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Isolation and Analysis of Hematopoietic Stem Cells
from Mouse Embryos

Elaine Dzierzak and Marella de Bruijn

1. Introduction
Recently, there has been much interest in the embryonic origins of the adult

hematopoietic system in mammals (1). The controversy surrounding the
potency and function of hematopoietic cells produced by the yolk sac com-
pared to those produced by the intrabody portion of the mouse embryo has
prompted much new research in the field of developmental hematopoiesis
(2–8). While the yolk sac is the first tissue in the mammalian conceptus to
visibly exhibit hematopoietic cells, the intrabody region—which at different
stages of development includes the splanchnopleural mesoderm, para-aortic
splanchnopleura (PAS) and the aorta-gonad-mesonephros (AGM) region—
clearly contains more potent undifferentiated hematopoietic progenitors and
stem cells before the yolk sac. Furthermore, the most interesting dichotomy
revealed by these studies is that terminally differentiated hematopoietic cells
can be produced in the mouse embryo before the appearance of cells with adult
repopulating capacity. Thus, the accepted view of the adult hematopoietic hier-
archy with the hematopoietic stem cell (HSC) at its foundation does not reflect
the hematopoietic hierarchy in the developing mouse embryo (9). Because this
field offers many questions concerning the types of hematopoietic cells present
in the embryo, the lineage relationships between these cells, and the molecular
programs necessary for the development of the embryonic and adult hemato-
poietic systems, this section presents the approaches taken and the materials
and methods necessary to explore the mouse embryo for the presence of the
first adult repopulating HSCs.
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2. Materials

2.1. Isolation and Dissection of Embryonic Tissues

1. Dissection needles: sharpened tungsten wire of 0.375-mm diameter (Agar Scien-
tific Ltd.) attached to metal holders typically used for bacterial culture inocula-
tion.

2. Dissection microscope: any suitable dissection microscope with magnification
range from ×7–40 with a black background stage and cold light source.

3. Culture plates: 60 × 15 mm plastic tissue culture dishes.
4. Medium: phosphate-buffered saline (PBS) with 10% fetal calf serum (FCS), peni-

cillin (100 U/mL) and streptomycin (100 µg/mL).

2.2. Organ Explant Culture

1. Millipore 0.65 µm DV Durapore membrane filters: Before use, filters are washed
and sterilized in several changes of boiling tissue-culture water (Sigma, cat. #W-
3500) and dried in a tissue-culture hood.

2. Stainless-steel mesh supports: Supports were custom-made in our workshop by
bending a 22 mm × 12 mm rectangular piece of stainless-steel wire mesh so that
it stands 5 mm high with a 12 mm × 12 mm supportive platform. Supports are
washed in nitric acid (HNO3) for 2–24 h, then rinsed five times in sterile milliQ
water. Subsequently, they are sterilized in 70% ethanol and rinsed two times in
tissue-culture water (Sigma). Then, the supports are dried in a tissue-culture hood.

3. 6-Well tissue culture plates.
4. Curved fine point forceps.
5. Medium: Myeloid long-term culture (LTC) media (M5300, StemCell Technolo-

gies). Supplemented with hydrocortisone succinate (Sigma), 10–5 M final con-
centration.

6. Scalpel blade.

2.3.1. Preparation of a Single-Cell Suspension from Dissected
Embryonic Tissues

1. Collagenase Type I (Sigma): Make a 2.5% stock solution in PBS and freeze
aliquots at –20oC. For use, make a 1:20 dilution of stock collagenase in PBS-10%
FCS-Pen-Strep. One mL of 0.12% collagenase will disperse approx 10 embry-
onic tissues when incubated at 37oC for 1 h.

2.4.1. PREPARATION AND STAINING OF SINGLE-CELL SUSPENSION

1. Propidium iodide (Sigma).
2. Heat-inactivated FCS.
3. Hematopoietic-specific antibodies, available from sources such as Pharmingen.
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2.5.1. Colony-Forming Unit-Spleen (CFU-S) Assay

1. Tellyesniczky’s solution: for 100 mL, mix 90 mL of 70% ethanol, 5 mL of gla-
cial acetic acid, and 5 mL of 37% formaldehyde (100% formalin).

2.5.2.1. PERIPHERAL BLOOD DNA PREPARATION AND PCR ANALYSIS

1. Blood Mix: 0.05 M Tris-HCl pH 7.8, 0.1 M EDTA, 0.1 M NaCl, 1% SDS, 0.3 mg/
mL Proteinase K.

2. RNase A: 10 mg/mL stock solution.
3. Phenol-Chloroform-Isoamyl alcohol.
4. 2 M sodium acetate (pH 5.6).
5. Isopropanol.
6. 70% ethanol.
7. LacZ PCR primers: lacz1 5’GCGACTTCCAGTTCAACATC3'

lacz2 5’GATGAGTTTGGACAAACCAC3'
8. YMT2 PCR primers: ymt1 5’CTGGAGCTCTACAGTGATGA3'

ymt2 5’CAGTTACCAATCAACACATCAC3'
9. Myogenin PCR primers: myo1 5’TTACGTCCATCGTGGACAGC3'

myo2 5’TGGGCTGGGTGTTAGTCTTA3'
10. Deoxynucleotide 5' triphosphate (dNTP) mix: stock solution of 10 mM each of

deoxyadenosine 5' triphosphate (dATP), deoxythymidine 5' triphosphate (dTTP),
deoxyguanosine 5' triphosphate (dGTP), deoxycytidine 5' triphosphate (dCTP).

11. PCR (10X) mix: 100 mM Tris-HCl, pH 9.0, 15 mM MgCl2, 500 mM KCl, 1%
Triton-X-100, 0.1% w/v stabilizer.

12. Taq polymerase.

2.5.2.2. MULTILINEAGE ANALYSIS

1. Complete medium: RPMI-1640, 5% FCS, 2 mM L-glutamine, 10 mM HEPES,
100 U/mL penicillin, 100 µg/mL streptomycin, and 100 µM 2-mercaptoethanol.

2. Lipopolysaccharide (Sigma).
3. Murine interleukin 2 (IL-2)(Biosource)
4. Concanavalin A (Sigma).
5. L-cell conditioned medium.
6. Lineage-specific antibodies are routinely used (available from sources such as

Pharmingen).

3. Methods

3.1. Isolation and Dissection of Embryonic Tissues

1. To obtain embryonic tissues for the analysis of HSCs and progenitors, adult male
mice are mated with two females in the late afternoon. Females are checked for
the presence of a vaginal plug the following morning. If a plug is found, this is
considered embryonic d 0 (E0) (see Note 1).
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2. Pregnant females at the chosen day of gestation are sacrificed, and uteri removed
into a 60 × 15 mm tissue-culture dish containing PBS-FCS (PBS with 10% FCS,
penicillin 100 U/mL and streptomycin 100 µg/mL).

3. Using a dissection microscope (×7–8 magnification) and fine forceps or scissors,
remove the muscular wall of uterus from the individual decidua. Then with small
grasps of the forceps, remove Reichert’s membrane, which is the thin tissue layer
surrounding the yolk sac (13). During these manipulations, the embryos are trans-
ferred to other culture dishes containing PBS-FCS to wash away maternal blood
contamination.

Fig. 1. Schematic diagram of the dissection procedure on an E10/E11 mouse em-
bryo. Dark broken lines show the regions in which a series of cuts are performed on
the mouse embryo. (A) The yolk sac (YS) is removed by cutting the vitelline artery
(VA) and umbilical artery (UA) the site where they join the yolk sac. A second cut
adjacent to the embryo body frees the arteries. (B) The dissection needles cut the head
and tail regions from the trunk of the embryo which contains the AGM and liver (L).
(C) The internal organs (gastrointestinal tract, heart, and liver) are dissected away
first, and then the dorsal tissues (the neural tube and somites) are removed. (D) After
turning the remaining trunkal region of the embryo so that the ventral side is facing
upwards, the dissection needles are inserted under the AGM region, and the remaining
somitic tissue is dissected away.
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4. The yolk sac is isolated by grasping with the fine-tipped forceps and tearing open
this tissue which surrounds the embryo. The yolk sac is torn off at the blood
vessels (vitelline and umbilical vessels) which connect it to the embryo proper
(Fig. 1A). The embryo is now covered only by a very thin amnionic sac that may
have been broken during the dissection. The vitelline and umbilical arteries may
now be obtained with fine scissors by cutting them off at the connection to the
embryo body proper (for staging of embryos, see Note 2).

5. For the dissection of fetal liver and the AGM region from the embryo proper, we
switch to the use of dissection needles and a slightly higher magnification. Dis-
section needles are made from small pieces of sharpened tungsten wire attached
to metal holders, which are typically used for bacterial culture inoculation. A
sharpening stone, normally used to sharpen knives, is used to produce a fine point
at the tip of the tungsten wire. One needle is generally used to hold the embryo in
the area where cutting is desired. The other needle is slowly moved alongside the
holding needle in a cutting action. Only small precise areas are dissected with
each needle placement.

6. Briefly, to dissect an E10/E11 embryo as it is lying on its side, the dissection
needles are used to cut the trunk of the embryo from the tail and head (see Fig.
1B). The needles are then used to remove the lung buds, heart, liver and gas-
trointestinal (GI) tract from the embryo. The liver can then be dissected cleanly
from the heart, GI tract, and remaining connective tissue (Fig. 1C).

7. Next the somites and neural tube, running along the dorsal side of the embryo,
are removed with care to maintain the integrity of the dorsal aorta (Fig. 1C). The
trunk of the embryo is now adjusted so the ventral side is facing upwards. The
AGM region is now clearly visible. The remaining somites can be cut away by
inserting the needles under the AGM (Fig. 1D).

3.2. Organ Explant Culture

An organ explant culture has been developed to examine the growth of
colony-forming units-spleen (CFU-S) and long-term repopulating hematopoi-
etic stem cells (LTR-HSC) in individual embryonic tissues (5). Beginning at
E8.5 (9 somite-pair stage), the circulation between the mouse embryo body
and the yolk sac is established (6). Thus, in vitro culture of explanted tissues
allows for the analysis of these tissues in an isolated manner, preventing cellu-
lar exchange. The culture method was optimized for the maintenance/produc-
tion of CFU-S and LTR-HSC by placing the dissected tissues at the air/medium
interface in the culture rather than submerging them in medium. No exogenous
hematopoietic growth factors are added; thus the CFU-S and HSC rely only on
the endogenous signals provided by the embryonic tissue.

3.2.1. Culture Procedure

1. One wire mesh support is placed into each well of a 6-well culture plate, and the
wells are filled with 5 mL of medium.
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2. With forceps, a filter is placed onto the mesh support and allowed to become
permeated with medium. The medium level should be adjusted so that the filter is
at the air-medium interface.

3. Individual dissected embryonic tissues are placed on the filters, using curved
forceps. Up to six individual tissues can be cultured per filter. Empty wells of the
culture plate are filled with PBS or sterile water (to maintain humidity), and the
culture plate is carefully placed in a 37o, 5% CO2 incubator. Tissue explants are
cultured for 2–3 d.

3.2.2. Harvest of Cultured Tissues

1. Using forceps and gloved hands, the filter holding explanted tissues is removed
from the culture plate. The filter is held in one hand, while a scalpel blade is used
to scrape each tissue individually from the surface of the filter.

3.3. Transplantation of Embryonic Hematopoietic Cells
into Adult Recipients

In vivo transplantation assays have long been established for the purpose of
examining cell populations for the presence of HSCs or progenitors (16). In
measuring the hematopoietic capacity of embryonic tissues, we have used both
the short-term CFU-S assay (3,5,17) and the LTR-HSC assay (5,10,11). While
the frequency of CFU-S and LTR-HSCs is a useful measurement for adult
bone-marrow populations, since these cells are in limited numbers within an
individual embryo, pools of embryo-derived cells are typically used in trans-
plantation assays. Thus, after staging mouse embryos from the available litters
by counting somite pairs, only embryos within a desired developmental win-
dow are used (for example, from late E10, we would pool embryos of 36–40
somite pairs [sp]). The embryos are dissected and a single-cell suspension is
prepared from the pooled tissues, noting the number of tissue embryo equiva-
lents. It is thus possible to determine the absolute numbers of CFU-S and re-
populating units in an individual embryo within a temporal context at the
earliest stages of development.

3.3.1. Cell Preparation

1. Collagenase treatment is performed to obtain a single-cell suspension from dis-
sected embryonic tissues or from explant cultures of embryonic tissues. Tissues
are placed into 1.0 mL of 0.12% collagenase in PBS-FCS-Pen-Strep and incu-
bated at 37oC for 1 h. During the incubation, the tube is occasionally tapped to
aid the dispersion of the tissue.

2. After incubation, the tube is placed on ice. Five mL of PBS-10% FCS is added to
the cells and using a blunt-ended pipet held against the bottom of the test tube,
the tissue suspension is pipetted back and forth up to 20 times to disperse the
cells. Cells are centrifuged at 250g and washed two times.
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3. Viable cell counts are performed using Trypan blue dye exclusion. After collage-
nase treatment, it is expected that only approx 50–75% of the embryonic cells
will be viable. Table 1 provides a summary of the expected number of viable
cells that can be obtained from the PAS/AGM and yolk sac from E9, E10, and
E11 embryos after collagenase treatment.

4. For immediate in vivo injection, the desired number of cells or known embryo
equivalents of cells are suspended in PBS (0.2 mL–0.5 mL per recipient). If some
time will elapse before injection, cells are suspended in PBS with 10% FCS, and
later washed and resuspended in PBS alone. All cell suspensions are kept on ice.

5. To promote the survival of the irradiated recipient mice so that the engraftment
properties of hematopoietic cells from embryonic tissues can be measured, we
typically cotransplant a small number of normal unmarked (recipient-type) adult
spleen cells (2×105) into each recipient along with the marked test cells (10,11).
These cells are included in the volume (0.2–0.5 mL) to be injected intravenously
into the lateral tail vein. Also, competitive transplantation strategies with un-
marked HSCs (18) can be used to test for the quality of the donor-marked he-
matopoietic cells.

3.3.2. Transplantation Protocol

Male or female (nontransgenic) 2–3-mo-old mice can be used as recipients
for donor embryonic cells in CFU-S or LTR-HSC assays. When using the Y
chromosome as the genetic marker for donor embryonic cells, female recipi-
ents of the same strain are required. As in all transplantation protocols, the use
of a transgene marker in donor embryonic cells requires the use of either male
or female nontransgenic recipients of the same strain as the donor transgenic.
We have used inbred strains (C57BL/6, C57BL/10) and F1 strain combina-
tions ([CBA × C57BL/10]F1, [129 × C57BL/6]F1) as recipients in our trans-
plantation experiments.

1. The mice designated for transplantation experiments are housed in filter-top
microisolator cages which eliminate the possibility of viral infection within the
colony. Before transplantation, recipients are maintained on 0.037% HCl water
(3.7% stock diluted 1:100) for at least 2 wk.

Table 1
Number of Viable Cells Obtained from Mouse Embryonic Tissues after
Collagenase Treatment

Embryonic Somite Cell number (× 104) per tissue

day pairs PAS/AGM Yolk sac

E9 20–29  8.4 +/– 3.8 12.5 +/– 4.8
E10 30–39 12.0 +/–3.5 20.1 +/– 6.9
E11 >40 21.2 +/– 6.2 47.1 +/– 3.8
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2. On the day of transplantation, recipients are irradiated with a split dose of 9 gy
for LTR-HSC and 10 gy for CFU-S from a gamma radiation source. The first
dose of 4.5–5 gy is given 3 h before the second dose of 4.5–5 gy. The dose of
irradiation should be tested within each facility, because variation in the lethal
dose of gamma sources and in the strains of mice have been observed.

3. Prior to injection, adult mice are warmed briefly under a heating lamp to dilate
the blood vessels and restrained in a holder through which the tail can be threaded.
The tail is cleaned with 70% ethanol to make visible the veins lateral to the dor-
sal-lateral tail artery.

4. Injection of 0.2–0.5 mL (per recipient) into the lateral tail vein is performed us-
ing a 1-mL tuberculin syringe and 25–26-gauge needle. Thereafter, mice are
maintained on antibiotic water containing 0.16% neomycin sulfate (Sigma) for at
least 4 wk.

3.4. Flow Cytometric Analysis/Sorting of Cells from
Embryonic Tissues

The cell-surface marker characterization of functional HSCs and the pro-
genitors within the developing mouse conceptus pose special problems in iso-
lation, viability, and analysis. As discussed in previous sections, the numbers
of cells isolated from the hematopoietic tissues of early-stage embryos are lim-
ited. For phenotypic analysis only, without any functional transplantation, only
a few embryos are required. However, several litters of embryos must be iso-
lated and dissected on the same day when functional cells are to be sorted
fluorescence-activated cell-sorting (FACS). For example, a good cell-sorting
experiment using two different antibodies for the isolation of cells to be trans-
planted in limiting dilution into adult recipients requires approx 20–40 AGM
regions from marked E11 embryos (11). Studies such as these require team-
work, allowing the rapid dissection of embryos by several researchers simulta-
neously.

3.4.1. Preparation, and Staining of Single-Cell Suspension

1. Embryonic tissues are collagenase-treated as described in subheading 3.3.1,
steps 1–3. After washing, the cells are suspended in PBS with 10% heat-inacti-
vated FCS.

2. Incubation with CD16/CD32 (2.4G2) monoclonal antibody (MAb) (anti-FcRII
and III, Pharmingen) is performed for 20 min on ice to lower nonspecific staining.

3. This is followed by incubation with antibodies of interest (for example, CD34-
biotin and c-kit-Fluorescein-5 isothiocyanate (FITC), Pharmingen) for 20–30 min
on ice. Cells are then washed twice in PBS with 10% FCS and Pen-Strep and
subsequently incubated with fluorochrome-conjugated streptavidin when
required.
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4. Again, labeled cells are washed twice and filtered through a 40-µm nylon mesh
screen (Falcon) to remove cell clumps. After washing, cells are resuspended in
PBS with 10% FCS containing 0.5 µg/mL propidium iodide (PI, Sigma) (11).

3.4.2. Sorting

1. Viable cells are defined by exclusion of PI-positive and high obtuse scatter or
low forward scatter on a FACStar Plus or Vantage cell sorter (Becton-Dickinson)
or any other appropriate cell sorter. Fig. 2 shows forward-scatter and side-scatter
FACScan plots of AGM, fetal liver and yolk sac cells from E11 embryos. Vary-
ing distributions of the cells from each of these tissues on the basis of size and
granularity are observed after gating out dead cells (PI positive) and debris.

2. Collection gates for marker-positive cells are set by comparison to cells stained
with fluorochrome-conjugated immunoglobin isotype controls (11). Viable fluo-
rescent positive cells are collected and reanalyzed for purity and counted.

