100U/100 �g P/S) (see Note 6). The medium inactivates the trypsin.

2. Wash twice with the same medium by spinning down the cells at 250 g for 5 min
and re-suspending in medium. At the second spin, resuspend the cells in a lower
volume of medium for cell count.

3. Culture cells at a high density of 3 × 105 cells per 15 �L spot in a 12-well plate
pre-coated with 0.1% gelatin (see Note 7). After incubation for at least 1 h, 1 mL
of the same medium was carefully added to each well. High-density micromass
(HDMM) cultures were incubated at 37 �C for 24 h to enable cell attachment, before
induction of differentiation the next day.

3.2.3. Chondrogenic Induction

1. Chondrogenic differentiation of EB-derived cells plated directly as EB outgrowth
or as HDMM is induced with basic serum-free chondrogenic medium. Preparation
of the basic serum-free chondrogenic differentiation media, the media components,
and their storage conditions are summarized in Table 1.

2. Following incubation for 24 h to allow cell attachment, replace the serum-containing
medium with serum-free chondrogenic medium with or without 100 ng/mL BMP-2
(day 1 of differentiation) for a period of 21 days with medium change every alternate
day. Cultures in the basic serum-free chondrogenic medium without growth factor
supplementation will serve as the control.

3.3. Analysis of Cartilage-Specific Genes

3.3.1. Total RNA Extraction and cDNA Synthesis

1. Remove the differentiation medium from the cultures and wash once with PBS.
Extract total RNA from the plated EBs or HDMM using the RNeasy Mini Kit,
following the manufacturer’s instructions. Scrape the cells with 350 �L of RNeasy
Lysis Buffer per well of a 12-well plate.

2. Homogenize the cell suspension by passing through the QIAshredder column and
spin down to keep the homogenate. The homogenate can be frozen at −80 �C to
store the samples for RNA extraction.

3. Continue the RNA extraction protocol according to the manufacturer’s instructions
and elute the sample RNA with RNase-free water provided in the kit.

4. Determine the RNA quantity and quality by measuring the absorbance at 260 and
280 nm for each sample using the Nanodrop ND-1000 spectrophotometer. Calculate
the RNA concentration of the sample: 1 unit at 260 nm corresponds to 40 �g of
RNA per mL. The final preparation should give yields of range between 5–8�g
of RNA per sample by day 21 of differentiation with appropriate A260:A280 ratio
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of approximately 2.0. At earlier time points of differentiation, the amount of RNA
yield may be as low as 500 ng. Store the RNA samples at −80 �C if cDNA synthesis
is not carried out on the same day.

5. RT reaction is performed using a PCR thermal cycler. cDNA synthesis is performed
using 500 ng of total RNA per 20 �L reaction volume over a 30 min incubation
time at 42 �C, with the addition of 5× iScript reaction mix and iScript reverse
transcriptase, followed by enzyme inactivation at 85 �C for 5 min, following the
manufacturer’s instructions.

3.3.2. Semi-Quantitative RT–PCR

1. Perform PCR amplifications using 1 �L of the resulting cDNA samples by first
denaturing at 95 �C for 5 min, followed by 35 cycles of 95 �C for 30 s, annealing
at 58 �C for 45 s, and extending at 72 �C for 60 s, followed by a final extension at
72 �C for 5 min. PCR primers are summarized in Table 2 (14).

2. Analyze the PCR amplified products on 2% (w/v) agarose gel-electrophoresis. The
results are evaluated by ultraviolet detection of the ethidium bromide-stained gel.
Images are taken using the Biorad Light Imaging System.

Table 2
Primers Used for RT–PCR

Gene Primer sequence Product
size (bp)

Sox 9 Sox9F:5′-GAACGCACATCAAGACGGAG-3′ 631
Sox9R:5′-TCTCGTTGATTTCGCTGCTC-3′

Col 2a1 Col2F:5′-TTCAGCTATGGAGATGACAATC-3′ 472
Col2R:5′-AGAGTCCTAGAGTGACTGAG-3′

Link protein LPF:5′-CCTATGATGAAGCGGTGC-3′ 618
LPR:5′-TTGTGCTTGTGGAACCTG-3′

�-Actin 	-ActinF: 5′-CCAAGGCCAACCGCGAGAAGATGAC-3′ 587
	-ActinR: 5′-AGGGTACATGGTGGTGCCGCCAGAC-3′

Col 2a Col2F: 5′-GGCAATAGCAGGTTCACGTACA-3′ 79
Col2R: 5′-CGATAACAGTCTTGCCCCACTT-3′

GAPDHa GAPDHF: 5′-ATGGGGAAGGTGAAGGTCG-3′ 119
GAPDHR: 5′-TAAAAGCAGCCCTGGTGACC-3′

RT–PCR, reverse transcriptase-polymerase chain reaction.
PCR conditions are as follows: 95 �C/5 min, followed by 35 cycles of 30 s denaturation at 95 �C,
45 s annealing at 58 �C, and 1 min elongation at 72 �C, and final extension for 5 min at 72 �C.

a Real-time RT–PCR conditions are as follows: 95 �C for 15 min followed by 40 cycles of
15 s denaturation at 94 �C, 30 s annealing at 55 �C, and 30 s elongation at 72 �C.
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3. For analysis, mean pixel intensities of each band are measured using the NIH public
domain imaging software, ImageJ, and normalized to mean pixel intensities of the
	-actin band.

4. A profile of chondrogenic gene expression by human EB-derived cells cultured in
basic chondrogenic medium with and without 100 ng/mL BMP-2 supplementation
is shown in Fig. 1.

3.3.3. Quantitative Real-Time RT–PCR

1. Col 2 gene expression is analyzed by real-time RT-PCR reactions using the SYBR®

Green PCR Master Mix System on Real-Time PCR thermocycler (MX3000P;
Stratagene).

Fig. 1. Expression of chondrogenic markers in human embryoid body (EB)-derived
chondrogenic cells. (A) Reverse transcriptase–polymerase chain reaction (RT–PCR)
analysis of chondrogenic gene markers (Sox9, Col2a1, Link protein) and housekeeping
gene, �-actin expressed by untreated 5“d” EBs and differentiated human EB-derived
chondrogenic cells with and without bone morphogenetic protein-2 (BMP-2) treatment
on day 21. (B) Expression of Sox9 and Col2a was normalized to �-actin and expressed
as the relative gene expression. There was induction of chondrogenic gene expression
under basic chondrogenic condition, which was further enhanced by the presence of
100 ng/mL BMP-2. Values were calculated as mean values ± SD derived from duplicate
analysis of at least two independent sets of experiments.
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2. cDNA samples (1 �L for a total volume of 25 �L per reaction) were analyzed for
gene of interest normalized to reference gene glyceraldehydes-3-phosphate dehydro-
genase (GAPDH). The level of expression of each target gene is then calculated as
2−

Ct, as previously described (15).

3. Real-time RT–PCR is performed at 95 �C for 15 min followed by 40 cycles of 15 s
denaturation at 94 �C, 30 s annealing at 55 �C, and 30 s elongation at 72 �C. PCR
primers are summarized in Table 2 (16).

4. Human EB-derived cells cultured as EB outgrowth and HDMM in the presence of
BMP-2 to induce chondrogenesis and processed for real-time RT–PCR for a period
up to day 21, as shown in Fig. 3A.

3.4. Analysis of Matrix Protein Synthesis

3.4.1. Collagen II Immunofluorescence Staining

1. Rinse the EBs cultivated on chamber slides with PBS, fix with methanol : acetone
(7:3) at −20 �C for 5 min, rinse three times in PBS, and incubate for 15 min in 10%
goat serum for blocking at room temperature.

2. For detection of collagen II, incubate with the monoclonal antibody (II-II6B3),
diluted 1:40 with PBS for 1 h at 37 �C in a humidified chamber.

3. Following incubation, rinse the specimens three times with PBS and incubate for
2 h at room temperature with Qdot 655 goat anti-mouse IgG antibody diluted 1:200
in PBS.