3. For functional transplantation assays, sorted cells are suspended in PBS at the
desired cell number or embryo equivalent for injection as described in Subhead-
ing 3.3.1., step 4. We have obtained the best results on cells transplanted as soon
as possible after the sorting procedure (this is about 8 h after starting the dissec-
tion of the embryos).

3.5. Analysis of Transplanted Adult Mice

3.5.1. CFU-S Assay

1. To determine the CFU-S11 content of embryonic tissues, tissues are collagenase-
treated as described in Subheading 3.3.1., step 1 and cells are injected into the
tail vein of lethally irradiated (10 gy) mice (3,5,17). Control irradiated mice that
do not receive cells should be included in each experiment, to check for residual
endogenous spleen-colony formation.

Fig. 2. FACScan plots for forward-scatter and side-scatter of AGM, yolk sac, and
fetal liver cells from E11 mouse embryos. Debris and dead cells (based on PI staining)
are gated out. The number of cells analyzed per sample is 1.5 × 104.
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2. Eleven days after transfer, the spleens are excised and fixed in Tellyesniczky’s
solution, and the macroscopic surface colonies are counted. Up to 10–12 colo-
nies per spleen can easily be counted. Thus, the cell dose chosen for injection
should be determined to ensure that no more than this number is obtained per
spleen. A typical dose of cells for injection is in the range of 2–4 embryo equiva-
lents (4–8 × 105) of E11 AGM cells per recipient adult mouse.

3. To exclude contribution in CFU-S activity by either maternally derived cells or
residual endogenous CFU-S, genetically marked donor cells can be used to check
for the origin of the CFU-S (see Note 3).

4. After isolation of spleens from the recipient mice, the tissue is not fixed, but
placed in PBS in a small tissue-culture plate. Individual spleen colonies are dis-
sected using cataract scissors under a dissection microscope (3). DNA is isolated
from each individual colony, and a donor-marker-specific polymerase chain re-
action (PCR) is performed to determine the genetic origin of the colonies.

3.5.2. LTR-HSC Assay

To test for long-term hematopoietic repopulation in the transplanted ani-
mals, the peripheral blood of recipients is analyzed two times for the presence
of donor-derived cells: once at 1–2 mo posttransplantation as a preliminary
screening for engraftment, and once at 4–6 mo posttransplantation for true
HSC-derived contribution (19). To assay for multilineage reconstitution, do-
nor-positive mice are sacrificed 4–6 mo posttransplantation, hematopoietic or-
gans are taken, and donor contribution to the various hematopoietic lineages is
determined as described in Subheading 3.5.2.1., steps 1–6.

3.5.2.1. PERIPHERAL BLOOD DNA PREPARATION AND PCR ANALYSIS

1. Peripheral blood (100–200 µL) is collected from the retro-orbital plexus or via
the tail vein from recipient mice (in the absence of any anticoagulants) and placed
directly into an eppendorf tube containing 500 mL of “blood mix.” Samples are
shaken and placed in a 55oC water bath for 4–24 h.

2. After a quick spin in the microfuge to remove any of the sample condensed on
the top of the Eppendorf tube, 20 µL of RNase A (10 µg/mL) is added, and the
sample is incubated in a 37oC water bath for 1 h.

3. This is followed by phenol-chloroform extraction (500 µL) in an Eppendorf
shaker for 15 min. After a 15 min spin in a microfuge at 16,000g, the aqueous
phase (550 µL) is transferred to a clean Eppendorf tube and DNA is precipitated
after addition of 50 µL of 2 M sodium acetate (pH 5.6) and 400 µL isopropanol.

4. The samples are spun again at 16,000g for 15 min, the isopropanol is removed,
and the DNA is washed with 700 µL of 70% ethanol. After another spin for 15
min at 16,000g, the ethanol is decanted, and the DNA is dried and resuspended in
50 µL of water. Samples are stored at –20oC until use.

5. Analysis of blood DNA for the donor genetic marker is done by PCR. We have
routinely used a LacZ transgene or a Y-chromosome marker as the genetic
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marker. Simultaneously, a PCR for DNA normalization is performed using
myogenin primers. One mL of DNA is added to 1 mL of deoxynucleotide 5'
triphosphate (dNTP) mix, 5 µL of 10X PCR buffer, 1 µL of each primer (100 ng
each), 1 ml Taq polymerase plus water to a total volume of 50 µL. The conditions
for the LacZ-myogenin PCR are: 92 oC for 5 min, followed by 30 cycles at 92 oC
for 1 min, 55oC for 2 min, 72oC for 2 min, and a final single cycle at 72 oC for 7
min. The sizes of the amplified products are 670 base pairs (bp) for LacZ and 245
bp for myogenin. The conditions for the YMT-2 male marker-myogenin PCR
are: 92oC for 5 min, followed by 30 cycles at 92oC for 1 min, 60oC for 2 min, and
72oC for 2 min, and a final single cycle at 72oC for 7 min. The sizes of the ampli-
fied products are 342 bp for YMT-2 and 245 bp for myogenin. These conditions
may vary, depending on the instrument used for PCR.

6. After the PCR, the amplified products are run on a 1.5–2% agarose gel with
appropriate donor-marker contribution controls (100%, 10%, 1%, and 0%, which
are made by mixed transgenic or male DNA with nontransgenic or female DNA).
Gels are blotted according to standard Southern blotting procedures and [32P]-
labeled probes are used for hybridization. Percentage engraftment by donor cells
is determined by quantitation of radioactive bands on a phosphorimager.

3.5.2.2. MULTILINEAGE ANALYSIS

To test for long-term multilineage hematopoietic reconstitution, the periph-
eral blood, bone marrow, thymus, lymph nodes, and spleen are isolated from
reconstituted mice at least 4 months after transfer. When a cell-surface marker
can be used to detect donor-cell repopulation (as with the Ly-5.1/Ly-5.2
congenics) multilineage repopulation can be tested through FACS analysis of
the different tissues, using a donor-specific MAb in combination with hemato-
poietic lineage-specific antibodies. When a genetic marker is used to detect
donor-type reconstitution, cells of the different hematopoietic lineages are pu-
rified and DNA is isolated from them. This can be done by growing cells in the
presence of lineage-specific stimuli/growth factors—in order to obtain rela-
tively pure populations of B, T, and myeloid cells—or alternatively, by sorting
cells to high purity by FACS using antibodies that recognize the different he-
matopoietic lineages.

1. For culture of B or T cells, spleen cells are grown for 3–4 d in “complete me-
dium” supplemented with either 10 µg/mL lipopolysaccharide or 10–40 U/mL
murine interleukin 2 (IL-2) together with 5 µg/mL concanavalin A, respectively.

2. Macrophages can be obtained by growing peritoneal, spleen, or bone-marrow
cells for 4–10 d in complete medium in the presence of 10% L-cell-conditioned
medium as a source of M-CSF. After culture, the purity of the cells can be deter-
mined through FACS analysis using B, T, and macrophage-specific antibodies,
and DNA is isolated.

3. To sort B, T, myeloid, and erythroid cells from spleen and bone-marrow cell
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suspensions, the following lineage-specific antibodies are routinely used (avail-
able from sources such as Pharmingen). For B cells, these are RA3–6B2 (anti-
CD45R, B220) and 1D3 (anti-CD19). For T cells, the combination of 53–6.7
(anti-CD8a, Ly-2) and H129.19 (anti-CD4, L3T4)) MAb is a good option, as the
CD4 and CD8 antigens are expressed at a higher level on T cells than the pan-T
cell marker CD3, thereby facilitating their detection. Myeloid cells can be puri-
fied using M1/70 (anti-CD11b, Mac-1), which recognizes complement receptor
3, expressed on both macrophages and granulocytes. As CD11b is also expressed
by a subset of B cells (the CD5-positive B cells) present in the peritoneal cavity
and spleen, it is advised to use this marker in combination with a B cell-marker
when sorting myeloid cells from these tissues. To purify for erythroid cells, TER-
119 is generally used.

4. After sorting, the purity of the isolated populations is checked, and usually ex-
ceeds 95%. DNA is isolated from at least 104 sorted cells and donor-type recon-
stitution tested by PCR using donor-specific primers as described in Subheading
3.5.2.1., steps 5 and 6.

4. Notes
1. We have routinely used a transgene as the genetic marker of the donor embryonic

cells (10,11). Other markers available are the Y chromosome marker (if embryos
are typed for sex) (5) and the Ly5.1/5.2 congenic system (12). When using
transgenes as markers, the use of homozygous transgenic males mated to normal
females will eliminate any detectable contribution of the maternal blood cells
which can be a source of contamination during the dissection of embryos.

2. The embryos within a litter are staged by counting somite pairs (sp) (14) and
examining eye pigmentation and the shape of the limb buds (15). Since embryos
within a single litter can vary by as much as 0.5 d in gestation, this assures that
embryonic tissues used for  experiments will be developmentally similar. For bet-
ter contrast, a dissection microscope with a black background stage and a cold
light source is used to illuminate the embryos from the side (at 10–15× magnifica-
tion). E8–8.5 embryos have 1–7 sp; E8.5–9 embryos have 8–14 sp; E9–9.5 em-
bryos have 13–20 sp, and E9.5–10 embryos have 21–30 sp. Embryos of 30–35 sp
are considered early E10, 36–37 sp mid-E10, and 38–40 late E10. At E11, sp are
greater than 40, the eye pigmentation ring is closing, and the limb buds are rounded
with the beginning of internal digital segmentation.

3. It is rare to find maternal contribution to CFU-S activity, because embryos and
tissues are washed throughout the dissection procedure. However, when very low
CFU-S numbers per spleen are obtained or endogenous CFU-S activity is found
in the control spleens, use of the donor genetic marker may be necessary to clearly
prove the donor-origin of the CFU-S.
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The Purification of Mouse Hematopoietic Stem
Cells at Sequential Stages of Maturation

Sean J. Morrison

1. Introduction
Hematopoietic stem cells (HSCs) are rare, self-renewing progenitors that

give rise to all lineages of blood cells. HSCs can be found in all hematopoietic
organs, from the para-aortic mesoderm (1,2) and yolk sac (3,4) in fetuses to the
bone marrow (reviewed in ref. 5), blood and spleens of adults.

HSCs can be isolated by flow-cytometry, based on surface-marker expres-
sion. Multipotent hematopoietic progenitors have been purified as Thy-1loSca-
1+Lineage-/lo bone-marrow cells (9). Although this population contained all
multipotent progenitors in C57BL/Ka-Thy-1.1 mice (10), it was heterogeneous,
containing transiently reconstituting multipotent progenitors in addition to
long-term reconstituting HSCs (11,12). We found cell-intrinsic differences
between long-term self-renewing HSCs and transiently reconstituting
multipotent progenitors that permit the independent isolation of these progeni-
tor populations (13). Three distinct multipotent progenitor populations were
isolated from the bone marrow of C57BL/Ka-Thy-1.1 mice (13–15): the Thy-
1loSca-1+Lineage–Mac-1–CD4–c-kit+ population contained mainly long-term
self-renewing HSCs (see Note 1), the Thy-1loSca-1+Lineage-Mac-1loCD4–

population contained mainly transiently self-renewing multipotent progenitors
(see Note 2), and the Thy-1loSca-1+Mac-1loCD4lo population contained mainly
non-self-renewing multipotent progenitors (see Note 3). These populations
form a lineage in which frequency (13), self-renewal potential (14), cell-cycle
status (13,16), and gene expression (17,18) vary with each stage in the progres-
sion toward lineage commitment (14). The ability to isolate HSCs at sequential

干细胞之家www.stemcell8.cn ←点击进入

http://www.stemcell8.cn


16 Morrison

stages of development permits direct analyses of their properties and the prop-
erties of their immediate progeny.

The properties of HSCs also change during ontogeny (19,20). For example,
fetal liver HSCs give rise to bone-marrow HSCs (21,22), but HSCs in the bone
marrow and fetal liver are phenotypically and functionally distinct (23,24).
HSCs can be purified from fetal liver as Thy-1loSca-1+Lineage–Mac-1+CD4–

cells (23, see Note 4). This population contains all of the multipotent progeni-
tors from the fetal liver of C57BL/Ka-Thy-1.1 mice. Overall, HSCs can be
isolated at four sequential stages of development in the fetal liver and bone
marrow.

Other markers have also been identified that permit the purification of long-
term self-renewing HSCs from mouse bone marrow. Rhodamine
123loHoechstlo cells (25), or rhodamine 123loSca-1+Lin- cells that are Thy-1lo

(26) or c-kit+ (27) are pure or nearly pure populations of long-term reconstitut-
ing HSCs. Although rhodaminemed-high cells are enriched for transiently recon-
stituting multipotent progenitors (27–29), no evidence has established that it is
possible to purify transiently reconstituting multipotent progenitors based on
elevated levels of rhodamine staining. Long-term self-renewing HSCs can also
be purified as CD34–Sca-1+c-kit+Lin– cells (30). Although transiently reconsti-
tuting multipotent progenitors are enriched in the CD34+ fraction, no evidence
indicates that they can be purified based on CD34 expression. Finally, AA4.1-
Lin-Aldehyde dehydrogenase+ cells have also been found to be highly enriched
for long-term HSCs, but the phenotype of transiently reconstituting multipotent
progenitors with respect to these markers has not been addressed (31). Thus
other markers permit the purification of HSCs, but they have not been shown
to permit the simultaneous purification of transiently reconstituting multipotent
progenitors

2. Materials

2.1. Isolation of Bone Marrow

1. Adult Thy-1.1+, Ly-6.2 (Ly-6b) mice such as C57BL/Ka-Thy-1.1 or AKR/J. Typi-
cally, 6–10-wk-old mice are used, but older mice can also be used for the isola-
tion of HSCs.

2. Staining medium: Hank’s Balanced Salt Solution (HBSS) with 2% heat-inacti-
vated calf serum.

3. Nylon screen to filter the bone-marrow cells after isolation (for example, the cell
strainer with 70 µm nylon mesh from Falcon, product #2350 is suitable).

4. 3-mL syringes with 25-gauge needles to flush marrow out of femurs and tibias.
5. Use 6-mL or 15-mL tubes to stain bone-marrow cells. Note that cells must be

transferred to 6-mL Falcon 2058 tubes for fluorescence-activated cell-sorting
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(FACS) on Becton Dickinson machines or Falcon 2005 tubes for FACS on
Cytomation machines.

2.2. Staining of Bone Marrow

Most of the antibodies described in this protocol are available from
Pharmingen (San Diego, CA), and hybridomas are readily available from a
number of laboratories.

1. Lineage-marker antibodies: KT31.1 (anti-CD3), GK1.5 (anti-CD4), 53–7.3 (anti-
CD5), 53–6.7 (anti-CD8), M1/70 (anti-CD11b; Mac-1), Ter119 (anti-erythrocyte-
progenitor antigen; Ly76), 6B2 (anti-B220; CD45R), and 8C5 (anti-Gr-1;
Ly-6G). Note that all antibodies should be titrated before use, and used at dilu-
tions that brightly stain antigen-positive cells without nonspecifically staining
antigen-negative cells.

2. Fluorescein-5-isothiocyanate (FITC)-conjugated 19XE5 antibody (anti-Thy-1.1;
CD90.1).

3. Biotinylated E13, anti-Sca-1 (Ly6A/E) antibody.
4. Allophycocyanin (APC)-conjugated anti-c-kit (CD117) antibody, such as 2B8.

Note that some anti-c-kit antibodies, like 2B8, give brighter staining than others,
like 3C11, and are preferable.

5. APC-conjugated M1/70 (anti-Mac-1 antibody). This must provide bright stain-
ing without nonspecific background in order to cleanly distinguish Mac-1lo cells
(see ref. 32).

6. Phycoerythrin-conjugated GK1.5 (anti-CD4 antibody). This must give bright
staining without nonspecific background in order to cleanly distinguish CD4lo

cells.
7. Streptavidin conjugated to Texas Red or PharRed (APC-Cy7), depending on the

configuration of the FACS machine (lasers and filters). The dye conjugated to
streptavidin must be compatible with simultaneous analysis of FITC, phycoeryth-
rin, and APC.

8. A viability dye such as propidium iodide (PI) or 7-aminoactinomycin D (7-AAD).
Depending on FACS machine configuration, 7-AAD may be superior because it
has a more narrow emission spectrum and therefore causes fewer compensation
problems with other dyes.

2.3. Pre-Enrichment of Progenitors with Magnetic Beads

1. A MACS cell separation unit from Miltenyi Biotec (Auburn, CA).
2. MiniMACS (MS+) columns (designed to hold 107 cells) or midiMACS (LS+)

columns (designed to hold 108 cells) from Miltenyi Biotec. In bone-marrow
preparations obtained from 3–6 mice, 1 or 2 miniMACS columns can be used. In
preparations using larger amounts of bone-marrow midiMACS columns are pre-
ferred.

3. Streptavidin-conjugated paramagnetic beads from Miltenyi Biotec.
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2.4. FACS

1. A FACS machine with at least four-color capability, such as a Becton Dickinson
FACS Vantage (San Jose, CA), or a Cytomation MoFlo (Fort Collins, CO).

2.5. Isolation of Fetal Liver HSCs

Reagents for the isolation of fetal liver HSCs are the same as described in
Subheadings 2.1. and 2.2., except that fetal livers are obtained from E12 to
E15 timed pregnant mice. To maximize the yield of HSCs, E14.5 livers are
preferred.

3. Methods

3.1. Isolation of Bone Marrow

Obtain bone marrow from a 6–12-wk-old mouse of appropriate genotype
(Ly-6.2, Thy-1.1)

1. Sacrifice the mouse by cervical dislocation and dissect the femurs and tibias.
2. Cut the ends off the bones to facilitate access to the marrow cavity.
3. Flush the marrow out of each bone using a 25-gauge needle to force staining

medium through the marrow cavities. Collect the marrow and staining medium
in a Petri dish.

4. Prepare a single-cell suspension by drawing the marrow and staining medium
through the needle into the syringe. Expel the marrow back out of the syringe
into a 6-mL or 15-mL tube, depending on the amount of marrow to be stained.
The marrow will tend to dissociate as it passes through the needle, but the result-
ing cell suspension must still be filtered as it is expelled into the tube, by placing
a nylon screen over the mouth of the 6-mL or 15-mL tube.

3.2. Staining of Bone Marrow

The bone marrow contains three different multipotent progenitor popula-
tions: long-term self-renewing Thy-1loSca-1+Lineage-Mac-1–CD4–c-kit+ cells,
transiently self-renewing Thy-1loSca-1+Lineage-Mac-1loCD4– cells, and non-
self-renewing Thy-1loSca-1+Mac-1loCD4lo cells. Because of differences in
Mac-1 and CD4 staining, the bone marrow must be divided into three aliquots
to stain for each population separately.