4. Slides are then washed three times in PBS and mounted with Vetashield mounting
medium with DAPI for nuclear counterstaining. For negative control, primary
antibody is omitted.

5. Single chondrogenic cells and nodules were observed in BMP-2-treated EB cultures,
as shown in Fig. 2.

3.4.2. Collagen II Immunohistochemistry

1. Remove the culture medium and rinse the cultures twice with PBS. Fix with 10%
NBF for 30 min before rinsing twice with PBS.

2. To facilitate antigen retrieval and antibody access, incubate cultures with pepsin at
37 �C for 20 min.

3. Rinse once with PBS, then block with hydrogen peroxide block for 15 min at room
temperature to quench any endogenous peroxidase activity.

4. Wash four times with PBS, block with Ultra V Block before 1 h incubation of
the cultures at room temperature with anti-collagen II monoclonal antibody, Mab
II-II6B3 diluted 1:500 in PBS.

5. At the end of primary antibody incubation, rinse the cultures four times with PBS,
before adding the pre-diluted biotin-conjugated goat derived anti-mouse secondary
antibody and incubate at room temperature for 30 min.
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Fig. 2. Bone morphogenetic protein-2 BMP-2 induces chondrogenic differentiation
of human EB-derived cells. Indirect immunofluorescence micrographs of control (A, C,
and E) and BMP-2-treated (B, D, and F) EB cells 21 days after treatment. Expression
of cartilage-specific collagen II protein is analyzed by immunofluorescence staining.
Representative areas of the EB and its outgrowth are shown. BMP-2 induces chondro-
genic differentiation of EB-derived cells with intense staining of collagen II-producing
cells at the boundary of the EB (B) and outgrowth of chondrogenic cells that could
exist as single cells in monolayer (D) or in three-dimensional nodular aggregates (F).
Bar = 100 �m.

6. At the end of secondary antibody incubation, rinse the cultures four times with
PBS, before incubating with streptavidin-conjugated horseradish peroxidase at room
temperature for 45 min.

7. Wash four times with PBS before adding the diaminobenzidine (DAB)
chromogen/substrate to visualize the antibody-antigen reaction.

8. Control mouse isotype is included as a negative control (see Note 8).
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Fig. 3. Real-time polymerase chain reaction (PCR) analysis of Col 2 expressed
by human embryoid body (EB)-derived chondrogenic cells cultured as EB outgrowth
and high density micromass (HDMM) along the course of differentiation. (A) Bone
morphogenetic protein-2 BMP-2 stimulation of chondrogenic differentiation in EB
outgrowth displays a slow and steady increase in Col 2 mRNA levels up to day 14,
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9. Human EB-derived cells cultured as EB outgrowth or HDMM in the presence of
BMP-2 to induce chondrogenesis and processed for collagen II immunohistochem-
istry at the end of 21 days, as shown in Fig. 3B.

3.4.3. s-GAG and DNA Quantitation

1. Remove the culture medium from the cultures and wash once with PBS. Remove
the PBS completely and scrape the cells with 500 �L papain digestion buffer per
well of a 12-well plate.

2. Collect the samples using sterile 1.5-mL eppendorf tubes and incubate the samples
in water bath at 60 �C for 18 h.

3. The digests are collected and spun down at 16� 000 g for 5 min and sample super-
natants can be assayed immediately or frozen down at −20 �C for subsequent
analyses.

4. s-GAG content is measured spectrophotometrically at 630 nm using the Blyscan
Sulfated Glycosaminoglycan Assay kit (17,18), and normalized to the DNA
content, measured fluorometrically using the Hoechst 33258 method (19).

5. Add 50 �L of samples to 250 �L of dimethyl-methylene blue (DMMB) dye reagent
in 1.5 mL eppendorf assay tubes and incubate at room temperature for 30 min.

6. After incubation, spin the sample at 16� 000 g for 10 min. Discard the supernatant,
but retain the dye-bound pellet, which is then dissociated with 200 �L dissociation
agent (supplied in the Blyscan Sulfated Glycosaminoglycan Assay kit) per sample
to release the color.

7. Transfer the entire contents from the assay tubes to the wells of a 96-well microwell
plate for spectrophotometric measurement at 630 nm. The dissociation agent is
used as the blank. Standard curve of s-GAG is constructed using different concen-
trations of bovine trachea chondroitin sulfate (provided in the kit), according to
the manufacturer’s instructions.

8. Dilute 10 �L of papain digests 10 times with PBS to a final sample volume of
100 �L before adding to the wells containing 100 �L of prepared Hoechst 33258
dye assay solution �0�2 �g/mL�.

�
Fig. 3. before it decreases and plateaus, whereas in HDMM culture system, BMP-2

causes acute induction of Col 2 by day 7 of chondrogenic differentiation in HDMM
culture. Values are calculated as means ± SD from duplicate analysis of at least
two independent experiments. (B) Collagen II immunohistochemistry indicates marked
enhancement in collagen II synthesis in HDMM culture (b) at the end of day 21
differentiation. Appropriate isotype control is carried out in both EB outgrowth (c) and
HDMM (d) cultures in parallel.
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Fig. 4. (A) Analysis of sulfated glycosaminoglycan (s-GAG) synthesis by
human embryoid body (EB)-derived chondrogenic cells cultured in EB outgrowth
and high-density micromass (HDMM) along the course of differentiation.
Bone morphogenetic protein-2 BMP-2 stimulation of chondrogenic differenti-
ation in EB outgrowth culture system displays acute decrease in ratio of
s-GAG/DNA from day 7 onward, whereas in HDMM culture system, BMP-2 induces
time-dependent increase in ratio of s-GAG/DNA up to day 14, before it decreases, there-
after indicating hypertrophic maturation. Values are calculated as means ± SD from
duplicate analysis of at least two independent experiments. (B) Alcian blue staining also
indicates marked enhancement in s-GAG deposition in the HDMM culture, particularly
in the regions of nodular growth.
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9. The fluorescence measurement of Hoechst 33258 dye is performed using a fluores-
cence plate reader at 360 nm excitation and 460 nm emission. Calf thymus DNA
is used for the construction of the standard curve for DNA.

10. The reagent blank (100 �L of dye +100 �L dH2O) fluorescence value is subtracted
from the sample data before analysis.

11. Human EB-derived cells are cultured as EB outgrowth or HDMM in the presence
of BMP-2 to induce chondrogenesis and processed for s-GAG and DNA quantifi-
cation along the course of differentiation, as shown in Fig. 4A.

3.4.4. Alcian Blue Staining

1. Remove the medium from the cultures and wash once with PBS. Fix the cell cultures
with 10% (v/v) neutral buffered formalin for 30 min, followed by washing three
times with PBS and rinsing in dH2O.

2. Fixed cells are incubated with 0.05% (w/v) alcian blue solution overnight.
3. Remove excess stain by washing at least two times with PBS, followed by a further

rinse in 5% acetic acid to remove non-specific staining and then a last rinse with PBS
again. Store cultures in PBS for subsequent examination by light photomicrography.

4. Human EB-derived cells cultured as EB outgrowth or HDMM in the presence of
BMP-2 to induce chondrogenesis and processed for alcian blue staining at the end
of 21 days, as shown in Fig. 4B.

4. Notes
1. Culture of hESCs (H1 and H9; NIH stem cell registry: http://stemcells.nih.gov/

research/registry, also see refs 4 and 5) follows exactly as recommended by the
Wicell protocol. Refer to Web site http://www.wicell.org/ for protocols describing
the expansion and propagation of hESCs on murine embryonic feeder cells.

2. 1% KSR instead of the strictly serum-free medium was used in this study, based on
reports that mesodermal differentiation of ESCs can be inhibited under serum-free
conditions (20).

3. Always prepare the papain-digestion buffer fresh when needed. Allow the papain
to completely dissolve and filter-sterilize before use.

4. Hoechst 33258 is a possible carcinogen and possible mutagen. Wear gloves and a
mask and work under a fume hood. Keep 2× assay solution at room temperature.
Prepare fresh solution whenever needed. Do not filter once dye has been added.
Protect from light. 10× TNE stock buffer solution used in Hoechst dye DNA
assay can be stored at 4 �C for up to 3 months. Working solution is prepared fresh
whenever needed.

5. Allow the EBs to settle down during the wash with PBS. Usually, it takes less
than 3 min for all the EBs to settle. Avoid pipetting too many times or foaming
because the cells should be collected in clumps.
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6. Trypsinize the EBs into single cells for no more than 5 min and pass the cell
suspension once through a 22-G needle and then 40-�m cell strainer. Prolong or
repeated trypsinization is detrimental to cell viability.

7. The method for HDMM culture has been adapted from previously published
methods (21,22). After removal of 0.1% gelatin from the wells, ensure the plates are
completely dry before use. This is to prevent dispersion of cells when dispensing
the cells in a single drop onto the well in HDMM culture.

8. Isotype antibody control is necessary to ensure antibody specificity, to rule out
any non-specific staining and to give better interpretation of the results.

9. Use chondrogenic differentiation media for not more than 2 weeks after prepa-
ration, as components such as l-glutamine and AA2P degrade over time. Store
the chondrogenic differentiation media at 4 �C and discard unused media after
2 weeks.

10. Prepare l-Proline, AA2P, dexamethasone in PBS/0.1% BSA, aliquot and freeze
them at −20 �C in working volumes till use. Also aliquot P/S, l-glutamine, and
KSR in working volumes and freeze them at −20 �C. Avoid repeated freeze-thaw
of working solutions.
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Cartilage Tissue Engineering
Directed Differentiation of Embryonic Stem Cells
in Three-Dimensional Hydrogel Culture

Nathaniel S. Hwang, Shyni Varghese, and Jennifer Elisseeff

Summary

The clinical goal of tissue engineering is to restore, repair, or replace damaged tissues in the
body. Significant advances have been made in recent years using stem cells as a cell source for
cartilage tissue engineering and reconstructive surgery applications. Embryonic stem cells have
demonstrated the potential to self-renew and differentiate into a wide range of tissues including
the chondrogenic lineage, depending on culture conditions. Three-dimensional scaffolds play an
important role in tissue regeneration by providing attachment sites as well as bioactive signals
for cells to grow and differentiate into specific lineages. The precise microenvironments required
for optimal expansion or differentiation of stem cells are only beginning to emerge now, and
the controlled differentiation of embryonic stem cells in tissue engineering remains a relatively
unexplored field. Hydrogels are a class of polymer-based biomaterials that have been extensively
utilized in tissue engineering as scaffolds. We have demonstrated that embryonic stem cells
encapsulated within poly(ethylene glycol)-based (PEGDA) photopolymerizing hydrogels and
cultured in an appropriate growth factor and medium conditions undergo chondrogenic differ-
entiation with extracellular matrix deposition characteristic of neocartilage (Hwang et al., Stem
Cells 24, 284–291). Another hydrogel that has been widely used for encapsulating chondrocytes
in cartilage tissue engineering is alginate. This hydrogel also has potential for tissue engineering
applications using stem cells. Here, we describe the three-dimensional culture of embryonic stem
cell-derived embryoid bodies in hydrogels and their differentiation toward chondrogenic lineage
in chemically defined chondrogenic medium in the presence of TGF-�1 (chondrogenic inducing
conditions). We also discuss various tools and assays used for characterizing the tissue-engineered
cartilage.
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1. Introduction
Treatment of cartilage lesion remains an intractable problem because of the

intrinsic biology of cartilage tissue, such as limited blood supply and lack of
self-repair capacity (1). Tissue engineering provides a potential solution for
cartilage regeneration. However, one of the major obstacles in engineering
tissues for clinical use is the large cell numbers that are often required for
forming new tissues. The obvious advantage of using embryonic stem (ES) cells
is that the cells are “immortal” and can potentially provide an unlimited supply
of differentiated chondrocytes and chondro-progenitor cells for transplantation.
Several protocols have recently been developed for the differentiation of ES
cells along the osteo-chondral lineages, either through intact or dissociated
embryoid bodies or through derivation of mesenchymal precursors (2–6).
Creation of embryoid bodies is the first step for differentiation of ES cells.
Embryoid bodies, clusters of ES cells where differentiation occurs, can be
formed by various methods such as the hanging drop method, mass suspension
culture method, and differentiating in methylcellulose (7).

Differentiation of stem cells is generally controlled by numerous cues in
their microenvironment (8,9). Porous 3D scaffolds provide many of those cues
and a more physiological environment to stem cells that allows development
of discreet tissues compared to 2D tissue culture (2,10). Recent reports have
indicated distinct cellular behavior in 3D culture that is not present in standard
monolayer culture (11,12). Designing a proper scaffold, which could provide
necessary mechanical and biological environment to the encapsulated cells, is
a pivotal issue in tissue engineering. A wide variety of biomaterials, including
synthetic and naturally derived polymers, have been applied to cartilage tissue
engineering. To this end, 3D hydrogels have been identified as excellent
materials for encapsulating stem cells to yield functional cartilage tissues (see
Fig. 1). When cells are seeded within hydrogels, the extracellular matrix (ECM)
proteins produced by the cells are deposited within the scaffold, which then
remodel to form tissue-like structures (see Fig. 2).

Hydrogels offer the unique ability to encapsulate stem cells, creating cell-
laden scaffolds for developing new tissue. In addition to their ability to encap-
sulate cells, hydrogels have a high water content, which allows for efficient
transport of nutrients and waste products, and mechanical properties that
resemble the viscoelastic properties of native tissue, making them potentially
useful as tissue engineering scaffolds. After encapsulation, mesenchymal stem
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Fig. 1. Formation of calcium-induced alginate polysaccharide hydrogels and
radical initiated poly(ethylene glycol)-diacrylate (PEGDA) hydrogels. In case of
alginate hydrogel, crosslinking network is formed by the reaction of sodium
alginate with calcium ions binding the l-guluronic acid subunits of alginate to
form calcium alginate hydrogel. PEGDA hydrogel is formed by photopolymer-
ization method where covalent crosslink of polymers is initiated by light and a
photoinitiator.

cells remain spherical and differentiate into the chondrocyte phenotype in
alginate hydrogels when incubated in appropriate conditions (13). Embryonic
stem cells and mesenchymal stem cells have also been differentiated in
poly(ethylene glycol)-diacrylate hydrogels where they produced cartilage-like
tissue (2,14). Anchorage independent cells such as chondrocytes exhibit good
cell viability within hydrophilic scaffolds such as hydrogels (15). Moreover,
many investigators have shown that the hydrophilicity of the scaffold facili-
tates the re-differentiation of de-differentiated human nasal chondrocytes (16).
Most hydrogels are poor substrates for cell and protein adhesion because of
their hydrophilic nature. Therefore, adhesion-promoting oligopeptides such as
RGD (arginine-glycine-aspartate) containing peptides have often been incor-
porated into the hydrogels to improve their adhesion properties, particularly
for adhesion-dependent cells (17–19). Hydrogels functionalized with specific
proteins known to induce cell attachment have also been found to be useful in
directing tissue-specific differentiation of stem cells (20–22).
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Fig. 2. Chemical structure of (A) poly(ethylene glycol)-diacrylate (PEGDA) and
(B) sodium alginate monomer structure consisting of mannuronic and guluronic
acid groups. Schematic representation of the method used to encapsulate stem
cells in (C) PEGDA and (D) alginate hydrogels. In case of PEGDA hydrogels,
cell-PEGDA polymer solution is polymerized using light in a cylindrical mold.
Alginate hydrogel is created by pouring cell-alginate polymer solution in a cylindrical
mold with semi-permeable membrane and subsequent placing of the mold in calcium
chloride solution.

2. Materials

2.1. Tissue Culture Materials

All reagents and materials should be sterile.