3.2.1. Staining for Long-Term Self-Renewing Thy-1loSca-1+Lineage–

Mac-1–CD4–c-kit+ Cells

1. Suspend bone-marrow cells in antibodies at a density of 108 cells per mL. Cells
are stained first with unlabeled antibodies against lineage markers. The lineage
cocktail is a mixture of antibodies against CD3 (KT31.1), CD4 (GK1.5), CD5
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(53–7.3), CD8 (53–6.7), B220 (6B2), and Gr-1 (8C5), erythrocyte-progenitor an-
tigen (Ter119), and Mac-1 (M1/70). In order to maximize the enrichment of long-
term self-renewing HSCs, it is necessary to eliminate Mac-1lo and CD4lo

transiently reconstituting multipotent progenitors. Thus, it is critical to use anti-
bodies against Mac-1 and CD4 that stain brightly (see Figs. 2–4). In some cases
it is preferable to use directly conjugated antibodies against Mac-1 and CD4. If
directly conjugated antibodies are used, they should not be included in the lin-
eage cocktail, but should be included with other directly conjugated antibodies in
step 4. Always incubate in antibodies for 20–25 min on ice. After this incubation
period, dilute the cells in at least 10 vol of staining medium, then centrifuge for 6
min at 600g.

2. Aspirate the supernatant, then resuspend the cell pellet in anti-rat immunoglobu-
lin (IgG) second-stage antibody conjugated to phycoerythrin. For example, suit-
able second stage antibodies are available from Jackson Immunoresearch (West
Grove, Pennsylvania). After incubating for 20 min on ice, wash off unbound
antibody by diluting in staining medium and centrifuging.

3. Resuspend the cell pellet in 0.1 mg/mL rat IgG to block unbound sites on the
second-stage antibody. Incubate for 10 min on ice.

4. Without washing or centrifuging, add all directly conjugated antibodies to the
cell suspension including biotinylated anti-Sca-1, and APC-conjugated anti-c-kit
(2B8), FITC-conjugated anti-Thy-1.1, as well as phycoerythrin-conjugated anti-
bodies against CD4 and Mac-1 if these were not included in the lineage cocktail.
After incubating for 20 min, wash the cells twice by diluting in staining medium
followed by centrifugation.

5. The cells can now either be pre-enriched using magnetic beads (see Subheading
3.3.), or prepared for FACS of unenriched cells. If FACS will be performed on
unenriched cells, complete the staining by incubating in streptavidin conjugated
to Texas Red or PharRed for 20 min on ice. After washing, resuspend the cells in
staining medium containing a viability dye (PI at 1 µg/mL or 7-AAD at 2 µg/
mL), and leave on ice pending FACS (see Subheading 3.4.). If cells are to be
pre-enriched using magnetic beads, see Subheading 3.3.

3.2.2. Staining for Transiently Self-Renewing Thy-1loSca-1+Lineage–

Mac-1loCD4– Cells

1. Stain for 20 min in a cocktail of antibodies against all lineage markers except
Mac-1. Directly conjugated Mac-1 antibody will be used later in the protocol.
Dilute in staining medium, and centrifuge.

2. Resuspend the cell pellet in phycoerythrin-conjugated anti-rat IgG. After incu-
bating for 20 min, dilute and centrifuge.

3. Resuspend the cell pellet in 0.1 mg/mL rat IgG to block unbound sites on the
second-stage antibody. Incubate for 10 min on ice.

4. Without washing or centrifuging, add all directly conjugated antibodies to the
cell suspension, including biotinylated anti-Sca-1, APC-conjugated anti-Mac-1
(M1/70), FITC-conjugated anti-Thy-1.1, and phycoerythrin-conjugated anti-CD4
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when it is not included in the lineage cocktail. After incubating for 20 min, wash
the cells twice by diluting in staining medium followed by centrifugation.

5. The cells are now ready for pre-enrichment with magnetic beads (see Subhead-
ing 3.3.), or the staining can be completed by incubating in streptavidin conju-
gated to Texas Red or PharRed for 15–20 min on ice. The cells should then be
resuspended in staining medium containing a viability dye (PI at 1µg/mL or 7-
AAD at 2 µg/mL) pending FACS (see Subheading 3.4.).

3.2.3. Staining for Isolation of Non-Self-Renewing Thy-1loSca-1+Mac-
1loCD4lo Cells

1. Stain in directly conjugated antibodies: biotinylated anti-Sca-1, FITC-conjugated
anti-Thy-1.1, phycoerythrin-conjugated anti-CD4, and APC-conjugated anti-
Mac-1.

2. Pre-enrich with magnetic beads by proceeding to Subheadings 3.3, or stain in
streptavidin-Texas Red, and then resuspend in PI or 7-AAD pending FACS (see
Subheading 3.4.). Note that Thy-1loSca-1+Mac-1loCD4lo cells appear to be nega-
tive for other lineage markers.

3.3. Pre-Enrichment of Progenitors with Magnetic Beads

Since the populations described in Subheadings 3.2.1.–3.2.3. represent only
0.01–0.03% of normal adult bone-marrow cells, FACS can be very time-con-
suming without pre-enrichment. Progenitors can be pre-enriched by selecting
Sca-1+ cells using streptavidin-conjugated paramagnetic beads, such as those
provided by Miltenyi Biotec.

1. Resuspend the cell pellet in degassed staining medium plus streptavidin-conju-
gated paramagnetic beads. Staining medium can be degassed by incubating it
under vacuum for 20 min. For 108 cells, use 0.4 mL staining medium plus 0.1 mL
magnetic beads. Exercise care not to introduce air bubbles while resuspending
cells. Incubate for 15 min at 4°C.

2. During this incubation period, prepare a miniMACS column (capacity 107 cells
in the magnetic fraction) by running degassed staining medium through it. This
column size is appropriate for enriching progenitors from up to 2.5 × 108 bone-
marrow cells (~3 mice). If larger amounts of bone marrow are being processed,
then midiMACS columns with a capacity of 108 cells in the magnetic fraction
can be used.

3. Without washing or centrifuging, add Texas Red or PharRed-conjugated
streptavidin to the cell suspension (depending on FACS configuration). Incubate
for an additional 15 min at 4°C. Dilute in staining medium, then centrifuge.

4. Resuspend the cell pellet in 0.2 mL of medium per 108 cells. Add the resus-
pended cells to a MACS column and place the column in the magnet. After the
liquid phase has passed through the magnet, return the cell suspension to the top
of the magnet twice, allowing the cells to pass through the column a total of three
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times. Unbound cells in the fluid phase within the column must be washed out by
running staining medium through the column (typically 1 mL for miniMACS and
5 mL for midiMACS) . The magnetic fraction (retained within the column) should
be enriched in Sca-1+ cells. It can be eluted from the column by removing the
column from the magnet, and forcing approx 0.5 mL of staining medium through
the column with a plunger provided by the manufacturer.

5. Pellet the magnetic fraction by centrifugation, then resuspend in staining me-
dium containing a viability dye such as PI (1 µg/mL) or 7-AAD (2 µg/mL).

3.4. FACS

In order to purify the multipotent progenitor populations, two consecutive
rounds of sorting should be performed. In each round, sort the cells into stain-
ing medium. Containing a viability dye (PI or 7AAD) to mark any cells that die
after the first round of sorting.

Fig. 1  A reanalysis of long-term self-renewing HSCs isolated by FACS from the
bone marrow of C57BL/Ka-Thy-1.1 mice. The shaded histograms represent Thy-
1loSca-1+Lineage-Mac-1–CD4–c-kit+ cells, and the unshaded histograms represent
whole bone-marrow cells.
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Fig. 2. A reanalysis of transiently self-renewing multipotent progenitors isolated
by FACS from the spleens of cyclophosphamide/G-CSF treated mice (15). The shaded
histograms represent Thy-1loSca-1+Lineage-Mac-1loCD4– cells, and the unshaded his-
tograms represent unseparated splenocytes. Although these cells were isolated from
the spleens of mobilized mice, the fluorescence profile of Thy-1loSca-1+Lineage-Mac-
1loCD4– cells isolated from bone marrow is very similar (13). Note that although c-kit
was not used as a marker to isolate these cells, all cells in this population are c-kit+

(13,15).

1. The fluorescence profiles of Thy-1loSca-1+Lineage-Mac-1–CD4–c-kit+ cells rela-
tive to whole bone-marrow cells are shown in Fig. 1. Cells considered negative
for a marker have fluorescence levels consistent with autofluorescence (un-
stained) background. Cells are Thy-1lo if they have fluorescence greater than
autofluorescence, but less than that exhibited by T cells.

2. The fluorescence profiles of Thy-1loSca-1+Lineage-Mac-1loCD4– cells are shown
in Fig. 2. Although Fig. 2 shows cells isolated from the spleens of cyclophospha-
mide/granulocyte colony stimulating factor (G-CSF)-mobilized mice, the fluo-
rescence profiles are very similar to that observed in bone marrow. Mac-1lo cells
have fluorescence greater than autofluorescence background, but less than most
mature myeloid cells.
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3. The fluorescence profiles of Thy-1loSca-1+Mac-1loCD4lo cells are shown in Fig.
3. CD4lo cells have fluorescence greater than autofluorescence background but
less than CD4+ T cells. Bright CD4 and Mac-1 staining are required to distin-
guish CD4lo and Mac-1lo cells from background.

3.5. Purification of Fetal-Liver HSCs

1. Prepare a single-cell suspension from E12 to E15 fetal liver. Remove the fetal
livers and make a single-cell suspension by drawing the cells into a syringe
through a 25-gauge needle and then expelling the cells into a tube through a
nylon screen.

Fig. 3. A reanalysis of non-self-renewing multipotent progenitors isolated by
FACS from the bone marrow of C57BL/Ka-Thy-1.1 mice. The shaded histograms
represent Thy-1loSca-1+Mac-1loCD4lo cells. The fluorescence profile of the whole
bone-marrow cells from which the Thy-1loSca-1+Mac-1loCD4lo cells were isolated is
not shown. Although c-kit was not used as a marker to isolate these cells, all cells in
this population are c-kit+ (13). Note the increased frequency of contaminating CD4hi

and Mac-1hi cells in this population. Because no negative markers are used in the
isolation of this population, it is more difficult to isolate cleanly. Two consecutive
rounds of sorting are required to eliminate contaminants.
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2. Stain the fetal liver cells with a cocktail of antibodies against lineage markers
including CD3 (KT31.1), CD4 (GK1.5), CD5 (53–7.3), CD8 (53–6.7), B220
(6B2), Gr-1 (8C5), and erythrocyte-progenitor antigen (Ter119). Of these mark-
ers, Ter119 is most important, because most fetal liver cells are Ter119+. After
20 min incubation on ice, dilute and centrifuge.

3. Resuspend the cell pellet in anti-rat IgG second-stage antibody conjugated to
phycoerythrin. After incubating for 20 min on ice, wash by diluting in staining
medium and centrifuging.

4. Resuspend the cell pellet in 0.1 mg/mL rat IgG to block unbound sites on the
second-stage antibody. Incubate for 10 min on ice.

5. Without washing or centrifuging, add all directly conjugated antibodies to the
cell suspension, including biotinylated anti-Sca-1, APC-conjugated anti-Mac-1,
and FITC-conjugated anti-Thy-1.1. After incubating for 20 min, wash the cells
twice by diluting in staining medium, followed by centrifugation.

6. The cells can now either be pre-enriched using magnetic beads (see Subheading

Fig. 4. A reanalysis of HSCs isolated by FACS from the livers of C57BL/Ka-Thy-
1.1 fetuses. The unshaded histograms represent Thy-1loSca-1+Lineage-Mac-1+CD4–

cells, and the shaded histograms represent unseparated fetal liver cells. Note that the
bulk of lineage marker staining on unseparated fetal liver cells derives from Ter119+

erythroid precursors.
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3.3.), or prepared for FACS without enrichment. If unenriched cells will be sorted,
complete the staining by incubating in streptavidin conjugated to Texas Red or
PharRed for 15–20 min on ice. After washing, resuspend the cells in staining
medium containing a viability dye (PI at 1 µg/mL or 7-AAD at 2 µg/mL) and
leave on ice pending FACS.

7. Isolate Thy-1loSca-1+Lineage-Mac-1+CD4– cells by sorting and then resorting to
ensure purity. The fluorescence profile of fetal liver HSCs relative to unseparated
fetal liver cells is shown in Fig. 4.

4. Notes
1. Long-term self-renewing Thy-1loSca-1+Lineage-Mac-1–CD4–c-kit+ cells represent

approx 0.01% of normal young adult C57BL/Ka-Thy-1.1 bone marrow (13).
Approximately 3% of these cells are in S/G2/M phase of the cell cycle, 24% are in
G1 phase, and the balance are in G0 (16). When used to competitively reconstitute
lethally irradiated histocompatible mice, 1 out of every 10 intravenously injected
cells is able to home to bone marrow and detectably reconstitute (13). More than
70% of clones give long-term multilineage reconstitution. Sixty-seven percent to
83% of single cells (depending on the nature of the donor) form primitive colo-
nies in methylcellulose supplemented by steel factor, IL-3, and IL-6, but few cells
form colonies when stimulated by IL-3 or granulocyte-macrophage colony-stimu-
lating factor (GM-CSF) alone (15,20). Although these cells have been most thor-
oughly characterized from young adult bone marrow, they can also be isolated
from the bone marrow of older mice (20), cyclophosphamide/G-CSF-mobilized
peripheral blood/spleen (15), and reconstituted mice (14). The frequency and cell-
cycle status of HSCs is strain specific (33,34). Thy-1loSca-1+Lineage-Mac-1–CD4–

c-kit+ cells isolated from AKR/J mice represent more than 0.03% of young adult
bone-marrow cells (unpublished data). Although more frequent in AKR/J mice,
these cells are similarly enriched for long-term reconstituting activity, with one
out of every 11 cells homing to bone marrow and giving long-term multilineage
reconstitution (unpublished data).

2. Transiently self-renewing Thy-1loSca-1+Lineage-Mac-1loCD4– multipotent pro-
genitors represent approx 0.01% of young adult C57BL/Ka-Thy-1.1 bone marrow
(13). Approximately 7% of these cells are in S/G2/M phase of the cell cycle. When
used to competitively reconstitute lethally irradiated histocompatible mice, one
out of every 10 intravenously injected cells is able to home to bone marrow and
detectably reconstitute (13). Most clones give transient multilineage reconstitu-
tion, and only 15% of clones give long-term reconstitution. Fifty-three percent to
71% of single cells (depending on the nature of the donor) form primitive colo-
nies in methylcellulose supplemented by steel factor, IL-3, and IL-6, but no more
than 10% of cells form colonies when stimulated by IL-3 or GM-CSF alone
(14,15,20). Although these cells have been most thoroughly characterized from
young adult bone marrow, they can also be isolated from the bone marrow of
older mice (20), cyclophosphamide/G-CSF-mobilized peripheral blood/spleen
(15), and reconstituted mice (14).
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3. Thy-1loSca-1+Mac-1loCD4lo cells represent approx 0.03% of young adult C57BL/
Ka-Thy-1.1 bone marrow (13). Approximately 18% of these cells are in S/G2/M
phase of the cell cycle. When used to competitively reconstitute lethally irradi-
ated histocompatible mice, one out of every 10 intravenously injected cells is able
to home to bone marrow and detectably reconstitute (13). Only 7% of clones give
long-term reconstitution. Of the remaining clones, around half give transient
multilineage reconstitution, and half transiently reconstitute the B-lineage only
(13). The clones that only detectably reconstitute the B-lineage may be lymphoid-
committed, since in contrast to the Thy-11oSca-1+Lineage–Mac-1–CD4–c-kit+ and
Thy-11oSca-1+Lineage–Mac-11oCD4– populations, only 26% of Thy-1loSca-1
+Mac-1loCD4lo cells are able to form myeloerythroid colonies in methylcellulose
(14). This population cannot be detected in the bone marrow of old mice (20),
mice that have been reconstituted for more than 6 wk (14), or from the blood or
spleens of cyclophosphamide/G-CSF-mobilized mice (15).

4. Thy-1loSca-1+Lineage-Mac-1+CD4– cells represent approx 0.04% of fetal liver
cells from E12.5 to E14.5, but only approx 0.015% of cells at E15.5 (23). At least
25% of these cells are in S/G2/M phases of the cell cycle at any one time, and the
number of fetal liver HSCs doubles with each day of development, suggesting
that all cells undergo a daily self-renewing division. When used to competitively
reconstitute lethally irradiated histocompatible mice, one out of every six intrave-
nously injected cells is able to home to bone marrow and detectably reconstitute
(13). Approximately 70% of clones give long-term multilineage reconstitution.
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Flow Cytometry and Immunoselection
of Human Stem Cells

Terry E. Thomas, Sara J. Abraham, and Peter M. Lansdorp

1. Introduction
Human hematopoietic stem cells (HSCs) can be obtained from a variety of

hematopoietic tissues, including bone marrow, blood, cord blood, and fetal
liver. Various techniques have been used to fractionate hematopoietic cell
populations based on differences in size and density, expression of cell-surface
antigens, differential dye uptake, and sensitivity to cytotoxic drugs. The very
low frequency of HSCs in hematopoietic tissues presents an enormous chal-
lenge to purification strategies aimed at isolation of sufficient cells of suitable
purity for further study. The most effective  approaches invariably involve sev-
eral cell-separation steps which differ in capacity and degree of selectivity.

Hematopoiesis is generally viewed as a hierarchical system in which undif-
ferentiated pluripotent stem cells give rise to committed progenitors, which in
turn give rise to fully differentiated mature blood cells. This involves numer-
ous differentiation steps and extensive proliferation. The expression of certain
cell-surface antigens is often characteristic of a particular differentiation stage
and commitment to a specific hematopoietic lineage. Functionally distinct sub-
populations of fully differentiated mature blood cells often express unique
surface markers. Unfortunately, no unique markers currently exist for HSCs
that are typically defined in functional transplantation assays (1,2) by their
potential for sustained multilineage repopulation. Hematopoietic progenitor
cells of various differentiation stages can be detected and quantified by other
well-established assays. Mature, lineage-committed colony-forming cells
(CFCs) can be distinguished from more primitive precursors detected in Long-

干细胞之家www.stemcell8.cn ←点击进入

http://www.stemcell8.cn


30 Thomas et al.

Term Culture-Initiating Cell (LTC-IC) assays (3–5). Systematic analysis using
the LTC-IC assay of subpopulations of cells separated on the basis of their
expression of certain cell-surface antigens has led to the identification of cells
with a rare cell phenotype which are highly enriched both for LTC-IC and
stem-cell activity (4,6–9).