1. 10-cm Tissue culture dishes (cat. no. 430167 Corning, Lowell, MA, USA).
2. Disposable pipettes with different sizes: 1ml, 5ml, 10ml, and 25 ml.
3. 0.1% gelatin solution: Autoclave 0.1% (w/v) gelatin (cat. no. G1890, Sigma-Aldrich,

Saint Louis, MS, USA) suspended in de-ionized (DI) water.
4. 0.05% Trypsin/EDTA (cat. no. 25300054, GIBCO, Carlsbad, CA, USA).
5. Ca+2 and Mg+2-free phosphate-buffered saline (PBS; cat. no. 10010-023,

GIBCO).
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2.2. ES Cell Culture Medium and Differentiation Medium

All reagents and materials should be sterile.

1. D3 murine ES cells (cat. no. SCRC-1003, American Type Culture Collections,
Manassa, VA, USA) and mitomycin-C (cat. no. M0503, Sigma) treated mouse
embryonic fibroblasts (MEFs).

2. ES cell medium: Dulbecco’s modified Eagle’s medium (DMEM; cat. no. 11965-118,
GIBCO) supplemented with 15% fetal bovine serum (FBS; cat. no. SH30070,
Hyclone, Logan, Utah), 2 mM l-glutamine (cat. no. 25030-081, GIBCO), 5 ×
10−5 M �-mercaptoethanol (cat. no. M7522, Sigma-Aldrich), non-essential amino
acids (cat. no. 11140-050, Gibco), and leukemia inhibitory factor (LIF; cat. no.
L5158, Sigma-Aldrich).

3. Feeder cell medium: DMEM supplemented with 10% FBS, 2 mM l-glutamine.
4. Chondrogenic differentiating medium: 5% FBS (cat. no. SH30070, Hyclone)

in addition to high-glucose DMEM supplemented with 100 nM dexamethasone
(cat. no. D2915 Sigma-Aldrich), 50 �g/ml ascrobate-2-phosphate (cat. no. A8960,
Sigma-Aldrich), 40 �g/ml proline (cat. no. P-5607, Sigma-Aldrich), 100 �g/ml
sodium pyruvate (cat. no. 11360-070, Gibco), and 50 mg/ml ITS-Premix (cat.
no. 354352, Collaborative Biomedical, Bedford, MA, USA; 6.25 ng/ml insulin,
6.25 mg transferin, 6.25 ng/ml selenious acid, 1.25 mg/ml bovine serum albumin,
and 5.35 mg/ml linoleic acid).

5. Transforming growth factor-�1 (TGF-�1, cat. no. RDI-1021C, Research
Diagnostics, Flandes, NJ, USA) is dissolved in PBS containing 2 mg/ml albumin
so as to achieve a final concentration of 10 �g/ml and stored in single use aliquots
at −20 �C. It is recommended not to freeze thaw the aliquots frequently. Therefore,
store the thawed aliquot at 4 �C and consume within a month.

2.3. PEGDA Hydrogel

1. UV lamp with 365 nm light with an intensity of 4�5 mW/cm2 (Glo-mark Systems,
Broadband UV lamp, 365 nm, Upper Saddle River, NJ, USA).

2. Poly(ethylene glycol)-diacrylate (PEGDA; cat. no. 01010F12, Nektar, Huntsville,
AL, USA). It should be UV-sterilized for at least 30 min before use. Keep the
PEGDA on crushed ice, while UV sterilizing, to keep the temperature low.

3. Photoinitiator, Igracure 2959 (Product No. 1706673, Ciba Specialty Chemicals,
Tarrytown, NY, USA).

4. Molds (refer to Note 1 for further details)
5. UVX Digital Radiometer (UVP, Inc. Upland, Ca).

2.4. RGD-Modified PEG Macromer

1. Peptides, YRGDS (integrin-binding sequence) or YRDGS (control, non-binding
sequence).

2. 50 mM Tris-HCl buffer (cat. no. BP152, Fisher Biotech, Pittsburgh, PA, USA), with
pH 8.2.

干细胞之家www.stemcell8.cn ←点击进入

http://www.stemcell8.cn


356 Hwang et al.

3. Acryloyl polyethylene glycol-N-hydroxysuccinimide (ACRL-PEG-NHS, cat no.
014M0F02, Nektar).

4. RGD-modified PEG acrylate: Dissolve 70 mg of ACRL-PEG-NHS and 5 mg YRGDS
or YRDGS in 2 ml of 50 mM Tris buffer at pH 8.2. Allow mixing at room temperature
in dark for 2 h and 30 min. The dark environment can be achieved by covering the
reaction vessel with aluminum foil and by switching off the lights in the hood.

5. Freeze the solution till it solidifies, and then lyophilize for at least 24 h. Store the
lyophilized powder at −20 �C.

2.5. Alginate Hydrogel

1. Alginate solution: Prepare 1.2% (w/v) alginate solution by dissolving 1.2 g of
alginate (Kelton LV alginate, cat. no. 9005-38-3, Kelko Co, San Diego, CA, USA)
in 100 ml of DI water containing 0.15 M NaCl, and 20 mM HEPES Buffer (cat. no.
15630-080, Gibco). Alginate dissolves slowly because of its high molecular weight.
Therefore, dissolve the alginate overnight while constantly stirring it, followed by
autoclave to sterilize.

2. Corning Costart Transwell culture inserts Model 3470.
3. Calcium Chloride solution: Dissolve 3 g of CaCl2 powder (cat. no. C5670, Sigma-

Aldrich) into 200 ml of sterilized dH2O to make a 102 mM solution. Add 1 ml of
1M HEPES buffer (cat. no. 15630-080, Gibco) to the 200 ml of CaCl2 solution
to make a 2 mM HEPES/102 mM CaCl2 solution. Sterilize the solution through a
0.22-micron filter and store at 4–8 �C.

4. Sterile forceps and spatula.

2.6. RGD-Modified Alginate polymers

1. MES buffer containing 0.3M NaCl and pH 6.5.
2. 1-ethyl-(dimethylaminopropyl) carbodiimide (EDC, cat. no. 39391, Sigma-Aldrich).

Refer to Note 2 about this reagent.
3. N-hydroxy sulfosuccinimide (sulfo-NHS; cat. no. 56485, Fluka). Note 3 gives

additional information about Sulfo-NHS.
4. RGD peptides (American Peptide Company, Sunnyvale, CA, USA).
5. Alginate solution: Make 1.2% (w/v) alginate solutions in 0.1M MES buffer

containing 0.3M NaCl at pH 6.5. To get a homogeneous solution, stir using a
magnetic bar on a stir plate.

6. RGD-modified alginate: To the 1.2% alginate homogenous solution, add 12.5 mg
of sulfo-NHS while stirring. Add 25 mg of EDC to the above solution and stir for
5 min. Add 2.5 mg of RGD peptide to the above solution and perform the reaction
for another 20 h under continuous stirring.

7. The resultant RGD modified alginate can be purified either by dialysis against
distilled water or using a Sephadex™ column. Note 4 gives additional information
about the purification procedures.
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8. Freeze the purified solution till it solidifies completely and then lyophilize for at
least 24 h and store at −20 �C.

2.7. Live/Dead Cell Viability Assay

1. Sterile PBS (cat. no. 10010-023, Gibco).
2. DMEM cat. no. 11965-118, GIBCO).
3. Live/Dead Viability/Cytotoxicity Kit (cat. no. L3224, Molecular Probes, Carlsbad,

CA, USA).
4. Sterile scalpel.

2.8. Fixing the Hydrogels for Histology

1. 4% paraformaldehyde solution in PBS (pH 7.4): Measure 45 ml DEPC-treated
ddH2O (cat. no. 351-068-131, Quality Biological, Gaithersburg, MD, USA) +25 �l
1N NaOH (made with DEPC-treated ddH2O) into a measuring cylinder. Pour the
above into a conical flask containing 2 g of paraformaldehyde (cat. no. P6148,
Sigma-Aldrich). Cover the conical flask with parafilm, transfer into a fume hood
and mix thoroughly. Take care not to splash paraformaldehyde around; it is a
rapid fixer and toxic. Heat the solution to 65–70 �C with intermittent shaking until
paraformaldehyde is completely dissolved. After cooling to room temperature, add
1 ml of 10× PBS and adjust pH to 7.3–7.4 with HCl.

2.9. Preparing for Biochemical Analysis

1. PBE buffer: Prepare 100 mM phosphate solution containing 10 mM EDTA by
dissolving 7.1 g Na2HPO4 (cat. no. 3828, J.T.Baker) and 1.86 g NaEDTA (cat. no.
BP120, Fisher biotech) into 500 mL of DI H2O. Adjust pH to 6.5 with concentrated
HCl, filter-sterilize and store this solution at 4 �C.

2. Make fresh papainase solution (Papain 125 �g/ml, cysteine 10 mM, phosphate
100 mM, EDTA 10 mM, pH 6.3). Dissolve 0.035 g cysteine in 20 ml PBE buffer,
filter-sterilize. Then add 0.1 ml sterile papain stock (cat. no. P-3126, Worthington)
to the cysteine (cat. no. C7352, Sigma-Aldrich)/PBE solution. For better results
make papainase solution fresh every time.

2.10. Fluorometric Assay of DNA Content Using Hoechst 33258

1. 10× TNE buffer stock solution.

a. 12.11 g Tris base [Tris (hydroxymethyl) amino methane], (cat. no. BP152, Fisher
Biotech).

b. 3.72 g EDTA, disodium salt, dihydrate, (cat. no. BP120, Fisher Biotech).
c. 116.89 g sodium chloride (cat. no. 4058, J.T. Baker).

Dissolve the above components in 800 ml distilled water and adjust the pH to 7.4
by adding HCl. Add distilled water to make a 1000 ml solution. Filter the solution
before use. This buffer can be stored at 4 �C for up to 3 months.
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2. Hoechst 33258 low range dye: Low range assay solution typically detects DNA
content around 10–500 ng/ml (refer to Note 5).

a. 10 �l Hoechst 33258 Dye (cat. no. B2883, Sigma-Aldrich) of stock solution at
1 mg/mL concentration.

b. 10 ml of 10× TNE buffer.
c. 90 ml of distilled filtered water.

Mix the above components to make assay solution at room temperature. Always
use freshly prepared assay solutions for measurements. Do not filter the assay
solution.

3. Calf Thymus DNA Standards: Prepare a 100 �g/mL stock solution of Calf thymus
DNA (cat. no.15633-019, Invitrogen, Carlsbad, CA, USA) in 1× TNE buffer.
Gently tap the tube to mix the solutions thoroughly.

4. Cuvette (square four-sided acrylin, cat. no. 67.7555, Starstedt, Newton, NC, USA).
5. Transfer pipette.
6. Hoefer DyNA Quant 200 Fluorometer.

2.11. Glycosaminoglycan Measurement Using Dimethylmethylene
Blue Dye

1. PBE buffer: Refer to Subheading 2.9., step 1.
2. Chondroitin sulfate solution: Prepare chondroitin sulfate (CS) (cat. no. 27042,

Sigma-Aldrich) stock solution by dissolving 50 mg of CS in 1 ml PBE/cysteine
solution (0.105 g cysteine in 60 ml PBE). Store at −20 �C. Working CS standard
solution is prepared by mixing 100 �l of 50 mg/mL CS stock solution to 49.9mL
PBE/cysteine solution.

3. 1,9-Dimethylmethylene blue (DMMB) dye: Prepare an aqueous solution of 46 �m
DMMB dye with pH 3.0 and A525 0.31. To prepare 1 L dye solution, dissolve 16 mg
DMMB (cat. no. 341088, Sigma-Aldrich) in 1 L water containing 3.04 g glycine
(cat. no. 4059, J.T. Baker), 2.37 g NaCl, and 95 mL of 0.1M HCl.

4. 4.5 mL cuvette.
5. Spectrophotometer.

2.12. Collagen Content Measurement by Hydroxyproline Assay

1. Citrate-acetate buffer with pH 6.0: Add 17 g NaOH (cat. no. 3722, J.T. Baker), 25 g
Citric Acid monohydrate (cat. no. C1909, Sigma-Aldrich), 60 g sodium acetate
trihydrate (cat. no. S7670, Sigma-Aldrich), and 6 ml glacial acetic acid (cat.
no. A6283, Sigma-Aldrich) to 250 ml of dH2O while stirring. When dissolved,
bring the volume to 500 ml. Transfer the solution to an appropriate glass storage
container having a 750 ml total volume. Add 150 ml isopropanol, 100 ml dH2O,
bring pH to 6 with concentrated HCl while stirring. Add five drops of toluene as
preservative and wrap with parafilm. This buffer is stable at room temperature for
3 months.
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2. Chloramine T solution: Add 0.705 g Chloramine T (cat. no. 857319, Sigma-
Aldrich), 40 ml of pH 6 buffer, and 5 ml isopropanol (cat. no. 278475, Sigma-
Aldrich) into a 100-mL glass bottle. Shake well to mix, wrap with parafilm, and let
it sit at room temperature for 24 h. Approximatley 0.5 ml of chloramine T solution
is required per construct or sample. Make this solution fresh every time.

3. Hydroxyproline (HRP) standard: Prepare 100 mg/ml hydroxyproline standard stock
solution by dissolving 10 mg of HRP (Cat. No.56250, Fluka, Milwaukee, WI,
USA) in 100ml of DI H2O. This can be stored at room temperature for 3 months.

4. Ehrlick’s reagent: Dissolve 7.5 g p-dimethylaminobenzaldehyde (cat. no. 109762,
Sigma-Aldrich) in 30 ml of isopropanol (cat. no. 278475, Sigma-Aldrich). Stir
under fume hood and slowly add 13 ml of 60% percholoric acid (cat. no. 311413,
Sigma-Aldrich) to it and keep stirring in the hood for an additional 10 min. Cap
or wrap with parafilm and leave at room temperature for 24 h until use. Make this
solution fresh every time.

5. 0.02% methyl red in methanol (cat. no. SI16, Fisher Scientific).
6. 2.5 M NaOH.
7. 0.5 M NaOH.
8. 0.5 M HCl.
9. Spectrophotometer.

10. 15 ml Pyrex tube (cat. no. 60827-533, VWR).
11. Disposable cuvettes.

2.13. RNA Extraction for RT–PCR

1. Commercial DEPC-treated water (cat. no. 351068, Quality Biological), aliquot and
store at 4 �C.

2. 50 mM EDTA solution in 10 mM HEPES.
3. Distilled water. All the DI water used for RNA extraction procedures must be

autoclaved and filtered under sterile condition. Store the water at 4 �C and keep it
sterile.

4. RNase-free pellet pestle tip (cat. no. 749521-1590, Fisher Scientific).

3. Methods
The method described over here uses the mass suspension cultures of

embryonic stem cells to form EBs and subsequent chondrogenic differenti-
ation of EBs either in its intact form or as dissociated cells (refer to Note 6).
Embryonic stem cells can be encapsulated within the hydrogels prepared
from polymer of both synthetic and natural origins. Because embryonic stem
cells can differentiate into cells from all three germ layers, they provide a
potentially powerful tool for tissue regeneration applications. Three dimen-
sional microenvironments created by hydrogels, with appropriate growth factors
and biological cues are useful in controlling ES cell differentiation (Notes 7
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and 8 on hydrogels). Differentiation patterns of ES cells in the hydrogel can
be analyzed by reverse transcriptase–polymerase chain reaction (RT–PCR)
analysis. Functional tissue formation by differentiated cells can be analyzed
through histology and immunostaining. Biochemical analysis of ECM proteins
provides quantitative understanding of biosynthetic activity of cells and their
differentiation and tissue formation in 3D microenvironments.

3.1. Embryonic Stem Cell Culture and Formation of EBs

1. To prepare gelatin-coated tissue culture dishes, add 5 ml of 0.1% gelatin to each
well incubate and aspirate out the solution after 20 min.

2. Thaw MEF cells and plate them onto the gelatin coated tissue dishes. Plate
mitomycin-c-treated feeder cells (3 × 104 cells per cm2) onto a gelatin-coated
10-cm Tissue culture dishes. MEF cells take around 12 h to attach to the culture
dishes.