1.1. Rare Cell Isolation: Multi-Step Strategies

Fluorescence-Activated Cell-Sorting (FACS) has the ability to isolate indi-
vidual cells based on multiple, independent parameters including light-scatter
properties and the expression of several cell-surface markers. Simultaneous
multi-parameter analysis and sorting of individual cells produces cell suspen-
sions of very high purity (>99%). However, FACS is a relatively slow method
of isolating cells capable of sorting 2–50 × 103 cells/s (1.2–30 × 105 cells/min).
The very low frequency (<0.01%) of stem cells in hematopoietic tissues means
that a large number of cells must be processed to obtain a usable number of
stem cells. For this reason, pre-enrichment steps are typically used to remove
mature cells and reduce the sample size for subsequent analysis and sorting by
FACS.

The degree of stem-cell enrichment offered by pre-enrichment steps varies
depending on what proportion of the “non-stem cells” are removed. Antibody-
mediated batch-wise immunoselection techniques offer the greatest degree of
pre-enrichment, but often require an initial lysis or density separation to
remove red cells. Density separations will typically also remove granulocytes,
decreasing the nucleated cell count and enriching for stem cells. The procedure
for isolating human HSCs described in this chapter involves three steps: a den-
sity centrifugation to remove red cells and granulocytes; an immunomagnetic
lineage depletion to remove the remaining mature differentiated cells; and fi-
nally, multi-parameter FACS.

1.2. Antibody-Mediated Cell Separation: Positive
vs Negative Selection

Most immunomagnetic pre-enrichment and FACS techniques separate cells
based on antibody binding to cell-surface antigens. There are two basic ap-
proaches to antibody-mediated cell separation: positive selection, where the
desired cell is labeled with an antibody and recovered, or negative selection,
where the unwanted cells are antibody-labeled and removed. FACS can simul-
taneously select a cell with positive selection (the cell expresses a designated
marker) and negative selection (the cell does not express a designated marker).
Batch-wise techniques, like magnetic cell separation, are limited to either posi-
tive or negative selection in a given separation step. The advantage of positive
selection pre-enrichment methods is that only one antibody is required. With
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negative selection, numerous cell types must be targeted for removal, requir-
ing several antibodies. The disadvantages of positive selection are that the de-
sired cells are labeled with antibody and must be recovered from the separation
matrix in an additional second step. More significant than these technical con-
siderations is the question: “Is it better to pre-enrich stem cells based on the
antigen they do express (positive selection) or the lack of expression of certain
antigens (negative selection)?” In order to answer this question, the potential
enrichment and recovery offered by the two approaches must be evaluated.

1.2.1. Positive Selection

The most commonly used stem-cell enrichment technique is CD34-positive
selection. CD34 is expressed on 1–4% of normal adult human bone marrow
and on ~0.1% of the nucleated cells present in steady-state peripheral blood.
Cytokine mobilization and/or myelotoxic therapies may increase the level of
CD34+ cells in blood to >1.0% (10–13). Selection of CD34+ cells from bone
marrow or mobilized peripheral blood therefore typically achieves approx
25–100-fold enrichment of CD34+ stem cells. Yin et al. have recently identi-
fied a marker on a more primitive subpopulation of CD34+ cells (14). The
AC133 monoclonal antibody (MAb) binds to a cell-surface antigen present on
20–60% of CD34+ cells, including those with long-term in vivo repopulating
activity, but is not expressed on all CFC (14). Positive selection with AC133
offers two-five fold greater enrichment of stem cells than CD34 positive
selection.

1.2.2. Negative Selection

The more primitive blast cells, progenitor cells, and stem cells can be sig-
nificantly enriched from blood and bone marrow by the removal of the cells
which express mature lineage markers. This involves “purging” the cell sus-
pension with several antibodies or a “cocktail of antibodies.” Examples of these
mature lineage markers are glycophorin A, CD2, CD3, CD4, CD8, CD14,
CD16, CD19, CD20, and CD56. These antigens define mature subpopulations
of cells, such as erythrocytes, T cells, B cells, NK cells, monocytes, and granu-
locytes. The degree of enrichment of stem cells offered by such “lineage deple-
tion” depends on the type and number of antibodies used, but typically ranges
from 50–200 fold (15).

A number of cell-surface molecules are expressed early in the differentia-
tion of the various hematopoietic lineages, but are still absent on stem cells.
These markers have been used to differentiate more mature lineage-committed
CFC from cells which are detected in assays for stem-cell function (Long-Term
Culture-Initiating Cell (LTC-IC) assay and Competitive Repopulating Unit
(CRU) assay) (4,6–9). Fig. 1 shows the progenitor potential of different sub-
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populations of normal human bone marrow CD34+ cells sorted based on their
expression of CD38, CD71, and CD45RA (16).

Both CD34 positive selection and the basic lineage depletion using negative
selection result in ~100-fold enrichment of HSCs. Negative selection with a
extended depletion cocktail, including antibodies to markers expressed by com-
mitted progenitors but absent on stem cells (e.g., anti-CD38, CD71, CD45RA)
offers an additional 10-fold enrichment. Positive selection with AC133 only
offers an additional two- to fivefold enrichment. Significant advantages to
negative selection are that it avoids coating the recovered cells with antibody,
and that the yield of cells of interest is typically higher. Furthermore, recent
studies suggest that a portion of human hematopoietic stem cells are CD34
negative, and that these Lin–CD34– cells may give rise to the most primitive
CD34+ cells (17,18). For these various reasons, immunomagnetic lineage
depletion techniques as described in the this chapter appear to have significant
advantages over CD34 or AC133 positive selection to enrich stem cells prior to
FACS.

1.3. Primitive Cell Phenotype

FACS can be used to simultaneously select for the presence or absence of
several cell-surface markers. A number of markers have proven useful in iden-
tifying a subpopulations of CD34+ cells which are more highly enriched for
cells with stem-cell function (4,8,19). Fig. 1 illustrates how this approach has
been useful in separating the most primitive CD34+ CD45RA–CD71– adult
human marrow cells (containing all the LTC-IC) from the
CD34+CD45RA+CD71± granulopoietic CFC and the CD34+CD45RA-CD71+

erythroid CFC. Thy-1 is selectively expressed on primitive human hematopoi-
etic progenitors and not on the majority of lineage-restricted human CFC (19).
Thy-1 is expressed on approx 25% of CD34+ cells in human fetal liver, cord
blood, and bone marrow, and on a majority of LTC-IC, whereas a majority of
the CFC are in the CD34+ Thy-1– fraction (19,20). Very primitive phenotypes
include; CD34+CD45RAloCD71lo (8,21), CD34+CD45RAloCD71loThy-1+

(19,20) and CD34+CD38– (6). Protocols for purifying these populations by
FACS are given in this chapter. Exclusion of the supravital dye rhodamine-123
(Rh-123) is also indicative of a more primitive subpopulation of CD34+ cells
(7). Recently, it has also been suggested that the fluorescence from the Hoechst
33241 DNA dye can be used to enrich HSCs (22). These various promising
dye exclusion cell-sorting strategies have the disadvantage that additional
incubation steps are required, and are not described in detail in this chapter.
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1.4. Capacity, Recovery, and Yield

In designing a multi-step cell purification strategy one must consider the
capacity of the various methods, the degree of cell enrichment offered with
each step, the loss of desired cells with each step and the compatibility of the
various techniques. For example, the pre-enrichment step must not restrict the
parameters which can be used in the subsequent FACS. This chapter
describes a cell-separation strategy which has been successfully used to highly
enrich stem cells from blood, bone marrow, and cord blood. It involves three
separation steps: density separation, lineage depletion via magnetic
immunoabsorption and FACS. The cell recovery and fold enrichment of stem
cells with each step is discussed in Subheading 4. Procedures are also given
for the preparation samples from a variety of cell and tissue sources prior to
enrichment of specific cell types.

Fig. 1. The progenitor potential of different subpopulations of normal human bone
marrow CD34+ cells. CD34+ cells were sorted based on their expression of CD45RA,
CD71 and CD38, and the sorted cell populations were assayed for CFC and LTC-IC
using recombinant growth factors and engineered feeders as described in ref. 16. All
of the LTC-IC, one-half of the CFU-GM, and one-third of the BFU-E were found in
the CD34+CD45RA–CD71– population. The CD34+CD45RA+ population contained
the other half of the CFU-GM. All of the CFU-E and 70% of the BFU-E were found in
the CD34+CD45RA–CD71+ population.
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2. Materials
2.1. Sample Preparation

1. Media: Buffered salt solutions without Ca++ or Mg++: Dulbecco’s phosphate-buff-
ered saline (D-PBS, StemCell Technologies Inc, Vancouver, Canada 37350) or
Hank’s HEPES Buffered Salt Solution (Hank’s, StemCell Technologies Inc,
Vancouver, Canada 37150).

2. Protein source: Fetal bovine serum (FBS, StemCell Technologies Inc, Vancouver,
Canada 6100) or human serum albumin (HSA, 25% solution, Baxter, DIN
118303). Add FBS or HSA to the desired buffered salt solution with a final con-
centration of 2–6%. Store at 4°C for up to 1 y.

3. Density-separation medium: Ficoll-Paque, 1.077 g/cm3 (Pharmacia Biotech
17084008). Store and use at room temperature.

4. Lysing solution: 0.8% NH4Cl with 10 mM ethylenediaminetetraacetate (EDTA)
(StemCell Technologies Inc, Vancouver, Canada 07800). Aliquot into suitable
volumes for a single day’s use and store at –20°C. Thaw and keep at 4°C for use.
Discard unused portion at the end of each day.

5. DMSO: Dimethyl sulfoxide (Sigma D 5879). Store at room temperature. Wear
proper protective clothing (gloves and gown) to avoid skin contact. DMSO is
rapidly absorbed through the skin, and its solvent properties facilitate the absorp-
tion of substances which may be present on the skin surface.

6. DNase: Type II-S from bovine pancreas (Sigma D 4513). Prepare 1.0 mg/mL in
PBS, without Ca++ or Mg++. Aliquot into suitable volumes for a single day’s use
and store at –20°C. Thaw and keep at 4°C for use. Discard unused portion at the
end of each day.

7. Anticoagulant citrate dextrose solution: Anticoagulant citrate dextrose solution,
Formula A, (Baxter Health Care Corporation, DIN 788139) contains 2.45 g dex-
trose monohydrate, 2.2 g sodium citrate dihydrate, and 730 mg citric acid, anhy-
drous per 100 mL. Use at a 1/10 dilution. Ten times stock is also available.

8. Dispase II: Dispase II (Boehringer Mannheim, 165 859) stock is made by
disolving 5 mg powder in 1 L sterile PBS.

2.2. Pre-Enrichment Immunomagnetic Cell Separation

1. Lineage depletion antibody cocktail: A mixture of bispecific tetrameric antibody
complexes recognizing dextran and the following cell-surface antigens:
glycophorin A, CD2, CD3, CD14, CD16, CD19, CD24, CD56, CD66b, and
optionally CD36, CD45RA, CD38 (StemSep™ Progenitor Enrichment cocktail,
StemCell Technologies Inc, Vancouver, Canada). Antibody cocktail is stable for
2 y at 4°C. Do not freeze.

2. Colloidal magnetic dextran iron particles: Supplied from StemCell Technologies
Inc., Vancouver, Canada, at OD450 of 10.0. Use at 60 µL per mL of cells. Colloid
should be stored frozen, but can be frozen and thawed several times. Shelf life is
1 y at –20°C, 6 wk at 4°C, and 3 d at 21°C.

3. High-gradient magnetic cell separation columns: Columns for StemSep™ mag-
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netic cell separation are available in five different sizes, depending on the total
number of nucleated cells to be processed per column (see Table 1). Columns
may be run with a peristaltic pump feed (see Table 2 for flow rates and pump
settings) or by gravity feed.

4. Magnet: StemSep™ high-gradient magnetic cell separation requires a magnetic
field of >0.5 Tesla. Magnets should be kept away from pacemakers, other mag-
nets, computer disks, watches and other objects that are affected by magnetic
fields. StemCell Technologies supplies a variety of magnets designed to hold 1–
4 columns of various sizes (see Table 1).

2.3. Fluorescence-Activated Cell-Sorting

1. Medium: Hank’s HEPES-buffered salt solution (StemCell Technologies, Inc.,
Vancouver, Canada 37150). Fetal Bovine Serum (FBS, StemCell Technologies
Inc, Vancouver, Canada 6100). For FACS, prepare Hank’s containing 2% FBS
(HF).

2. Fluorescence-conjugated antibodies: Refer to Table 3 for details of the fluores-
cence-conjugated antibodies required for FACS.

3. Propidium iodide: Propidium iodide (PI, Sigma P 4170) is an irritant and mu-
tagen. Wear appropriate protective equipment, and avoid inhalation and contact
with eyes, skin, or clothing. To minimize exposure risk, dissolve directly in origi-
nal container. In the fume hood, add 1 or 2 mL D-PBS to a 25-mg vial. Transfer
the solution to a labeled 50-cc centrifuge tube. Repeat this process several times
to ensure that all the powder is dissolved and the container is well rinsed. Keep
track of the total volume pipeted, and bring the final volume in the tube to 25 mL
for a 1.0 mg/mL stock solution. Filter-sterilize, dispense into 1 mL-aliquots, and
store at 4°C. Protect from light. Stable for at least 1 y. For use, prepare a fresh 2
µg/mL working solution in HF.

4. FACS instrument: Flow cytometer/cell sorter equipped with both a 5-W argon
and a 30-mW helium neon laser, as well as appropriate filters, detectors, and
software. A cell sorter with an argon (488 nm) laser only may be used, but Cy5
conjugates will not be excited/detected. Cy5-PE conjugates may be substituted,
but this precludes the use of propidium iodide for viable cell discrimination.

Table 1
Optimum Number of Nucleated Cells in the Start Suspension
for Various StemSep™ Column Sizes

Column diameter Optimum no. of cells Will fit StemSep™
       (inches)  per column                  magnet (color-coded)

1.0 1010 black
0.6 5 × 108 green, blue, black
0.5 108 green, blue, black
0.3 5 × 107 all magnet sizes
0.1 106 – 107 red, green
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3. Methods

3.1. Sample Preparation

3.1.1. Sample

The ideal sample is fresh, anticoagulated hematopoietic tissue (see Note 1).
The preparation details vary, depending on the specific tissue source (see Note
2). for characteristics of whole blood, mobilized leukapheresis preparations of
peripheral blood, whole bone marrow, bone-marrow buffy coat, fetal liver and
cord blood, and recommended processing choices. If samples cannot be pro-
cessed within 48 h, they should be frozen (see Note 3).

3.1.2. Density Separation Procedure (Ficoll)

1. Dilute samples 1:1 in D-PBS without Mg++ or Ca++.
2. Pour 20 mL Ficoll into a 50-mL tube and slowly layer (tilting tube and running

the cells down the side of the tube) 25 mL of diluted blood or marrow on top.
3. Centrifuge at room temperature 1100g for 20 min.
4. Remove half of the top layer, and discard.
5. Carefully pipet off “cloudy” interface layer (approx 10 mL) and transfer into a

clean 50-mL tube. Wash these cells with 50 mL PBS without Mg++ and Ca++.
6. Resuspend cells in media with serum or protein (D-PBS or Hank’s with 2–6%

FBS or HSA).

3.1.3. Red Cell Lysis Procedure

1. Centrifuge cells, and wash twice in D-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 D-PBS without Mg++ and Ca++. Resuspend

cells in media with serum or protein (D-PBS or Hank’s with 2–6% FBS or HSA).

Table 2
Flow Rates and Pump Settings: StemSep™ Pre-Enrichment

Column size Priming Loading sample and washing

(inches) mL/min Pump settinga mL/min Pump settinga

1.0 2.0 10.0 5.0 27.0
0.6 0.6 3.0 2.0 10.0
0.5 0.3 1.5 1.0 5.0
0.3 0.2 1.0 0.6 3.0

aNote: Pump setting for four-channel pump supplied by StemCell Technologies Inc. only.
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Table 3
Fluorescence-Conjugated Antibodies for FACS

Amount per mL of
Antibody to Clone Fluorochrome Reference Source cells (µg)

Reagents for Sorting CD34+CD45RAloCD71lo Cells
CD34 8G12, Cy5 Lansdorp et al., 1990 Pharmingen 34378Xa 20

Qben 10, or 581 J.Exp.Med. 172, 363 Immunotech 1576a

CD71 OKT9 FITC R. Sutherland et al., Coulter 6604077 1
1981 PNAS 78: 4515

CD45RA 8D2 PE Lansdorp et al., 1991 Pharmingen (clone HI100) 4
Cytometry 12, 723

Additional Reagent for Sorting CD34+CD45RAloCD71loThy-1+ Cells
Thy-1b 5E10 PE Craig et al., 1993 Pharmingen 33085A 5

J.Exp.Med. 177, 1331

Reagents for Sorting CD34+CD38– Cells
CD34 8G12 FITC Lansdorp et al., 1990 Becton Dickinson 348053 20

J Exp Med. 172, 363
CD38 HB-7 PE Craig et al., 1993 Becton Dickinson 347687 1

J.Exp.Med. 177, 1331

Irrelevant Antibody Isotype Controls (Mouse IgG1)
FITC Becton Dickinson 349041 1
PE Becton Dickinson 349043 4
Cy5 Pharmingen 33818X 20

aThese reagents are conjugated to PE-Cy5 rather that Cy5 alone. This permits excitation with 488 nm, (i.e., the procedure can be done with a single
laser instrument); however, PI cannot be used for sorting out nonviable cells.
bIf cells are to be sorted for CD34+CD45RAloCD71loThy-1+, resort CD34+CD45RAloCD71lo cells labeled with anti-Thy-1 (5E10) PE. 5µg/mL of
cells. Labeling procedure is the same as for the initial sort.
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3.2. Pre-Enrichment-Lineage Depletion Using Immunomagnetic
Cell Separation

3.2.1. StemSep™ Lineage Depletion

Colloidal magnetic dextran iron particles are selectively bound to target cells
using bispecific tetrameric antibody complexes (23,24). These complexes rec-
ognize both dextran and the target cell-surface antigen (Fig. 2). Labeled cells
are passed over a column placed in a magnetic field. Cells with antibody com-
plexes—and therefore dextran iron—on their surfaces are retained within the
column. The desired cells, which have not been labeled with antibody, pass
through the column and are collected. The small size of the colloidal magnetic
dextran iron particles facilitates their delivery to the cells. The use of bispecific
tetrameric antibody complexes avoids expensive and inefficient covalent cou-
pling of antibodies to magnetic particles, thus ensuring reproducibility and ease
of scale-up.