3. Thaw ES cells quickly at 37 �C in a water bath. Transfer the cells into 15-ml conical
tubes and add pre-warmed ES medium in a drop-wise fashion. Centrifuge at 145g
for 5 min. Aspirate the medium and resuspend the cell pellet in fresh ES cell media
and plate the cells onto pre-plated feeders. When placing tissue culture dishes into
the incubator, it is helpful to slide the dish gently back and forth to prevent cells
from clumping in the middle of the dish.

4. Feed cells everyday with ES cell medium. ES cells should be passaged onto pre-
plated MEFs when approaching confluence after trypisinizing using trypsin/EDTA.

4. To form embryoid bodies, remove medium from the culture wells. Add 0.05%
Trypsin/EDTA and incubate for at least 5 min. Add culture medium twice the
volume of Trypsin/EDTA, gently scrape cells, and transfer the cell suspension into
a conical tube.

5. Centrifuge the cell suspension for 3 min at 116 g, resuspend cells in fresh media, and
plate them onto 100-mm Petri dish with an approximate concentration of 1 ∼ 3×103

cells/ml (10 ml per dish). Culture the cells for 5 days and supplement with additional
5 ml of medium at day 3.

6. After 5 days in culture, count number of EBs/dish and approximate number of
cells/EB. (Refer to Notes 9 and 10).

7. Intact EBs as well as dissociated EBs can be encapsulated within the hydrogel.
For the encapsulation of intact EBs, collect the floating EBs in 50-ml conical tube.
Centrifuge the EBs for 5 min at 145 g and resuspend them in the desired polymer
solution (e.g., PEGDA solution). Encapsulation of these EB’s within hydrogels is
outlined in Subheadings 3.2.1 and 3.2.2.

8. For dissociated EBs, collect the EBs in 50-ml conical tube. Centrifuge them for
5 min at 145 g and resuspend the cells in 1 mg/ml collagenase IV solution. Incubate
for 30 min at 37 �C at 5% CO2 with intermittent pipetting to break the EBs into
single-cell suspensions. After 30 min of dissociation, add equal volume of ES cell
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medium and centrifuge for 5 min at 145 g. Resuspend the dissociated cell pellets in
the desired polymer solution.

3.2. Encapsulation of Embryonic Stem Cells within Hydrogels

3.2.1. Photo-Encapsulation of Embryonic Stem Cells in PEGDA
or RGD-modified PEGDA Hydrogels

Photopolymerization and photo-initiator are described in Note 11.

1. Prepare PEGDA polymer solution or RGD-modified PEGDA polymer solution by
mixing the macromer at 10% (w/v) in sterile PBS. Protect the polymer solution
from light and that can be stored at −20 �C for 3 months. Refer to Note 12 for
detailed information on RGD-modified PEG.

2. Dissolve 100 mg of photo-initiator, Igracure 2959 (Product No. 1706673, Ciba
Specialty Chemicals, Tarrytown, NY, USA), in 1ml of 70% filter-sterilized ethanol.

3. Place both the PEGDA solution and the photo-initiator solution over crushed ice
until their usage.

5. Add the photo-initiator to the PEGDA solution and mix thoroughly to make a final
concentration of 0.05% (w/v). Make sure that the initiator is mixed very well with
the macromer solution (5 �l of photo-initiator solution/ml of polymer solution).

6. Suspend the cells (20–30 million/ml) within the precursor (polymer with photo-
initiator) solution by adding the PEGDA solution containing photo-initiator into a
cell pellet and mix thoroughly using a pipette without creating bubbles.

7. Transfer 100 �l of EB-polymer solution to cylindrical mold and expose to long-
wave, 365 nm light at 4�4 mW/cm2 (Glowmark System, Upper Saddle River, NJ,
USA), for 5 min to complete gel formation. (see Fig. 3A and B for gross and
inverted microscope image of EBs-laden PEGDA hydrogel (EBs encapsulated
within PEGDA hydrogel), respectively.

Fig. 3. Gross image of an acellular poly(ethylene glycol)-diacrylate (PEGDA)
photopolymerzing hydrogel (A). Inverted light microscopy image of ES cell-derived
EBs in PEGDA hydrogel immediately after photoencapsulation (B). Live-Dead assay
immediately after encapsulation shows viability of encapsulated cells following
photoencapsulation process (C).
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8. Remove the “solidified” EBs-laden hydrogels from their mold and transfer them to
12-well plates with chondrogenic medium containing 10 ng/ml TGF-�1 and incubate
at 37 �C and 5% CO2. Change medium every 2–3 days. Refer to Note 13.

3.2.2. Encapsulation of Stem Cells in Alginate Hydrogel

1. Collect the EBs or dissociated EBs in a 50-ml conical tube and centrifuge for 5 min
at 145 g. Remove the supernatant and add the alginate polymer or RGD-modified
alginate polymer solutions and gently suspend the cells using a (P-1000) Pipetteman.
Avoid making bubbles in the liquid.

2. Take one of the Transwell tissue culture insert trays and fill the well with 1 ml of
calcium chloride solution.

3. Using a Pipetteman, add 100 �l of the cell suspension to the tissue culture inserts.
After all the inserts are filled, use sterile forceps to transfer the inserts into the wells
containing calcium chloride solution. Incubate them at 37 �C for 20 min in 5% CO2.

4. Remove the constructs from the inserts using gentle prying motion with a thin,
curved spatula. Place one construct in each well and incubate at 37 �C at 5% CO2

for the remainder of the experiment.

3.3. Live/Dead Cell Viability Assay

Cell death can be monitored using different techniques. One technique,
which does not discriminate between necrosis and apoptosis, is the calcein
AM and ethidium homodimer-1 (EthD-1)-based two-color fluorescence cell
viability assay.

1. Live/Dead Cell viability/cytotoxicity kit (Molecular Probes, L-3224) can be used to
analyze cell viability immediately after encapsulation. In this assay, the intracellular
esterases of the live cells convert the non-fluorescent calcein acetoxymethyl (calcein
AM) to a fluorescent calcien. EthD-1 enters the dead cells through the damaged
membranes and becomes fluorescent when bound to nucleic acids. Calcien AM
dye produces a bright green fluorescence in live cells, whereas EthD-1 produces a
bright red fluorescence in dead cells.

2. It is recommended to check viability of the cells within 24 h of encapsulation to
verify the effect of photo-polymerization on cell viability.

3. Prepare Live/Dead dye solution by mixing 0�5 �l of calcein-AM dye (for live cells)
and 2 ml of EthD-1 dye (for dead cells) into 1 ml of serum-free DMEM.

4. Aspirate the culture medium from the constructs (cells encapsulated within
hydrogels) of interest and wash with sterile PBS to remove the serum.

5. Using sterile scalpel, section the construct as thin as you can (approximately,
< 1 mm thickness). The best images are achieved when the sections are the thinnest.
Transfer the sectioned constructs to an eppendorf tube (1.8 ml) and wash once again
in sterile PBS and aspirate the liquid.
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6. Add Live/Dead dye enough to cover the sample (approximately 300–500 ml) and
incubate them at 37 �C for 30 min in 5% CO2.

7. Aspirate out the Live/Dead dye and rinse the constructs with sterile PBS. Take
the sliced constructs to fluorescent microscope for imaging. Figure 3C shows
microscopic image of a live/dead assay carried out on EB-laden hydrogel (EBs
encapsulated within 10% PEGDA hydrogel).

8. The percentage of live cells (cell viability) can be calculated as the number of live
cells divided by the number of total cells.

3.4. Preparing the Constructs for Histology

1. Collect the constructs at desired time points and rinse with PBS.
2. Preserve the constructs in 4% paraformaldehyde for overnight.
3. Aspirate the paraformaldehyde and change to 70% EtOH on the following day.
4. The constructs are then processed for paraffin embedding according to

standard histological methods. Refer to Note 14 for more details. Figure 4
provides images of cell-laden hydrogel stained with Safranin-O and Masson’s
trichrome.

Fig. 4. Basophilic extracellular matrix (ECM) deposition characteristic of neocar-
tilage from ES cell derived EBs in PEGDA hydrogel. EBs were cultured in chondro-
genic medium in presence of TGF-� 1 for 17 days and stained with Safranin-O and
Masson’s trichrome for glycosaminoglycan and collagen detection, respectively.
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3.5. Preparing Constructs for Biochemical Assay

Successful cartilage tissue engineering from embryonic stem cells depends
on the cell density and accumulation of extracellular matrix molecules. Cartilage
matrix proteoglycans, collagen, as well as cellular DNA can be quantified after
ECM solubilization by papain digestion.

1. Collect the constructs at different time points and rinse with PBS.
2. Measure the wet weight of the constructs and place them in 1.8 ml eppendorf tubes.
3. Freeze-dry the hydrogel constructs using a lyophilizer for at least 48 h.
4. Measure the dry weight of the constructs.
5. For each lyophilized construct in an eppendorf tube, initially add 200 ml of papain

solution and homogenize using a pestle. Then add an additional 800 �l of papain
solution to the construct and incubate for 16 h at 60 �C using a water bath.
Papain digested constructs can be stored at −20 �C for further analysis.

6. The supernatant of these papain-digested constructs can be used to conduct subse-
quent assays such as quantification of collagen, GAG, and DNA.

3.6. Fluorometric Assay of DNA Content Using Hoechst 33258

Hoechst 33258, weakly fluorescent, binds specifically into DNA, and
therefore, its fluorometric reading can be used for a quantitative determination
of DNA content.

1. Turn on the fluorometer and warm up the machine for 15 min before use. Set up
parameters and calibrate fluorometer (refer to your Operating Manual for detailed
instructions).

2. Generate standard curve, amount of DNA versus fluorescence intensity, using
known concentration of DNA (e.g., Calf Thymus DNA) as shown in the following
table. It is recommended to generate the standard curve every time you perform
the assay.

Amount of DNA
�100 �g/mL� ��L�

Amount of Hoechst dye
assay solution (mL)

Amount of
DNA (ng/mL)

Fluorometric
reading

0 3 0
1.5 3 50
3 3 100
4.5 3 150
6 3 200
9 3 300
12 3 400
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3. At each measurement, zero the instrument with a “blank” cuvette containing 3 mL
of Hoechst 33258 dye solution. To generate the standards curve, add appropriate
amount of DNA as specified in the table. Mix the solution well using a transfer
pipette and record the flourometric reading.

4. To measure the DNA content of the sample, add 30 �L of the supernatant of the
papain digested solution into the blank cuvette containing 3 mL of Hoechst dye
solution. Mix well and record the measurement. Refer to Note 15 for more details.

5. On the basis of the DNA standard curve, one could obtain the approximate amount
of DNA per sample by regression analysis.

3.7. Glycosaminoglycan Detection Using DMMB Assay

This is a modified version of colorimetric reactions to detect GAGs based
on Farndale et al. (23).

1. Set the spectrophotometer to OD525.
2. To create a standard curve, amount of CS versus absorbance, vary the CS

amount by diluting the CS working solution (see Subheading 2.11., step 2) in
the range 0–100 �L using distilled water. This would result in linearly varying
amount of CS within the range 0–10 �g. Add 2.5 mL of DMMB dye to these CS
solutions with varying concentrations, cover with parafilm, mix well, and read the
absorbance.

3. In 4.5 mL cuvette, combine 100 �L of papain-digested sample and 2.5 mL DMMB
dye reagent solution. Shake well by covering the cuvette with parafilm and flipping
it several times. Read the absorbance value.

4. From the standard curve of CS working solution one can estimate total amount of
GAG by regression analysis.

3.8. Collagen Content Measurement by Hydroxyproline Assay

This is a modified version of measurement of hydroxyproline content of
insoluble collagen based on Stegemann and Stalder (24).

1. Combine 100 �L of papain-digested solution with 900 �L of 6N HCl solution and
hydrolyze for 18 h at 110 �C in pyrex tubes with silicone-sealed gaskets.

2. Add 2–4 drops of methyl red (0.02% in methanol) to the acid hydrolyzates. The
addition of methyl red imparts pink color to the solution, indicating an acidic
solution. Refer to Note 16 for more details on methyl red.

3. Neutralize with 2.5N NaOH, 0.5 M HCl, and 0.5 M NaOH. The amount of reagents
required can be determined by observing the color change.
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(a) Add enough 2.5N NaOH until pink color just disappears.
(b) Add 0.5 M HCl (drop wise) until pink color just reappears.
(c) Add few drops of 0.5 M NaOH to bring back the solution to the straw color

(indicating a basic solution).

4. Add dH2O to bring the volume to 15 ml so as to bring the salt concentration down
to an acceptable range.

5. Transfer 1ml of the above sample into a new 15 ml Pyrex tube for assay.
6. Prepare solutions for the standard curve by diluting hydroxyproline stock solution

with H2O to a total volume of 1 ml.
7. Transfer all experimental as well as standard samples to fume hood and add

0.5 ml Chloramine-T solution to each tube, vortex and let sit at room temperature
for 20 min.

8. Add 0.5 ml Ehrlich’s reagent and vortex vigorously until the white milky color
disappears. Recap the tubes tightly and incubate them for 30 min at 60 �C
using a water bath. The addition of Ehrlich’s reagent followed by incubating
at 60 �C enables the formation of chromophore, which could be measured at
550 nm.

9. Cool the samples on ice.
10. Read the absorbance at 550 nm in disposable plastic cuvettes. Measure the samples

as quickly as possible because the color is stable only for 1 h.
11. On the basis of standard hydroxyproline curve, evaluate the amount of collagen

per sample.

3.9. Preparing Constructs for RNA Extraction for RT–PCR

1. Approximately three constructs (cell-laden hydrogels) are required for sufficient
RNA extraction.

2. Collect the constructs in different time points and place them in RNase-free 1.8-ml
Eppendorf tubes. A spatula or RNase-free tweezers may be used to handle the
constructs.

3. Add 1 ml of EDTA/HEPES solution (50 mM EDTA solution in 10 mM HEPES)
and let it sit for 10 min.

4. In microcentrifuge, pellet the constructs 145 g for 10 min.
5. Aspirate medium and add 1 ml of PBS to rinse.
6. Pellet down the constructs again 145 g for 10 min.
7. Aspirate PBS and add 1 ml of Trizol (cat. no. 15596-018, Invitrogen, Carlsbad,

CA, USA). Use the homogenizer tip manually to break the gel construct.
8. Leave the homogenized constructs at room temperature for 5 min to permit the

complete dissociation of nuclear proteins. You can store the homogenate at this
point in a −80 �C freezer or proceed with extraction and RT by following the
standard manufacturer instructions.
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3.10. Markers for Chondrogenic Differentiation

Chondrogenic differentiation of ES cells can be monitored by detecting
specific chondrogenic lineage markers. Type II collagen, Sox-9, and aggrecan are
cartilage-specific markers that can be detected by RT–PCR analysis. However,
to confirm the lineage restricted differentiation of ES cells in the hydrogel
(i.e., homogenous differentiation), analysis of ecto and endodermal markers
is also required. RT–PCR analysis of �-tubulin mRNA is used as a control
housekeeping gene to normalize samples.Table 1 summarizes the sequence and
annealing temperature for PCR primers and the size of expected cDNA product.
An example of RT–PCR of chondrogenic-specific markers results is shown
in Fig. 5.