Fig. 2. Schematic drawing of StemSep™ magnetic cell labeling. Cells are
crosslinked to magnetic dextran iron particles, using tetrameric antibody complexes.
These complexes are comprised of two murine IgG1 MAb molecules held in tetrameric
array by two rat anti-mouse IgG1 MAb molecules. One murine antibody recognizes
the cell surface antigen and the other murine antibody recognizes dextran. Reproduced
with permission from StemCell Technologies Inc., Vancouver, BC, Canada.
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3.2.2. Antibody Cocktail Options

The number and type of antibodies in the lineage depletion cocktail will
determine the number and type of cells removed, and consequently the number
and type of cells recovered for any further separation such as FACS. Extensive
depletion of lineage-committed cells will give a greater enrichment of stem
cells than a partial lineage depletion. One must determine what degree of en-
richment (and consequently the number of recovered cells) is optimal in the
lineage depletion step for the overall stem-cell isolation strategy. See Note 4
for a discussion of sample size-estimation of cell yield. A basic lineage deple-
tion with anti-glycophorin A, CD2, CD3, CD14, CD16, CD19, CD24, CD56,
and CD66b will enrich LTC-IC approx 100-fold (depending on the sample)
(15) and recover approx 1% of the nucleated cells. If anti-CD45R, CD36, and
CD38 are added to the depletion cocktail the enrichment of LTC-IC is approx
1,000-fold, with 0.1% of the nucleated cells being recovered (15). In both cases,
the recovery of LTC-IC is excellent (100%) (15). If the final step in the isola-
tion strategy is a sort, one must consider what the optimal number/purity of
cells to take to the sorter will be (see Note 4).

3.2.3. Immunomagnetic Labeling Procedure

1. Resuspend cells at approx 5 × 107 nucleated cells per mL (a range of 2–8 × 107 is
acceptable) in medium with serum or protein (D-PBS or Hank’s with 2–6% FBS
or HSA). Add 100 µL of antibody cocktail for each mL of cells, and mix well.

2. Incubate on ice for 30 min or for 15 min at room temperature.
3. Add 60 µL of magnetic colloid for each mL of cells and mix well.
4. Incubate on ice for 30 min or 15 min at room temperature. During this incubation

period, prepare columns as described in Subheading 3.2.4.1., steps 1–15 (pump
feed) or Subheading 3.2.4.2., steps 1–16 (gravity feed). Cells are then ready for
magnetic cell separation.

3.2.4. Magnetic Cell Separation

Caution: Do not let the column run dry at any time during the priming, wash-
ing, or loading of the column.

3.2.4.1. Procedure with Pump Feed System

1. Perform all procedures in a sterile environment.
2. Remove StemSep™ column from its sterile package without touching the luer

fitting. (For column sizes, see Table 1).
3. Remove StemSep™ pump tubing from its sterile package.
4. Aseptically attach hub to luer fitting on column (Fig. 3).
5. Check all connections.
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6. Place magnet in stand.
7. Prepare column(s) for priming (see Note 6). Column(s) can be primed in place in the

magnet, but it is difficult to check for air bubbles in the matrix. If the column(s)
are placed in the magnet for priming, pull them out to check for air bubbles.

8. Insert pump tubing into peristaltic pump. See Table 2 for pump settings.
9. Remove plug from top of column.

10. Remove paper cover from 10-cm metal end (probe) of pump tubing. Place into
sterile PBS (without FBS or other protein).

11. Prime column: run pump to fill column from bottom to top (upwards). See Table
2 for flow rates. Do not disturb the column while priming.

12. When the level of PBS is above the stainless steel matrix of the column, stop the
pump.

13. Remove column from rack on side of magnet. Place column in the magnet by
holding magnet and slowly lowering column from above down into the gap. Do
not insert the column from the front. Caution: the magnet will grab the
column.

Fig. 3. StemSep™ Columns Assembly: Pump Feed. Reproduced with permission
from StemCell Technologies Inc., Vancouver, BC, Canada.
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Fig. 4. StemSep™ Separation Procedure: Pump Feed. Reproduced with permis-
sion from StemCell Technologies Inc., Vancouver, BC, Canada.

14. To wash column, increase pump speed (Table 2) and reverse the pump direction
to draw liquid down through the column (downwards). Add medium to top of
column until you have collected three column volumes (1.0" column: collect 90
mL; 0.6" column: collect 25 mL; 0.5" column: collect 15 mL; 0.3" column:
collect 8 mL).

15. Stop the pump when fluid level is just above column matrix and transfer the end
probe to a collection tube. The column is now ready for the separation procedure
(Fig. 4).

16. Load sample into top of column.
17. Start pump in downward direction and allow sample to run into matrix of col-

umn. Add medium to top of column until you have collected three column vol-
umes of media (1.0" column: collect 90 mL; 0.6" column: collect 25 mL; 0.5"
column: collect 15 mL; 0.3" column: collect 8 mL) plus the volume of your start
sample. Do not allow top of fluid level to reach the matrix.

18. Stop the pump. The collected flowthrough fraction is the enriched cell fraction.
19. Pump all remaining fluid from the column into a waste container.
20. Remove used column from top of magnet.
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21. Discard used column, pump tubing, and other materials into a biohazardous waste
container.

3.2.4.2. PROCEDURE WITH GRAVITY FEED SYSTEM

1. Place magnet in stand.
2. Perform all procedures in a sterile environment.
3. Remove StemSep™ column from its sterile package without touching the luer

fitting. See Note 7 for information on 0.1" columns.
4. Place column in magnet. Be careful not to touch any surface with the tip of the

luer lock. Caution: the magnet will grab the column.
5. Remove three-way stopcock from its sterile package and aseptically attach to the

column or column extender (0.1" column only, see Note 7) (Fig. 5).
6. Remove blunt-end needle from its sterile package, keeping the cover on the end

of the needle until step 14 (washing the column), and aseptically attach hub to

Fig. 5. StemSep™ Column Assembly: Gravity Feed. Reproduced with permission
from StemCell Technologies Inc., Vancouver, BC, Canada.
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luer fitting on the stopcock directly below the column (22 gauge blunt-end needle
for 0.6" columns; 23-gauge blunt-end needle for 0.5", 0.3", and 0.1" columns)
(see Fig. 5).

7. Check all connections.
8. Remove plug from top of column (0.6", 0.5", and 0.3" columns only).
9. Set three-way stopcock to allow flow from the side connection into column.

10. Fill a sterile syringe (included in kit) with PBS without FBS or other protein,
remove air bubbles, and attach to the side connection of three-way stopcock
(see Fig. 6).

11. For 0.6", 0.5", and 0.3" columns: Slowly depress plunger of syringe to deliver
PBS up the column until the level of PBS is above the stainless steel matrix of
column. Do not allow air bubbles to enter the mesh matrix.

Fig. 6. StemSep™ Separation Procedure: Gravity Feed. Reproduced with permis-
sion from StemCell Technologies Inc., Vancouver, BC, Canada.
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12. For 0.1" column: Rapidly depress plunger of syringe with firm, even pressure to
deliver PBS up the column. Deliver the entire 1 mL of PBS.

13. Remove any air bubbles trapped in the column matrix by gently moving the
plunger of the side syringe in and out. Repeat 5 to 10 times, making sure that the
level of PBS does not fall below the top of the column matrix (more PBS may be
added to the top if needed). End the priming by pulling back 500 µL of PBS and
any air bubbles into the side syringe.

14. To wash the column, place a waste container below the blunt-end needle, remove
cover from needle, and add medium to top of column. Turn three-way stopcock
so the flow is from the column down through the needle (as shown in Fig. 6; i.e.,
side exit closed). For information on correcting flow problems, see Note 8.

15. Continue adding media until you have collected three column volumes (0.6" col-
umn: collect 25 mL; 0.5" column: collect 15 mL; 0.3" column: collect 8 mL; 0.1"
column: collect 1.0 mL). Caution: Do not let the column run dry at any time.

16. Turn stopcock to stop flow of media from the column when the fluid level is just
above the column matrix. The column is now ready for the separation procedure
(see Fig. 6).

17. Load sample into top of column.
18. Turn stopcock to start the flow of media down through the needle into collection

tube. Allow sample to run into column matrix. Add medium to top of column
until you have collected three column volumes (0.6" column: collect 25 mL; 0.5"
column: collect 15 mL; 0.3" column: collect 8 mL; 0.1" column: collect 1.5 mL)
plus the volume of your start sample. For information on correcting flow prob-
lems see Note 8. Turn stopcock to stop the flow of media. This collected
flowthrough fraction is the enriched cell fraction.

19. Let remaining fluid drain from the column into a waste container.
20. Disconnect three-way stopcock.
21. Remove column from top of magnet.
22. Discard used column, syringes, stopcocks, and other materials into a biohazard-

ous waste container.

3.3. Fluorescence-Activated Cell-Sorting

3.2.3. Staining Reagents

Refer to Table 3 for clones, catalog numbers, and concentration of staining
reagents. See Note 9 for comments with respect to each reagent. Note that PI
cannot be used together with phycoerythrin without replacement of filters in
most standard single-laser flow cytometers.

3.3.2. Cell Staining Procedure

1. Resuspend cells in Hank’s + FBS at 107/mL.
2. Remove samples of cells for controls (~105 cells/tube) as follows: Unstained

cells; Irrelevant antibody controls for FITC, phycoerythrin, and Cy5; Single-color
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positive controls for FITC, phycoerythrin, and Cy5. See Table 3 for the appropri-
ate reagents and quantities. See Note 10 for a discussion of the purpose of each
control.

3.  To the remaining cells, add the appropriate antibodies for the chosen procedure,
as outlined in Table 3. Incubate cells for 30 min at 4°C.

4.  Wash cells twice and resuspend in Hank’s + FBS containing 2 µg/mL propidium
iodide (PI). Cells are now ready for sorting.

3.3.4. FACS Instrument Sterilization Procedure

For most applications, the sorted cells must be kept sterile. The following
procedure can be used to provide a sterile fluid path:

1. Before the fluidic system is turned on, remove the fluid filter and use a syringe
and blunt needle to inject a sufficient volume of filtered 10% bleach to flood the
sample line (~10 mL for the Becton Dickinson FACStar+).

2. Remove the syringe, attach a new, clean filter, and reassemble the fluidic system.
3. Turn on the fluidic system and run a sample tube of filtered 10% bleach for approx

10 min.
4. Remove the bleach tube and back flush the sample line with sterile sheath fluid.
5. Rinse the outside of the sample line with alcohol, and then with sterile D-PBS.

Steps 3–5 should be repeated between each sample sorted, and to clear the
system if it becomes clogged.

3.3.5. FACS Instrument Alignment Procedure and Instrument Settings

The instrument must be aligned using procedures recommended by the
manufacturer. The use of calibration beads that mimic fluorescently labeled
human cells facilitates selection of instrument settings in the range of the hu-
man cells to be sorted. For example, in the laboratory of the authors, 2-µ beads
are used to set FL1 and FL 2, 10-µ beads are used for forward-scatter and side-
scatter, and a human cell line (KG1A) stained with a Cy5-labeled antibody is
used to align the Helium-Neon laser. Of course, the setting and results of cell-
sorting experiments (purity, yield, speed, and data format) will vary to some
extent with the cell sorter that is used. Several instruments are available from
different manufacturers such as Becton Dickinson, Coulter and Cytomation.
For the technique described in the chapter, access to a two-laser (Argon 488
nm, Helium-Neon 633 nm) instrument capable of sorting cells on the basis of
seven independent variables is recommended. If a single-laser (488-nm) in-
strument is used, PE-Cy5 rather than Cy5 alone is required, and PI cannot be
used simultaneously with this dye to discriminate viable and nonviable cells.
In these circumstances, a CD34+CD38– sort would be recommended.
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Fig. 7. FACS dot plots of cord blood, mobilized peripheral blood, and bone mar-
row after Ficoll density separation (A) and after StemSep™ lineage depletion (re-
moval of cells which express glycophorin A, CD2, CD3, CD14, CD16, CD19, CD24,
CD56, or CD66b). (B). Cells are gated for forward/side scatter (FSC, SSC) properties
(right column) and viability (PI-) (left column).

3.3.6. Sort Windows: CD34+CD45RAloCD71lo Sort

Cells are gated on forward- and side-scatter and PI staining (PI-viable cells)
as shown in Fig. 7. Cells are then gated for high expression of CD34 (Fig. 8A)
and low expression of CD45RA and CD71 (Fig. 8B). If cells are re-sorted to
select for Thy-1+ cells the sort gates are given in Fig. 8C.

3.3.7. Sort Windows: CD34+CD38– Sort

Cells are gated on forward- and side-scatter and phycoerythrin and PI stain-
ing as shown in Fig. 7. CD34+CD38– cells are gated as shown in Fig. 9.
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Fig. 8. Selection of CD34+CD45RAloCD71lo cell subpopulations from human
umbilical cord blood by flow cytometry. (A) Low-density mononuclear cells with a
low side scatter and expressing CD34 were selected. (B) Among the gated CD34+

cells, those expressing low/undetectable levels of both CD45RA and CD71
(CD34+CD45RAloCD71lo cells) were selected. (C) CD34+CD45RAloCD71lo cells were
further subdivided into those expressing intermediate/high (Thy-1+) and low/unde-
tectable (Thy-1–) levels of Thy-1.

Fig. 7. (Continued) FACS dot plots of cord blood, mobilized peripheral blood, and
bone marrow after Ficoll density separation (A) and after StemSep™ lineage deple-
tion (removal of cells which express glycophorin A, CD2, CD3, CD14, CD16, CD19,
CD24, CD56, or CD66b). (B). Cells are gated for forward/side scatter (FSC, SSC)
properties (right column) and viability (PI-) (left column).

干细胞之家www.stemcell8.cn ←点击进入

http://www.stemcell8.cn


48 Thomas et al.

3.3.8. Collection Vessels and Media

The choice of collection tube and media will depend on the intended use of
the sorted cells, and on the expected cell recovery. Single cells can be depos-
ited directly into multi-well plates, or cells can be collected into appropriately
sized tubes (e.g., 0.5 mL of media in a microfuge tube would be suitable for
collecting 105 sorted cells, while for 106 cells a 12 × 75-mm tube is required).
Suitable collection media includes FBS, long-term-culture (LTC) media, cul-
ture media containing FBS, or serum free media.

4. Notes
1. Samples and anticoagulants: The single most significant variable affecting the

efficiency of an established cell separation (assuming protocols are strictly ad-

Fig. 9. FACS dot plots of cord blood, mobilized peripheral blood, and bone mar-
row after Ficoll density separation (left column) and after StemSep™ lineage deple-
tion (removal of cells which express glycophorin A, CD2, CD3, CD14, CD16, CD19,
CD24, CD56, or CD66b) (right column). Cells are gated for CD34+CD38–.

干细胞之家www.stemcell8.cn ←点击进入

http://www.stemcell8.cn


FACS and Immunoselection of HSC 49

hered to) is the quality of the single-cell suspension available at the start of the
procedure. Each tissue source offers unique challenges, but there are some gen-
eral rules. All samples should be obtained with informed consent and/or approval
of appropriate ethical review committees, and the processing of human tissue
should strictly adhere to guidelines for processing of biohazardous human mate-
rials. Samples should be as fresh as possible. If a sample must be stored, it is
usually better to delay all manipulation and store the sample “as is” at room tem-
perature or at 4°C. (Bone-marrow samples containing a large amount of fat may
be clumpy and difficult to work with if stored at 4°C). To optimize cell viability
during processing, one should minimize exposure to conditions which will cause
clumping and cell death (e.g., being in contact with medium without serum/pro-
tein, or prolonged contact with Ficoll). The use of heparin tends to cause clump-
ing and to lower separation efficiency. If the cells are collected in heparin, wash
twice with PBS (without Ca++or Mg ++) and continue the procedure using me-
dium without heparin. Ensure that a sufficient concentration of anticoagulant,
such as Citrate or ACD, in all wash media exists. For example, use ACD-A at a 1/
10 dilution.

2. Characteristics of different hematopoietic tissues.
Fresh whole blood: The abundance of mature erythrocytes in whole blood will
interfere with FACS and most antibody-mediated bulk cell-separation techniques.
Red cells are readily removed by a lysis step or by density separation (e.g., Ficoll).
The advantage of using Ficoll rather than red-cell lysis is that it removes granulo-
cytes as well as red cells. The nucleated cells in whole blood are up to 90%
mature granulocytes. Removal of these cells gives a 10-fold enrichment of light-
density cells, including stem cells.

Mobilized leukapheresis preparation of peripheral blood: Leukapheresis prepa-
rations are depleted of red cells and granulocytes. The number of red cells varies,
depending on the collection method, and may be high enough to warrant a re-
moval step. A general rule of thumb is that greater than 20 erythrocytes per nucle-
ated cell will interfere with immunoabsorption techniques. Either lysis or
Ficoll-density separation are suitable, but it is important to consider that most of
the granulocytes have already been removed, so a Ficoll separation will not en-
rich the stem cells relative to the other nucleated cells.

Whole bone marrow: Whole aspirated bone marrow is essentially always con-
taminated with variable amounts of peripheral blood, and therefore has a high
red-cell content. Whole bone marrow may be lysed or Ficoll-density-separated.

Bone-marrow buffy-coat suspensions: Buffy-coat suspensions vary greatly in
erythrocyte content. If there are greater than 20 erythrocytes per nucleated cells,
lyse or Ficoll.

Fetal liver: The following procedure can be used with fresh tissue to obtain a
single-cell suspension of fetal liver cells:
a. Place the liver on a 60-mm sterile dish and remove any attached organs.
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b. Add 2–3 mL of dispase II (Boehringer Mannheim 165 859, add one 5-mg vial
to 1 L of D-PBS and filter-sterilize).

c. Dissect the liver into small pieces, using an 18-gauge needle attached to a
1-cc syringe.

d. Pour into a 50-cc tube containing 10–20 cc prewarmed dispase II and 0.5–1.0
mL DNase (see Subheading 2.1.5.).

e. Pipet up and down gently using a 16-gauge blunt needle and a 20-cc syringe.
f. Incubate 20 min at 37°C. If clumps are sill present, repeat pipetting proce-

dure. If necessary, large clumps can be transferred to a sterile dish and further
dissected.

g. Wash cells once with D-PBS.
h. Resuspend in 10–20 mL prewarmed Cell Dissociation Buffer (EGTA/

ethylenediaminetetraacetate, Gibco BRL B150–016) with 0.5–1.0 mL DNase.
Repeat pipetting procedure.

i. Incubate 20 min at 37°C. If clumps are sill present, repeat pipetting proce-
dure.

j. Filter through a coarse (70–100 µ) filter, adding D-PBS as necessary.
k. Spin, remove supernatant, and resuspend in D-PBS with FBS for ficolling.

Cord blood: Cord blood samples are especially difficult to process, as the density
of the cells can vary over a wide range. Cord blood may also have very high
platelet counts which lead to clumping, despite the presence of anticoagulants.
Cells should be suspended in 10% anticoagulant citrate dextrose (ACD) or 5%
ACD plus 1% Human Albumin in saline. One of the following is recommended
for preparing samples of cord blood and samples with excessive platelets:
a. 1 Spin at 120g (about 800 rpm on Beckman GS6R benchtop centrifuge) for

10 min at room temperature with the brake off.
2. Remove supernatant, resuspend, and repeat step 1.
3. Resuspend in desired media.

b. 1. Spin at 360g (about 1,300 rpm in a Beckman GS6R benchtop centrifuge)
for 3 min at room temperature with the brake off.

2. Remove supernatant and repeat step 1 twice.
3. Wash twice with PBS (spin at 360g for 3 min).
4. Resuspend in desired media.

There are several methods to remove red cells from cord blood. Initial at-
tempts to remove red cells by sedimentation, centrifugation, or density-gradient
procedures resulted in considerable loss of progenitor cells (25). Since then, many
groups have successfully removed red cells from cord blood using sedimentation
(26) and Ficoll-density separation (27,28). In all cases, it is important to first
ensure that the sample is a good single-cell suspension and does not have exces-
sive platelets. The lysing protocol outlined in Subheading 3.1.3., steps 1–4 will
typically reduce the red-cell content of fresh cord blood to the level (<109 red
cells per mL) acceptable for StemSep™ magnetic cell separation.

3. Freezing and thawing of samples: When a sample cannot be separated within 48
h, it is usually preferable to freeze the cells. Red cells and granulocytes lyse upon
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freezing/thawing, and it is therefore preferable to remove the red cells and granu-
locytes prior to freezing. Ficoll-density separation is recommended. The protocol
for freezing cells is as follows:

Before beginning: have all media COLD.
1. Make up 15% dimethyl sulfoxide (DMSO) in FBS and filter-sterilize using

a 0.2-µm filter. Keep on ice.
2. Leave cells in medium plus 10% FBS, on ice (2 × 108 cells per mL).
3. Mix cells gently with 15% DMSO in FBS at a ratio of 1:1 (the final cell

suspension will be 47.5% FBS/7.5% DMSO in medium). Transfer into
cryovials.

4. Place cryovials immediately into a precooled 70% isopropanol freezing con-
tainer. Place container in a –80ºC or –135ºC freezer overnight. (Do not let
cells sit in freezing media at room temperature. Keep on ice and transfer
immediately into the freezing container).

5. Remove frozen vials from the freezing container and store in –135ºC freezer
or liquid nitrogen freezer.

For processing, thaw cells as follows:
1. Thaw cells quickly in a 37ºC water bath or beaker of warm water. In a

tissue-culture hood, wipe cryovial with 70% ethanol.
2. Do not vortex cells at any time.
3. Gently transfer cells into a larger tube (0.5–5.0 mL of cells into a 50-mL

tube).
4. Slowly add 15 mL D-PBS dropwise while holding tube and gently swirling.
5. Fill tube to 50 mL with D-PBS. Gently invert tube to mix.
6. Spin down cells at 300g (1,200 rpm with a Beckman GS6R benchtop centri-

fuge) for 6 min.
7. Discard supernatant and flick tube gently to resuspend the pellet.
8. Resuspend cells at desired concentration in medium.

Note: If cells are expected to be clumpy, add 0.25–0.5 mL of 1 mg/mL
DNase per mL of cells, drop-wise, while gently swirling the tube. After the
first wash, resuspend the pellet in 1 mL of 1 mg/mL DNase. DNase may be
added finally to the cell suspension at 0.1 mg/mL.

4. Sample size—estimation of cell yield: There are cell losses with each step of a
multi-step cell purification protocol. It is useful to estimate how many cells are
likely to be available for the final FACS. If the starting sample is close to that
which can be sorted in a reasonable amount of time (approx 107 cells can typi-
cally be sorted per hour), it may be possible to eliminate the pre-enrichment step.
Fig. 10 is a very rough guide to the number of nucleated cells that may be recov-
ered with each step in the protocol described in this chapter. The number of cells
available and the capacity of the FACS instrument will influence the choice of
pre-enrichment strategy (i.e., basic lineage depletion vs a more extensive deple-
tion, including markers such as CD38 and CD45RA). Tissue source, frequency
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of primitive cells, and specific and nonspecific cell loss all affect the final cell
yield. The overall message can be summarized as follows: If you need 106 puri-
fied candidate stem cells, you should start with 2 × 109 bone marrow or mobi-
lized peripheral blood cells or 109 cord blood cells. It should be emphasized again
that this is only a rough guide, especially with respect to cord blood and mobi-
lized peripheral blood suspensions which vary widely (up to 10-fold) in the con-
tent of cells with a primitive phenotype. The frequency of these cells is typically
lower in samples from patients who have been heavily pretreated as compared to
normal samples.

Fig. 10. Flowchart showing rough estimates of the number of nucleated cells re-
covered at each processing step (Ficoll density separation, pre-enrichment-lineage
depletion, and FACS). Estimates are given for starting samples of cord blood, mobi-
lized peripheral blood, and bone marrow with 1–2 × 108 nucleated cells.
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5. Factors affecting purity and recovery in the lineage depletion procedure: Poor
antibody binding to unwanted cells reduces the purity of the recovered cells. This
could result, for example, from incubating the cells with the antibody and tet-
rameric antibody complexes at the wrong temperature and/or time, or using anti-
bodies that are too dilute. Other factors affecting purity and recovery are as
follows:
1. Overloading the column may also decrease cell purity.
2. An excess of red blood cells can reduce cell purity.
3. Cell purity may be decreased if the column is not washed or primed cor-

rectly, if air bubbles are lodged in the column, or if the column is allowed to
run dry at any time.

4. Poor cell recovery may result from underloading the column.
5. The protein in the wash solution blocks any protein-binding sites on the

mesh in the column, thus preventing cells from binding nonspecifically to
the column. Using wash solutions without a source of protein will decrease
recovery.

6. If cells are not in a single-cell suspension (i.e., if they are “clumpy”), cell
recovery may be reduced. Poor cell suspensions may affect flow rates in the
gravity feed system. If necessary, filter the cell suspension through a 70-m
mesh.

6. Column priming: Columns can be primed in place in the magnet, but it is difficult
to check for air bubbles in the matrix. Columns may be pulled out of the magnet
to check for air bubbles. Air bubbles in the column matrix can be dislodged by
sharply tapping the side of the column. If a large amount of air (0.5–1 mL bubble)
remains in the column, do not use—prime a new column. Air bubbles lodged in
the 3-way stopcock (gravity feed system) can be removed by adding PBS to the
top of the column, and then bubbles can be pulled out into the side syringe. Con-
tinue if the bubble cannot be removed; it will likely remain in the stopcock and
not interfere with separation.

7. Special considerations for 0.1" columns: The 0.1" column comes with an ex-
tender. This is required for use with the green magnet and red magnets purchased
before January 1999. Aseptically attach extender if required (for column sizes,
see Table 2). For 0.1" columns being used with a green magnet: the whole col-
umn will sit in the gap of the magnet with the column rim resting on the top of the
magnet.

8. Correcting flow problems with gravity feed system: If the column stops running
at any point, introduce a small volume of PBS from the side syringe into the
column. This should remove any air bubbles trapped at the top of the column,
which disrupt the flow. An air lock in the needle may be removed by redirecting
the flow of buffer from the side syringe out through the needle. The 0.1" column
will not run dry, but for best performance the separation procedure should not be
prolonged unnecessarily.

9. Staining reagents for FACS: Optimal staining for FACS requires a strong fluo-
rescent signal in the designated wavelength and good discrimination between
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specific staining (to the specified cell-surface antigen) or nonspecific staining.
The staining reagent concentrations given in Subheading 3. have been optimized
for particular antibody clones. Other conjugates and clones may be used with the
restrictions mentioned here, but each new reagent must be titrated for optimal
staining.

CD34 antibodies: Use clones which recognize the class II and III epitopes. 8G12
(HPCA2), Qbend 10 and 581 are recommended. 8G12 (HPCA2) is the most reli-
able FITC conjugate. Most experience in the laboratory of the authors with re-
spect to CD34-Cy5 is with a reagent prepared in-house. Commercially available
PE-Cy5 reagents can be substituted; however, PI cannot be used with PE-Cy5
reagents on a single-laser FACS instrument.

CD38 antibodies: Specific staining with anti-CD38 typically reaches only mod-
erate fluorescent intensity. Discrimination between specific and nonspecific stain-
ing is especially poor with FITC conjugates. Therefore, we recommend the
combination of anti-CD34 FITC and anti-CD38 PE, especially if available cell
sorters are equipped with an Argon (488 nm) laser only.

CD45RA, CD71: Most experience in the laboratory of the authors is with OKT9-
FITC (anti-CD71) and 8D2-PE (anti-CD45RA) prepared in-house. Commercially
available fluorochrome-labeled antibodies can be used instead of these particular
reagents.

Propidium Iodide: The use of PI next to phycoerythrin-labeled antibodies
requires appropriate filters and dichroic mirrors to separate dead cells from phy-
coerythrin-labeled cells. We use a 560 short-pass dichroic and a 575/26 band
pass filter for FL1/2, and a 610 short pass dichroic for FL1/3 for this purpose.
Note that PI cannot be used with PE-Cy5 on cell sorters equipped with an Argon
(488 nm) laser only. Dead cells will be removed during the StemSep™ magnetic
pre-enrichment.

10. FACS control samples: The purpose of the controls is to evaluate
autofluorescence at each fluorescence wavelength (tube without antibody); evalu-
ate nonspecific binding (tube with irrelevant isotype control for each labeled an-
tibody); and set compensation between fluorescence channels on the cell sorter
appropriately. Some of these controls may be excluded if sufficient experience
with the cells, antibodies, and cell sorter has been obtained.
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Method for Purification of Human Hematopoietic
Stem Cells by Flow Cytometry

Michael J. Reitsma, Brenda R. Lee, and Nobuko Uchida

1. Introduction
Human hematopoietic stem cells (HSCs) and progenitors can be isolated by

enriching for a rare cell population with a combination of monoclonal antibod-
ies (MAbs). Such an isolation scheme involves multi-step procedures includ-
ing ficoll-density fractionation and presort enrichment followed by cell sorting.
Over the past decade, various cell-surface and metabolic markers have been
identified and used to isolate human HSCs and progenitors as summarized in
Table 1. Among them, CD34 has become the most critical cell-surface marker
for positively selecting a rare cell population (1,2). Within the CD34+ cell popu-
lation, the differential expression of Thy-1, CD38, and AC133 have been used
to fractionate HSCs and progenitors. In order to subfractionate CD34+ cells by
these markers, the cells can be further purified by flow cytometry. HSCs can
be further enriched into a Thy-1+ (3–7), CD38–lo (8–10), Thy-1+ CD38–lo (11),
or AC133+ (12,13) fraction of CD34+ cells.

Recent clinical studies of autologous transplantation of positively selected
CD34+ cells or purified CD34+ Thy-1+ HSC confirms that HSCs contribute to
the early phase of engraftment. Dose-response studies of human CD34+ cell-
enriched transplants indicate that rapid engraftment can be regularly achieved
if >2 × 106 CD34+ cells /kg are transplanted (14–19). Mobilized peripheral
blood (MPB) CD34+ Thy-1+ cells have been purified by flow cytometry and
used in autologous transplantation. Rapid and consistent neutrophil and plate-
let recovery was achieved when patients were transplanted with >0.8 × 106

CD34+ Thy-1+ HSC/kg (20,21).
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Table 1
Commercially Available Cell-Surface and Metabolic Markers
for Isolation of Human HSC and Progenitor Cells
Marker Expression/ Fluorochrome conjugate

remark recommended Reference
Positive marker
CD34 Positive FITC, PE, APC, BIO 1,2,33
Thy-1 Positive PE, BIO 3,4
AC133 Positive PE 12,34

Negative/low
marker
CD38 Negative /low FITC, PE, APC 8,9
HLA-DRa Negative to low FITC, PE 35,36

Mature lineage
marker, Lin-
CD2 T-cell lineage FITC, PE, BIO 3
CD3 T-cell lineage FITC, PE, APC, BIO 3
CD19 B-cell lineage FITC, PE, APC, BIO 3
CD16 NK-cell lineage FITC, PE, APC, BIO 3
CD14 Myeloid lineage FITC, PE 3
CD15 Myeloid lineage FITC, PE 3
Glycophorin A Erythroid lineage FITC, PE 3

2nd Step reagent
Avidin/Streptavidin For BIO MAb FITC, PE, APC, TXRD,

PharRed, Cy-chromed

Metabolic markerb

Rhodamine 123c Low Mitochondria-binding dye 37,38
Hoechst 33342c Low DNA-binding dye 39,40
Pyronin Y Low RNA-binding dye 39,40
Propidium iodide Negative to low Dead-cell exclusion

Abbreviations: FBM, fetal bone marrow; MPB, mobilized peripheral blood; ABM, adult bone
marrow; HSC, hematopoietic stem cells; FITC, fluorescein; PE, phycoerythrin; APC,
allophycocyanin; TXRD, Texas red; BIO, biotinylated.

a FBM, MPB HSCs express HLA-DR (41,42).
b To isolate quiescent HSC.
c Substrates for p-glycoprotein, encoded by MDR-1. HSC possess high levels of p-glycopro-

tein efflux activity.
d Recommended for single laser flow cytometry only, lineage marker positive and PI positive

cells can be excluded simultaneously.
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Flow cytometry allows for the purification of HSCs and primitive progeni-
tors to near homogeneity. Separation by defined cell-surface markers can
reveal different classes of rare populations, including those with extensive self-
renewal capacity (22–24), a multi-potent progenitor with limited self-renewal
capacity (25,26), or a common lymphoid progenitor population (27,28). An
understanding of the stem cell/progenitor hierarchy and evaluation of the role
of these cells in stem-cell transplantation will be important for future clinical
application, including autologous and allogeneic stem-cell transplantation, as
well as ex vivo stem-cell expansion and gene therapy.

In this chapter, isolation of CD34+ Thy-1+ Lin- cells as a source of human
HSCs is described, with emphasis on labeling and flow cytometric procedures.
One option is to augment the four-color protocol described here, with the addi-
tion of CD38. Note 7 offers suggestions for incorporating an additional immu-
nofluorescent reagent in the staining panel. The authors also recommend some
references regarding the enumeration of CD34+ cells (29,30), cell processing
(31), and presort enrichment (30,32).

2. Materials
2.1. Cell Processing

1. Phosphate-buffered saline (PBS) (JRH Biosciences, Leneka, KS, #59321–79P)
or Hank’s Balanced Salt Solution (HBSS) (Life Technologies, Grand Island, NY,
#14065–056) supplemented with 2% heat-inactivated fetal calf serum (FCS) or
0.5–1% human/bovine serum albumin (HSA/BSA).

2. Ficoll-Paque PLUS (Pharmacia Biotech, #17–1440–02).
3. Positive or negative selection reagents.

Table 2 summarizes options for positive or negative selection reagents used
for presort enrichment.

2.2. Immunofluorescent Staining

1. Staining buffer: PBS or HBSS, supplemented with 2% FCS or 0.1–0.5% human/
BSA.

Table 2
Positive and Negative Depletion Reagents Commercially Available

Product Selection for Vender

CD34 progenitor-cell Positively select CD34+ Miltenyi Biotech
isolation kit cells
Isolex-300 Positively select CD34+ Nexell Therapeutics

cells
StemSep CD34+ enrichment Deplete lineage + cells Stem Cell Technology
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2. Blocking buffer: 5% γ-immune (Miles-Bayer, # 640–12).
3. Sorting buffer: 0.5–1.0 g/mL propidium iodide (PI) in staining buffer. (0.5 mg/mL

propidium iodide (PI) stock solution, Molecular Probes, # P-3566).
4. Falcon, polystyrene, round-bottom 12 × 75-mm tube with 35-µm strainer cap

(Becton Dickinson, # 2235). (Although this product is packaged as “nonsterile,”
we have never experienced post sort contamination when using this product for
presort filtration.)

2.3. Monoclonal Antibodies

Table 1 summarizes a panel of MAbs available for HSC isolation. In this
chapter, only direct fluorochrome-conjugate or biotin-conjugate antibodies are
listed. A combination of antibody panels can be chosen based on the objective
of the experiment and the specific requirements for a given flow cytometer. In
general, a combination of positive and negative (lineage) markers with dead-
cell exclusion are recommended. Linscott’s Directory of Immunological and
Biological Reagents provides further information for antibody purchases. In
this chapter, the following MAb reagents are used.

1. Fluroescein-5-isothiocyanate (FITC)-conjugated mouse immunoglobulins: IgG1,
IgG2a, IgG2b, and IgM isotype controls (Pharmingen cat. no. 33814X, 33034X,
33804X, 33064X).

2. Phycoerythrin-conjugated mouse IgG1 (Pharmingen #33815X).
3. Sulforhodamine (TXRD)-conjugated anti-human CD34 (SyStemix) or APC-con-

jugated CD34 (Becton-Dickinson # 348053) (see Note 2).
4. Phycoerythrin-conjugated anti-human Thy-1 (Pharmingen #33085A).
5. Fluroescein-5-isothiocyanate (FITC)-conjugated anti-human CD2 (Becton-

Dickinson #347593).
6. Fluroescein-5-isothiocyanate (FITC)-conjugated anti-human CD3 (Becton-

Dickinson #349201).
7. Fluroescein-5-isothiocyanate (FITC)-conjugated anti-human CD14 (Becton-

Dickinson #347493).
8. Fluroescein-5-isothiocyanate (FITC)-conjugated anti-human CD15 (Becton-

Dickinson #347423).
9. Fluroescein-5-isothiocyanate (FITC)-conjugated anti-human CD16 (Becton-

Dickinson #347523).
10. Fluroescein-5-isothiocyanate (FITC)-conjugated anti-human CD19 (Becton-

Dickinson #340409).
11. Fluroescein-5-isothiocyanate (FITC)-conjugated anti-human GlycophorinA

(Beckman-Coulter, #IM 2212).

2.4. Flow Cytometry

1. Dual-laser flow cytometer with sorting capability, such as the Becton Dickinson
FACS Vantage (BDB, San Jose, CA) or the Cytomation MoFlo (Cytomation,
Fort Collins, CO).
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a. Primary laser is a Coherent Innova 70, 90, or 300 series Argon Ion laser tuned
to emit 200 mW of 488-nm laser light (Coherent Inc., Santa Clara, CA).

b. Secondary laser is a CR599 Standing Wave Dye laser (Coherent Inc., Santa
Clara, CA) tuned to emit 500 mW of 600-nm laser light. (see Notes 1,2
regarding secondary laser configuration options).

c. We recommend utilizing a 70-µm nozzle tip for sorting HSCs.
2. Reference beads, Rainbow Fluorescent Particle, 3.2 m (Spherotech, Libertyville,

IL, #RFP30-5A).
3. Epi-fluorescence microscope equipped with excitation and emission optics that

permit visualization and quantitation of the reference particles. (i.e., UV excita-
tion filter, 460/50-nm emission filter).

4. Glass microscope slides (Fisher Scientific, #12–544–15).
5. Biological control samples. (See Subheading 3.4. for instructions on preparing

the appropriate biological control samples to be used in setting up the instru-
ment.)