Table 1
Sequences of Primers and Conditions for Chondrocyte-Specific Markers and
Endodermal and Ectodermal Markers used in Reverse Transcription–Polymerase
Chain Reaction (RT–PCR)

PCR primers

Gene Sequence (forward and reverse) Annealing
temperature

Type II collagen 5′-AGGGGTACCAGGTTCTC CATC-3′ 60 �C; 432 bp
5′-CTGCTCATCGCCG CGGTCCGA-3′ (splice variant A)

and 225 bp (splice
variant B)

Sox9 5′-TGGCAGACCAGTACCCGCATCT-3′ 57 �C
5′-TCTTTCTT GTGCTGCACGCGC-3′

Link protein 5′-TTCTGGGCTATGACCGCTG-3′ 60 �C
5′-AGCGCCTTCTTGGTCGAGA-3′

Cytokeratin K18 5′-TTGTCACCACCAAGTCTGCC-3′ 60 �C
5′-TTTGTGCCAGCTCTGACTCC-3′

AFP 5′-CCTTGGCTGCTCAGTACGACAAGG-3′ 60 �C
5′-CCTGCAGACACTCCAGCGAGTTTC-3′

Nestin 5′-CGGCCCACGCATCCCCCATCC-3′ 60 �C
5′-AGCGGCCTTCCAATCTCTGTTCC-3′

�-Tubulin 5′-GGAACATAGCCGTAAACTGC-3′ 54 �C
5′-TCACTGTGCCTGAACTTACC-3′
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Fig. 5. Chondrogenic expression of EBs encapsulated in PEGDA hydrogels. EBs-
hydrogel constructs cultured in chondrogenic medium demonstrated that splicing of
type IIB collagen was initiated at day 7 of culture, and its expression was upregulated
in a time dependent manner. Chondrogenic markers, Sox9 and link protein, were
upregulated, whereas endodermal and ectodermal markers such as AFP, nestin, and
cytokeratin K-18 were down-regulated or minimally expressed.

4. Notes
1. For cylindrical molds, you may use the cap of 500- or 1000-�L eppendorf tube.
2. The carboxylic acid functional groups present in the alginate polymer chain can

be used for covalent modification with oligopeptides such as RGD motifs using
aqueous carbodiimide chemistry. EDC enables the formation of an amide linkage
between the carboxylic acid of the alginate and the amine group of the peptide,
thus bridging the two reactants (25).

3. Sulfo-NHS stabilizes the reactive intermediate product against the competitive
hydrolysis reaction and thereby increases the efficiency of amide bond formation.

4. Dialysis is widely used to purify high molecular weight material from small
molecular weight impurities. The main principle behind dialysis is the diffusion
of solute along a concentration gradient across a semi-permeable membrane. The
small molecular weight impurities diffuse across the membrane into the dialysis
fluid, whereas the high molecule weight materials are left behind. For best results,
the dialysis fluid needs to be removed consistently and renewed with fresh fluid.
The other commonly used method for purification of high molecular weight
materials is size exclusion chromatography (e.g., sephadex column). The mixture
to be separated is first poured into the sephadex column. Sephadex beads, because
of their porous nature, allow materials with small molecular weight to diffuse into
them, whereas high molecular weight materials are excluded. The column is then
eluted with solvent and the various fractions in the mixture come out of the column
at different times depending on their molecular weight, with the highest molecular
weight materials coming out first.
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5. Hoechst 33258 Dye is a possible carcinogen and mutagen. Therefore, always wear
gloves and other safety precautions while handling this reagent.

6. This chapter provides comprehensive techniques for encapsulating stem cells for
two kinds of hydrogel scaffolds frequently employed in tissue engineering applica-
tions. We have specifically addressed the conditions for chondrogenesis. However,
these encapsulation techniques can be utilized for studying other lineage differen-
tiation in 3D microenvironment.

7. Hydrogels can be prepared from both synthetic and natural polymers. Common
macromers for creating hydrogels are hydrophilic oligomers with crosslinking
functional groups such as acrylates, methacrylates, acrylamides, and methacry-
lamides. Gelation of these vinyl macromers is initiated by radical initiators.
Commonly used radical initiators comprise of thermal initiators, redox initiators,
and photoinitiators. Macromers with single functional vinyl groups require
crosslinking agents to create polymer networks (26). The mechanical properties and
water content of hydrogels are often controlled by varying the crosslink density,
which is a function of initial oligomer or monomer concentration, molecular weight
of the precursor, and amount of crosslinking agent (26). Ionic polymers (generally
known as polyelectrolytes) can be crosslinked using multivalent counterions. An
example of an ionically crosslinked hydrogel is alginate, which is usually gelled
using Ca2+ ions (27,28). Hydrogels can also be created by reacting different
functional groups present in the precursors (29).

8. A significant advantage of using hydrogels for stem cell differentiation lies in the
fact that ECM protein components can be easily added to the hydrogel. To prepare
hydrogels with ECM components, make 20% PEGDA solution, mix 50/50 (v/v)
with ECM protein solutions [such as hyaluronic acid (HA), collagen, human ECM,
Matrigel, laminin, cartrigel, etc.] and photopolymerize. For alginate hydrogels,
prepare 2.4% alginate solution and mix 50/50 (v/v) with ECM protein solutions
and follow the subsequent ionic polymerization in Ca++ solution.

9. Embryoid body formation through suspension methods results in heterogeneous
cell numbers per EB. Therefore, average number of cells per EB must be calculated
before encapsulation.

10. Counting of EBs/dish can be performed with microscope under low power (×4
objective). Number of cells/EBs can be estimated by collecting EBs and counting
the cells after trypsinization. Spin down the EBs at approximately 145 g for 5 min,
aspirate medium, and resuspend the cells with 0.25% trypsin-EDTA. After 5–7 min
of incubation, count the cells.

11. Photo-polymerization involves light-induced free-radical polymerization reaction
that converts a liquid monomer or macromer solution into a solid network in
the presence of a suitable photo-initiator (30). Here, the photo-initiator absorbs
light energy and forms free radicals, which initiate the polymerization. The
commonly used light sources for photo-polymerization are visible light and ultra-
violet. One of the main concerns with photo-polymerization is that the cytotoxicity
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of photo-initiators increases with their concentration and exposure time (30–32).
Therefore, it is recommended to polymerize immediately after the cells are
suspended in polymer solution. There are several varieties of photo-initiators
available commercially (see Table 2).

12. YRGDS has MW of 632.6 and ACRL-PEG-NHS has MW of 3400. Reaction of
5 mg �7�9 �mol� of YRGDS with 70 mg (20�6 �mol, excess amount) of ACRL-
PEG-NHS would result in 7�9 �mol of ACRL-PEG-YRGDS. To make 2.5 mM
concentration of RGD in 10% total weight polymers, dissolve 23.75 mg of reacted
products (of which 9.489 mg is ACRL-PEG-NHS) and 76.25 g PEGDA polymers
in 1 ml of PBS.

13. Growth factor-dependent chondrogenic differentiation of murine embryonic stem
cell-derived embryoid bodies has been evaluated previously. This chapter gives
potential application of ES-derived cells for cartilage tissue engineering. The family
of TGF-� growth factors induces chondrogenic response of ES cells.

14. Chondrogenic cells with basophilic ECM can be visualized through histological
staining. Staining with safrainin-O and Masson’s trichome, a stain for negatively
charged proteoglycans and collagen, respectively, provides a good indication of
chondrogenic differentiation.

15. Take extra care when mixing samples to avoid air bubbles. Air bubbles can
cause scattering of light leading to inaccurate results. The sensitivity of this assay
depends on limiting the background fluorescence by keeping the scatter to a
minimum. Therefore, it is advisable to use disposable acrylic cuvettes. These
cuvettes are generally dust- and scratch-free and therefore contribute little to light
scatter.

16. Methyl red is an acid-base indicator, which changes its color in solution because
of changes in pH. Methyl red exhibits red color in acidic pH and yellow color in
basic pH.

Table 2
UV Sensitive Photo-Initiators That Have Been Studied for Cytotoxicity

Photoinitiators Description

Irgacure 2959 (2-hydroxy-1-[4-
(hydroxyethoxy)phenyl]-2-methyl-1-
propanone

This photoinitiator is well tolerated by
various cell types over a wide range of
concentrations ≤ 0.05% (w/w)

Irgacure 907
(2-methyl-1-[4-(methylthio)phenyl]-2-
(4-morpholinyl)-1-propoanone)

tolerable concentration ≤ 0.01% (w/w)

Irgacure 184 (1-hydroxycyclohexyl
phenyl ketone)

tolerable concentration of ≤ 0.01% (w/w)
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