6. Sort sample-cell suspension at 5 × 106 cells/mL. (See Subheading 3.5. for in-
structions on preparing the sample from which the HSC will be isolated.)

7. FieldMaster™ laser power meter with LM-10 detector head (Coherent Instru-
ments, Auburn, CA, #33–0506 and #33–0977, respectively).

8. Sheath fluid: 4 L PBS, Ca++/Mg++ free, sterile-filtered, pH 7.0–7.4 (JRH Bio-
sciences, Leneka, KS, #59321–79P).

9. Falcon, polystyrene, round-bottom 12 × 75-mm tube with cap (Becton Dickinson,
#2058).

3. Methods

3.1. HSC Isolation Flowchart

Isolation of HSCs is achieved by a multi-step procedure beginning with
tissue receipt, followed by cell processing, presort enrichment, sorting, and
reanalysis. Fig. 1 illustrates the flowchart for such a procedure. Subheading
3.2. describes detailed protocols for each step.

3.2. Tissue Sources for HSC, Cell Processing,
and Presort Enrichment

Tissue sources used for HSC sorting can be heterogeneous, and may include
unwanted cells, platelets, and debris which require some preliminary cell pro-
cessing prior to presort enrichment for optimal recovery of HSCs. In general,
the purpose of the initial step in cell processing is to remove residual erythro-
cytes, neutrophils, dead cells, and debris, which often cause instability of the
fluid jet and/or occlusion of the nozzle orifice.

While apheresed mobilized peripheral blood samples require no processing
prior to presort enrichment, adult bone marrow, fetal liver, and cord blood
should be fractioned by density-gradient sedimentation in order to enhance
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recovery of HSCs. Cord-blood materials are often quite viscous compared
to peripheral blood samples, and therefore require dilution with 2 vol of buf-
fer (see Subheading 2.1., item 1) prior to fractionation by density-gradient
sedimentation.

Presort enrichment involves either positive selection of target cells or deple-
tion of unwanted cells, utilizing one of the selection devices summarized in
Table 2. Refer to Chapter 3 or the individual manufacturer’s recommendations
for a specific procedure.

3.3. Antibody Titration

Prior to staining, specific titers for each monoclonal reagent should be es-
tablished with the appropriate cell types. Determine the proper dilution of the
MAbs by evaluating each immunofluorescent reagent for maximum resolution
of the mean fluorescence intensities between negative and positive cells. Once

Fig. 1. Flowchart of human HSC purification.
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the titers have been established, the concentration can be extrapolated for the
actual cell number and volume of the sample to be stained. For more details,
refer to Note 1, ref. 31.

3.4. Isotype and Compensation Control Staining (see Note 3)

The following is a list of control samples required to establish the gates for
the HSC sort. Use a small aliquot of the postenrichment sample to make the
following stained controls:

1. Cells stained with PI only.
2. Isotype-FITC/Isotype-phycoerythrin stained with PI.
3. CD34-FITC for FITC compensation control.
4. CD34-PE for phycoerythrin compensation control.
5. CD34-TXRD (or CD34-APC), lineage-FITC, isotype-phycoerythrin,

stained with PI.

3.5. Sort Sample Staining

Throughout the staining procedure, it is important to maintain immunofluo-
rescence-stained cell preparations on ice, protected from bright light. Keeping
antibody-labeled cells cold helps to minimize the capping and internalization
or shedding of surface antigen/antibody complex, and shielding immunofluo-
rescent reagents from bright light will prevent the fluorochrome molecules
from bleaching prior to laser excitation.

1. Determine the cell concentration of the sample with a hemocytometer or auto-
mated cell counter.

2. Perform Fc-receptor blocking by treating cells with human -globulin (γ-immune)
reagent. Incubate cells in 0.1% γ-immune (1:50 dilution of 5 % γ-immune) in the
staining buffer for 15 min on ice.

3. Centrifuge cells at 200–400g for 10 min at 4°C. Aspirate the supernatant, taking
care not to disturb the cell pellet. Loosen the pellet by gentle vortexing.

4. Resuspend the cells in cold buffer and dispense 25,000-50,000 cells into 12 ×
75-mm tubes for each isotype and compensation control.

5. In a 15-mL test tube, resuspend the remaining sample in a minimal volume of
staining buffer at a concentration of 107 – 108/mL. If the number of cells in the
sample exceeds 108, use a 50-mL test tube to accommodate the appropriate vol-
ume of buffer required in the wash steps which follow.

6. Add each antibody (lineage-FITC, Thy-1-phycoerthrin, and CD34-TXRD) indi-
vidually to the sample being stained. Alternatively, for convenience and consis-
tency between experiments, a cocktail of these antibodies may be prepared in
advance. Following the addition of each immunofluorescent staining reagent, mix
the sample thoroughly by vortexing.

7. Incubate the samples on ice for 20–30 min.
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8. Add 10–20 vol of cold staining buffer to each tube to wash (i.e., 1 mL staining
vol requires 10–20 mL of buffer to adequately wash the cells). Vortex and
centrifuge cells at 200–400g for 10 min at 4°C. Aspirate the supernatant, taking
care not to disturb the cell pellet. Loosen the pellet by gentle vortexing.

9. Resuspend the cells in an appropriate volume of sorting buffer. An optimal cell
concentration for sorting should be 4–8 × 106 cells/mL.

10. We highly recommend filtering the sample immediately prior to the sort to
reduce the incidence of nozzle clogs during sort (see Subheading 2.2., item 4).

3.6. Instrument Setup

Although specific references to the flow cytometry instrumentation de-
scribed in this chapter pertain to the Becton Dickinson FACS Vantage as used
in our laboratory, analogous flow cytometry instrumentation from other manu-
facturers such as Cytomation can be used in order to achieve a similar end-
point. Investigators should also consider the scale of the stem-cell purification
with respect to the design of the flow cytometry instrumentation to be utilized.
Standard-speed commercial instrumentation typically allows for the process-
ing of cells at a rate of several thousand events per second. From a sample that
has been pre-enriched for CD34, one could reasonably expect to sort several
million HSC in a normal workday, sorting at standard processing rates. Clini-
cal scale HSC sorts may demand up to 10-fold more product than research-
scale processes would typically yield. This requirement cannot be achieved in
a reasonable period of time without the aid of specialized “high-speed” flow
cytometry instrumentation. To address the specific performance demands of
high-throughput sorting, instrumentation has been developed (43,44) which
permits the processing of cells at a much greater speed than conventional flow
cytometers.

In this protocol we employ a set of three (or four, see Note 7 on CD38
staining option) immunofluorescent reagents, one DNA binding fluorescent
dye for dead-cell exclusion and, two light-scatter parameters, for the discrimi-
nation of human HSCs. Both forward and orthogonal angle light-scatter sig-
nals are detected through 488-nm bandpass filters, amplified and measured on
a linear scale. All fluorescent signals are amplified and measured over a four-
decade log scale as specified in the Table 3.

3.7. Gate Setting

Purification of HSCs presumes a working definition of the stem-cell pheno-
type as characterized by prior flow cytometric analyses. In this chapter, we
define the phenotype of the human hematopoietic stem cells as lineage-, Thy-
1+, and CD34+. Dead cells are distinguished by excluding those cells that have
taken up PI, while other cellular debris are excluded by light-scatter gating.

干细胞之家www.stemcell8.cn ←点击进入

http://www.stemcell8.cn


Human HSC Isolation 67

Table 3
Instrumentation Setup Requirements for Flow Cytometry

Fluorochrome Antibody PMT Excitation Emission Optical
label conjugate parameter wavelength maximum filter

 FITC Lin FL1 488 514 530/30
 PE     Thy-1 FL2 488 575 575/26
 PI                            PI FL3 488 617 630/22
 APCa _ FL4 600/633 660 675/20
 TXRD (SR)     CD34 FL5 600 615 630/25

a Option to use CD34 APC instead of CD34-TXRD (see Note 2).

Table 4
Region and Logical Gate Definition for HSC Sorting

Region Associated Parameters

R1 Lineage FITC vs Propidium Iodide
R2 Thy-1 PE (–) vs CD34 TXRD
R3 Thy-1 PE (+) vs CD34 TXRD
R4 Forward Scatter vs Side Scatter

Gate Logical gate Definition Population Description

G1 G1 = R1 Viable Lin– cells
G2 G2 = R1 and R2 Viable CD34+ Thy-1– Lin– cells
G3 G3 = R1 and R3 Viable CD34+ Thy-1+ Lin– cells
G4 G4 = R4 and R1 Viable Lin– cells in lymphoblastoid size
G5 G5 = R1 and R2 and R4 Viable CD34+ Thy-1– Lin– lymphoblastoid cells
G6 G6 = R1 and R3 and R4 Viable CD34+ Thy-1+ Lin– lymphoblastoid cells

For convenience, we utilize a combination of rectangular regions derived from
bivariate dot plots. The placement of a region boundary should be determined
so that >99% of an isotype-stained control is contained within the region. In
this way, the isotype control defines the staining intensity of cells that are nega-
tive for a given marker. We employ small aliquots of the CD34-enriched
sample described in Subheading 3.5, step 4. for the gate-control samples. Refer
to Fig. 2 for an example of typical sort regions used in this protocol. Table 4 con-
tains details of the region and gate definitions we will refer to below.

1. Utilizing the flow cytometer’s acquisition software, construct the following bi-
variate dot plots:
a. Forward scatter vs side scatter.
b. Lineage-FITC vs viability dye-PI.
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c. Iso-phycoerythrin vs CD34-Texas Red (or CD34 APC).
d. Thy-1-PE vs CD34-Texas Red (or CD34 APC).

2. Analyze the control sample described in Subheading 3.4. and identify the lym-
phocyte cluster in scatter plot A. Utilize the acquisition software controls to per-
form the following steps.
a. Adjust the gain of the forward-scatter amplifier in order to position the lower

end of the lymphocyte cluster near channel 300 on the forward-scatter axis.
Positioning the lymphocyte cluster in this manner allows a space of approx
100 channels above the forward-scatter threshold so that smaller cells such as
pre-B lymphocytes and erythrocytes are detected by the instrument’s elec-
tronics. (Fig. 2A).

Fig. 2. Gate setting for CD34+ Thy-1+ Lin– cell sorting (see Subheading 3.7. for
details).
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b. In a similar manner, adjust the side-scatter amplifier in order to position the
top end of the lymphocyte cluster near channel 300 on the side-scatter axis.
Positioning the lymphocytes in the lower portion of the side-scatter axis al-
lows space for cells such as monocytes and granulocytes, which exhibit a
relatively higher side-scatter signal than lymphocytes (Fig. 2A).

3. Analyze the isotype control sample (see Subheading 3.4., step 5)(CD34-TXRD,
Lineage-FITC, Isotype-PE, PI). Observe bivariate plot B (Fig. 2) and verify that
the unstained cells reside in the lower left quadrant of this plot. On plot B con-
struct rectangular region R1 about the negative cells in the lower left quadrant.

4. Using the same isotope control sample (CD34-TXRD, Lineage-FITC, Isotype-
PE, PI), construct rectangular regions R2 and R3 for the CD34+ Thy- and Thy+
subsets, respectively (see plots C and D in Fig. 2).

5. Define logical gate G2 as R1 and R2 (see Table 4). Using the same isotype con-
trol sample (CD34–TXRD, Lineage-FITC, Isotype-PE, PI), gate plot A (Fig. 2)
with logical gate G2 and construct a rectangular region R4. The scatter region R4
should include the majority of cells residing in both the CD34+ and the Lineage-
PI-compartments while excluding contaminating components such as residual
RBCs and other cellular debris (see Plot A in Fig. 2).

6. Define the remaining logical gates G1–G6 as specified in Table 4. Analyze the
sort sample (CD34-TXRD, Lineage-FITC, Thy-PE, PI) and verify that the CD34+
Thy+ cells reside in region R3. Download logical gate G6 (see Table 4) to the
flow cytometer for sorting the viable CD34+ Thy+ Lineage-HSC. Observe the
sort sample in plots A, B, and D (Fig 2) and make any necessary adjustments to
the constructed regions. Depending on the experimental design, the researcher
may choose to collect the nonstem cell progenitors as defined by logical gate G5 (see
Table 4). If so, download gate (G5) to sort these sells in the opposing direction.

7. Install a covered collection container, turn on the deflection plates, and check the
targeting of the side streams with respect to the opening of the container. Adjust
the trajectory of the deflected side stream(s) as needed, using the left and right
stream controls.

8. Remove the cover(s) from the collection container(s) and begin the sort.

Fig. 3. Reanalysis of CD34+ Thy-1– Lin– and CD34+ Thy-1+ Lin– cells after a
successful cell sorting.
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3.8. Reanalysis Method

With experience, the researcher can expect to use flow cytometry to reliably
sort an HSC product of high purity with an acceptable yield. Aside from prod-
uct purity, other considerations in sorting cells by flow cytometry include re-
covery and viability of the product. In order to assess these variables, the end
product must be subjected to further analyses. We recommend postsort analy-
sis of the product by flow cytometry as well as an independent quantitative
analysis of the product using a hemocytometer with Trypan blue (31). For the
purpose of determining the purity and viability by flow cytometry, a small
aliquot of the sorted product should be reanalyzed, in the presence of propidium
iodide, on the same instrument on which it was sorted. Purity can then be deter-
mined as the percentage of the target subset (implicitly defined by the sort
regions) in the sorted product. Assessment of recovery requires determination
of the cell concentration, pre- and postsort, in a known volume of buffer. Re-
covery may be described as the fraction of the desired cells that were sorted
from the total sample. Actual recovery can be estimated using information pro-
vided by the instrument’s electronic counters, while theoretical recovery can
be calculated by utilizing Poisson statistics. Yield is defined as the quotient of
the actual recovery divided by the theoretical recovery. (See Note 4 regarding
considerations and calculations employed in determining sort recovery.) Ide-
ally, a viable HSC product can be recovered efficiently, and the reanalysis will
exhibit high fidelity with respect to the defined sort regions. In our experience,
the purity of the sorted product should typically be greater than 85%.
(See Note 5 for troubleshooting samples that fall below these expectations.)

1. Following the sort and prior to reanalysis, purge the fluidics path of any residual
sort sample cells by running a tube containing only PBS (at high differential
pressure) until the event rate approaches zero.

2. Using the reference beads, verify that the optical alignment is still optimized.
Make adjustments as needed to bring the instrument alignment back to the speci-
fications that were observed prior to initiating the sort.

3. Resuspend an aliquot of the sort product in a small volume of buffer containing
PI and collect a data file. Evaluate the viability by exclusion of PI. Evaluate the
purity of the product by observing the fraction of cells that fall within the regions
used for sorting.

4. For issues related to contamination and biosafety, (see Note 6).

4. Notes

1. The 600-nm laser line is obtained using a pump-and-dye configuration in the
secondary position. Typically, an Argon laser (Coherent I90, I70–4 or 305)
capable of putting out up to 5W in multi-line visible mode is used to pump a
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CR599 tuneable standing wave-dye laser (Coherent, San Jose, CA). The dye em-
ployed in the dye laser is rhodamine 6G, prepared according to the manufacturer’s
instructions.

2. Another option for a secondary laser is to use a HeNe laser (Model #127, Spectra-
Physics, Mountain View, CA) instead of the pump-and-dye configuration de-
scribed in Note 1. While the HeNe laser cannot be used for exciting the Texas red
fluorochrome, it will emit 35 mW of 633-nm light, which is sufficient to excite
other commercially available fluorochromes such as APC and APC-Cy7. It should
be noted that fluorescence emissions in the red and far-red domain of the spec-
trum are measured more precisely with a photomultiplier optimized for the detec-
tion of red light, such as the Hamamatsu R3896 (personal communication from D.
Sasaki).

3. Ideally, each fluorescent probe we measure on a multi-parameter flow cytometer
could be detected in a separate detector so that optical (and spatial) filtering would
allow that a given detector measured only the signal from a single probe. Unfortu-
nately, the behavior of most fluorescent reporters commonly employed in flow
cytometry does not adhere to this ideal. Instead, the emission spectra from some
of the fluorochromes we utilize overlap to some degree. Spectral overlap occurs
when a signal from a given fluorochrome “bleeds,” or leaks into the detection
range of another fluorochrome. In each fluorescence detector or channel, we at-
tempt to measure as accurately as possible the signal contributed from only one
type of fluorochrome or dye. In order to achieve this one-to-one correlation in
signal measurement, each instrument manufacturer has implemented a methodol-
ogy for fluorescence compensation. Please refer to the manufacturer’s instruc-
tions for implementing the protocol appropriate for your instrument.

4. For the purpose of determining actual recovery by flow cytometry, the
instrument’s electronic counters should be set to display both sorted and aborted
events. Actual recovery can be calculated as: Actual = sorted / (sorted + aborted).
Theoretical recovery may be calculated by applying Poisson statistics according
to the Pinkel and Stovel model (45).

Recovery = (event rate × fraction of target particles)
      × exp (-event rate × deflection envelope × [1/drive frequency])

5. Table 5 summarizes troubleshooting for HSC sorting.
6. Maintaining a clean flow cytometer significantly reduces the potential for bacte-

rial contamination of the sorted product, and more importantly, will help mini-
mize pathogen-associated risk to the instrument operator. It should be noted that
the jet-in-air design of most commercial sorters leads to the production of aero-
sols. It has been demonstrated that some viruses can be transmitted through aero-
sols (46). In addition to basic BSL2 safety precautions employed in handling
human-derived tissues, certain precautions should be taken, because contamina-
tion of the air and surrounding surfaces with the material being sorted presents a
potential biohazard to personnel working in the sorter laboratory. Utilize an in-
dustrial disinfectant (Lysol Professional Disinfectant, National Laboratories,
Montvale, NJ) to decontaminate surrounding surfaces daily. While the instrument
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Table 5
Troubleshooting

Symptom                           Possible causes                                   Suggestions

High abort rate Cell aggregates in sample Filter sample, use DNase in sample
High level of contaminating RBCs Reduce contaminating erythrocytes by lysis or density
in sample gradient centrifugation
Coincidence error aborts Try a lower cell concentration in the sample

Try using a higher drop drive frequency
Lower sample differential pressure -> lower event rate

Poor recovery High abort rate See high abort rate
Inaccurate drop delay setting Correct for drift in drop breakoff point

Recalculate drop delay setting
Unstable drop breakoff point Reduce large aggregates in sample

Purge air bubbles and/or debris from fluidics path
Increase the size of the drop deflection envelope

Inappropriate sort mode Refer to the manufacturer’s recommendations for choosing
an optimal sort mode

Poor purity on re-analysis Contamination in fluidics path Clean fluidics path more rigorously
Replace sample tubing

Fluorochrome bleaching Minimize exposure of fluorochrome-labeled antibodies to
antibody capping/shedding bright light

Keep antibody-labeled cells on ice
Employ a temperature regulation device at sample delivery
and collection vessels

Poor product viability Induction of apoptosis Try a more nourishing media in sample and collection
vessels

Check sheath fluid for optimal pH and osmolarity
Keep sort sample and product cold

72
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is in operation, a barrier should be in place between the operator and the fluid jet.
If no such barrier has been implemented in the instrument’s design—or as is more
often the case, the built-in protective barriers have been removed or modified in
some way—the operator should seriously consider wearing a face shield. Whether
or not the experimental design necessitates a sterile HSC product, a routine clean-
ing protocol for the cell-sorter fluidics path is indicated. Relying on antibiotics to
ensure sterility of the sheath fluid will eventually result in colonization of the
system by resistant organisms, and is not recommended. Instead, we suggest ster-
ilization of the entire fluidics path by introducing an antiseptic solution from the
sheath reservoir. The instrument operator may find it more convenient to utilize a
dedicated tank for the sole purpose of delivering disinfectant to the instrument.
Some of the more commonly employed disinfectant solutions include dilute chlo-
rine bleach, alcohol, and hydrogen peroxide solutions. For both research and clini-
cal HSC sorting, we routinely utilize a solution of 6% hydrogen peroxide.
Following human-cell sorting, we run 6% peroxide solution (STERI-PEROX™,
Paxxis Inc., Belmont, CA) through the entire fluidics system for a minimum of 30
minutes. Following disinfection, thoroughly purge the antiseptic solution from
the fluidics system with sterile sheath fluid before re-introducing live cells. Refer
to the published biosafety guidelines for sorting formulated by the International
Society of Analytical Cytology (47).

Fig. 4. MPB CD34+ Lin– Thy-1+ CD38–/lo and CD38lo/+, and CD34+ Lin- Thy-1–

cells were sorted as described. The Thy-1 vs CD38 profile of CD34+ Lin–gated cells
revealed that the CD38 negative cells were highly enriched in Thy-1+ cells, and
CD38++ cells were virtually Thy-1– (A). Reanalysis of CD34+ Lin– Thy-1+ CD38–/lo

(B) and CD34+ Lin– Thy-1+ CD38lo/+ (C) populations shows that we could not elimi-
nate the redistribution of CD38 signal intensity, although sorting gates were defined to
separate CD38– and CD38+ cells. With single-step sorts, the purity of CD38–/lo and
CD38lo/+ subsets were 97–1 (SE) % and 91–2 %, respectively, by the gates shown.
These sorted cells were highly enriched for Thy-1+ expression (99–0.08 %, without
CD38 gate). The mean fluorescent intensity of the Thy-1 profile on the CD38–/lo sub-
set is consistently brighter (80–8 fluorescence units) than the CD38lo/+ subset (53–3)
(p<0.05). (Reprinted with permission from Uchida et al., Proc. Natl. Acad. Sci. USA
95, 11,939–11,944 [1998] in ref. 11.)
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7. Four-color immunofluorescent staining + PI can be performed to further subset
CD34+ Thy-1+ Lin– cells based on CD38 expression. An example of the staining
and reanalysis is shown in Fig. 4 (11). To achieve this with commercially avail-
able reagents, one can use CD38-APC with either biotinylated Thy-1 or CD34
MAb. The biotinylated MAB will be revealed by either streptavidin TXRD or
PharRed (see Table 1).
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Noninvasive Measurement of Hematopoietic
Stem Cell Cycling and Turnover by In Vivo
Bromodeoxyuridine Incorporation

Gillian B. Bradford and Ivan Bertoncello

1. Introduction
The hematopoietic system comprises a concatenated series of stem- and tran-

sit-progenitor-cell compartments of progressively restricted potentiality and
proliferative capacity (1–5). Analysis of hematopoietic regulation in transplan-
tation models and in marrow regeneration following cytotoxic challenge sug-
gests that normal steady state blood-cell production is ultimately maintained
by the progeny of only a few stem-cell clones. The majority of primitive he-
matopoietic stem cells (PHSC) in the steady state are either highly quiescent or
dormant, and are transiently recruited only in times of unusual demand result-
ing from hematopoietic stress caused by infection, hemorrhage, myelotoxicity,
or following transplantation where transiting progenitor-cell compartments
need to be replenished. The relative quiescence or dormancy of the stem-cell
compartment greatly increases the probability of survival of continuously re-
newing cell populations by providing a protected stem-cell reserve, thus reduc-
ing differentiative pressure and maintaining lifelong genetic stability and
integrity of stem cells by facilitating repair (2,6).

Whether stem cells in situ are truly dormant and in a G0 state, or whether the
relative quiescence of the stem cell compartment is caused by variations in
cell-cycle transit times primarily regulated by the length of G1 phase (2) is not
a semantic question. This remains a key issue in experimental hematology,
with significant implications for modeling and predicting stem cell behavior,
and manipulating stem cell fate. For example, in hematopoietic models invok-
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ing absolute self-renewal as a fundamental stem cell property, dormancy is not
an obligatory requirement of “stemness.” While quiescence confers a survival
advantage, the stem-cell reserve is primarily maintained by physiological
mechanisms that regulate the probability of symmetric renewal or asymmetric
differentiative divisions in the stem cell pool. On the other hand, clonal succes-
sion models—and the generation-age model in particular (1,3,4)—propose that
the stem cell reserve comprises a finite pool of dormant cells, where cell divi-
sion is synonymous with the loss of proliferative and differentiative potential.

Our knowledge of the kinetics of the stem cell compartment has primarily
relied on analysis of the selective toxicity of cell-cycle active cytotoxic drugs,
irradiation, and thymidine suicide utilizing surrogate stem and progenitor cell
assays in mice. These invasive techniques have the potential to activate and
modulate stem-cell activity during the process of measurement. Analysis with
these techniques is compromised by their inability to reliably quantify the turn-
over rate of rare, unperturbed, putatively quiescent stem cell populations in
situ, long-term. Recent advances and refinements in stem-cell separative tech-
niques, combined with the adaptation of methods for the delivery and measure-
ment of incorporation of the nontoxic thymidine analog bromodeoxyuridine
(BrdU) into specific stem- and progenitor-cell subsets, has led to the develop-
ment of a powerful experimental approach that permits noninvasive long-term
monitoring of the kinetics of defined, closely related stem- and progenitor-cell
populations in situ.

Incorporation of BrdU into DNA provides a specific measure of cell cy-
cling. BrdU is a thymidine analog in which the methyl group of thymine is
replaced by bromine (7,8). Since rodent cells demonstrate a preference for thy-
midine to BrdU incorporation, with an average ratio of 2.35:1 (9), BrdU substi-
tution of DNA is not complete. The resultant low levels of BrdU substitution
generally do not interfere with cellular proliferation, and are noninvasive even
following long-term continuous infusion in vivo (10–12) (see Note 1).

The development of monoclonal antibody (MAb) reagents which detect
BrdU incorporated in single-stranded DNA (13,14) has enabled high through-
put flow cytometric analysis of cell cycling. When administered as a pulse
label, BrdU incorporation provides an instantaneous measurement of the pro-
portion of cells which are in S phase at any point in time (15,16). When com-
bined with propidium iodide (PI) staining, the cell-cycling status of cell
populations can be determined from pulse-labeling experiments with great pre-
cision (Fig. 1).

Since BrdU is retained during cellular proliferation, and is passed on to the
daughter cells with each cell division (9), it can also be administered continu-
ously over extended periods to investigate population turnover rates
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Fig. 1. BrdU/PI staining of pulse-labeled FDCP-1 cells: FDCP-1 cells were pulse-
labeled with BrdU (100 µM, 37oC, 30 min), and fixed and stained with FITC-conju-
gated anti-BrdU antibody and PI. The bivariate dot-plot shows the ability of the
technique to discriminate cells in each phase of cell cycle.

(7,11,12,17). This method enables rare populations of cells which cycle infre-
quently to be identified (Fig. 2), and their proliferation history to be assessed.
Because the fixation method used in these analyses does not excessively dis-
rupt the physical characteristics of the cells, it is possible to simultaneously
determine the immunophenotypic characteristics, light-scattering properties,
and kinetic status of discrete cell subsets within a population, providing great
power of analysis in complex populations such as the bone marrow or periph-
eral blood.

Continuous BrdU administration has often been achieved using subcutane-
ous osmotic pumps (11,17). However, insertion of osmotic pumps requires
minor, yet invasive surgery, and long-term BrdU administration requires re-
moval and replacement of pumps at weekly or biweekly intervals. Fluctuations
in steady state hematopoiesis and stem cell cycling as a result of these invasive
procedures must be considered.

In 1990, Forster and Rajewsky (12) demonstrated that long-term continuous
infusion of BrdU could be achieved by administration of BrdU in the drinking
water of mice. This alternative route of administration allowed the noninvasive
assessment of proliferation and turnover of long-lived murine lymphocyte
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Fig. 2. BrdU/PI staining of unseparated bone-marrow cells isolated from mice ad-
ministered BrdU (0.5 mg/mL) for periods of 0–10 wk, demonstrating the capacity of
this technique to detect highly quiescent cell populations indicated by the arrow.
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populations in vivo. We have adapted and refined this technique for the analy-
sis of stem-cell cycling and turnover in situ (18). Analysis of BrdU incorpora-
tion in lineage negative (Lin–) PHSC sorted on the basis of rhodamine 123
(Rh) and Hoechst 33342 (Ho) dye uptake showed that PHSC cycle continu-
ously throughout life, with an average turnover time of 30 d, and duration to
50% cycled of 19 d (18). Recently, Cheshier et al. (19) have also utilized long-
term BrdU administration in drinking water to confirm these observations in
PHSC, defined on the basis of expression of a repertoire of stem cell associ-
ated cell-surface antigens (Kit+, Sca-1+, Thylo, Lin–).

The BrdU feeding regime and the protocol for flow cytometric analysis of
BrdU incorporation outlined in this chapter have been optimized for the long-
term measurement of cycling and turnover of murine hematopoietic stem and
progenitor cells in this laboratory. It is important to note that genetic back-
ground, the exquisite sensitivity of the hematopoietic system to perturbation,
and environmental and experimental conditions are significant sources of vari-
ability in the measurement of hematopoietic parameters both within and be-
tween groups of mice.

Inbred strains of mice were initially developed to establish the existence
and influence of genetic factors on the incidence of cancer (20). Coinciden-
tally, these genetic factors also influence hematopoiesis, immune-surveillance,
and inflammatory responses. Different strains of mice vary markedly in total
and differential leukocyte counts (21), in their susceptibility to irradiation (22),
and in their propensity to mobilize stem and progenitor cells in response to
cytokine administration (23). Recent studies have also demonstrated that stem
cell pool size and stem cell cycling characteristics are genetically controlled
(24,25).

Husbandry and environmental factors are also important yet often neglected
variables in the measurement of physiological parameters in mice (26,27) (see
Note 2). The kinetic status of hematopoietic cells will also be conditioned by
the spectrum of environmental pathogens present in individual mouse colo-
nies, and will differ in mice housed in a conventional animal house environ-
ment or under pathogen-free conditions.

Although the methods we describe are robust and reliable, it should be noted
that the optimal dose of BrdU recommended for continuous long-term oral
BrdU administration in mice should only be used as a guide, and must be vali-
dated empirically. This dose should be varied if necessary to account for strain
differences and variability in environmental conditions which may influence
the behavior of the hematopoietic system of mice in individual laboratories.
BrdU does have some toxic side effects, which have been shown to be both
species- and strain-specific (12,28). Therefore, a dose-response experiment
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should be done prior to use, to determine the dose of BrdU which gives optimal
levels of BrdU labeling, without toxicity (see Note 3).

2. Materials
1. BrdU Reagents: BrdU stock solution is made up from powder (Sigma, St. Louis,

MO) at a concentration of 10mg/mL in sterile water, and stored protected from
light at 4oC for up to 4 wk, or frozen at –20oC.
BrdU supplemented drinking water (0.5 mg/mL in water); BrdU for in vivo pulse-
labeling (100 mg/kg, made in PBS, administered intraperitoneally); and, BrdU
for in vitro pulse-labeling of cell lines (100 µM final concentration in media; 30.7
µg/mL) is made up fresh as required, by serial dilution of the BrdU stock solution
(see Note 4).

2. Fluorescein-5-isothiocyonate (FITC)-conjugated anti-BrdU antibody (Clone
B44, Cat #347583; Becton Dickinson, San Jose, CA) diluted in PBS-1% Tween-
20 (made fresh each time). Antibody is stored at 4oC (see Note 5).

3. Phosphate-Buffered Saline (PBS: pH 7.4, 310 mosM). The following ingredients
are required for 5 L of PBS:

40 g NaCl
1.0 g KCl
5.75 g Na2HPO4

1.0 g KH2PO4

1.0 g glucose
Dissolve NaCl in approx 4 L of distilled H2O. Add the remaining salts and glu-
cose separately, ensuring that each has fully dissolved before adding the next
ingredient. The buffer is then adjusted to pH = 7.4 using HCl (1 N) or NaOH
(1 N), and the volume is then adjusted to 5 L. The osmolarity is checked by
osmometer and adjusted to 310 mosM with distilled H2O. The buffer is then
sterile-filtered (0.2 µm) and stored refrigerated at 4oC.

4.  Heat-inactivated serum: PBS supplemented with 0.55% heat-inactivated fetal
calf serum (FCS), or newborn bovine serum (PBS-0.55% HiSe) is used as a wash
buffer for the preparation and manipulation of cell suspensions and antibody dilu-
tion. Serum is heat-inactivated at 56oC for a minimum of 1 h, then cooled and
filtered through coarse filter paper to remove denatured protein. HiSe is then
filtered through filters of progressively smaller pore size, and finally sterile-fil-
tered (0.2 µm), aliquoted and stored frozen for use as required (see Note 6).

5. Fixing solution: Paraformaldehyde (0.5%; v/v) is made up in PBS, filtered
through a Whatman #1 filter, and stored frozen at –20oC.

6. Denaturing solution: 2 M HCl-0.5% Tween-20 is made up fresh by addition of
0.5% Tween-20 (v/v) to 2 M HCl (diluted in water) and mix well. This solution is
stored at room temperature.

7. Sodium borate: Na2B4O7 .10H2O (0.1 M) is made up from powder in water, and
stored at room temperature.

8. Propidium iodide: PI (5 µg/mL) is made up in PBS and stored at 4oC, protected
from light.
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9. FDCP-1 cells: The interleukin 3 (IL-3) dependent FDCP-1 cell line (29) in expo-
nential growth phase is used as a positive control for BrdU labeling in each ex-
periment (see Note 7). FDCP-1 cells are passaged weekly in 25-cm2 flasks using
α-MEM-10% FCS and 10% WEHI-3 CM as a source of IL-3.

3. Methods
3.1. Incorporation of BrdU in Defined Target Cells In Vivo

The cell-cycling status of defined hematopoietic stem- and progenitor-cell
subpopulations in vivo is determined by BrdU pulse-labeling. In this protocol,
BrdU (100 mg/kg, ip) is administered to mice 1 h prior to euthanasia. Bone-
marrow cells are harvested by excising the femurs and tibiae, and flushing the
bone marrow into PBS-% HiSe using a 23-gauge needle attached to a 1-mL
syringe. For measurement of the turnover of hematopoietic stem- and progenitor-
cell compartments long-term, BrdU is administered continuously to mice ad
libitum via their drinking water, at a concentration of 0.5 mg/mL (see Note 8).

Defined hematopoietic stem- and progenitor-cell populations are purified
using multiparameter cell-separative strategies, incorporating density gradient
centrifugation, immunomagnetic selection, and flow cytometric analysis, and
sorting utilizing stem cell reagents of choice (see Note 9).

An aliquot of sorted cells is set aside for functional stem- and progenitor-
cell assays, and the remainder of cells are retained for detection and analysis of
BrdU incorporation.

3.2. BrdU Pulse-Labeling In Vitro

Actively growing cultures of FDCP-1 cells in exponential growth phase are
pulse-labeled with BrdU (100 µM, 30 min, 37oC). Approx 1 × 106 cells are
harvested from flasks and washed once in PBS-5% HiSe in preparation for
fixation, labeling, and analysis.

3.3. Fixation, Staining, and Detection of BrdU Incorporation
and DNA Content

1. Up to 1 × 106 cells are pelleted by centrifugation (1,350 rpm—250–300g, 4oC, 5
min), and the supernatant is discarded.

2. The cell pellet is loosened by gentle vortexing, and then fixed by adding 0.5 mL
paraformaldehyde fixing solution. The cell suspension is then chilled on ice for 5
min (see Note 10).

3. Cells are equilibrated to room temperature. They are then centrifuged (1,350
rpm—250–300g, 5 min), the supernatant is discarded, and the cell pellet is loos-
ened by gentle vortexing.

4. Denaturing solution (0.5 mL 2 M HCl containing 0.5% Tween-20) is added, and
cells are incubated for 30 min at 37oC (see Note 11).
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5. The cell suspension is centrifuged, the supernatant is discarded, and the cells are
resuspended in 0.1 M sodium borate (0.5 mL) to neutralize residual acid.

6. Cells are centrifuged and washed in PBS.
7. Cells are incubated at room temperature (30 min in the dark) in 20 µL FITC-

conjugated anti-BrdU antibody diluted in 50 µL PBS-1% Tween-20.
8. Cells are washed in PBS-5%HiSe and resuspended in PBS-5%HiSe containing

PI (5 µg/mL) and incubated at room temperature (10 min in the dark) prior to
flow cytometric analysis.

3.4. Flow Cytometry

Fluorochromes are excited at 488 nm and FITC-conjugated BrdU fluores-
cence is detected through a 530-nm bandpass filter with a bandwidth of ±15
nm. DNA-linked PI red fluorescence is detected through a red 600-nm wave-
length filter. List files of up to 10,000 target cells are collected, and BrdU
incorporation and DNA content are displayed as fluorescence histograms and
bivariate dot plots of cells which have been gated on the basis of forward- and
90o light-scatter.

3.5. Analysis of Data

For pulse-labeling experiments, the cell-cycling status of target-cell popula-
tions can simply be determined by the analysis of bivariate BrdU-FITC/PI plots
as shown in Fig. 1. BrdU incorporation by hematopoietic cells continuously
labeled with BrdU (Figs. 2 and 3) is determined by comparison of the BrdU-
FITC and PI fluorescence profiles of labeled cells with those of bone-marrow
cells which have not been exposed to BrdU. A sample of FDCP-1 cells which
have been exposed to BrdU (100 µM, 30 min, 37oC) during exponential growth
phase is also included in each run as a positive control.

List files of labeled and negative control cells are displayed as BrdU-FITC/
PI bivariate plots using flow cytometric analysis software (see Note 12). The
BrdU-FITC/PI bivariate plot (Fig. 3A) is initially gated to exclude debris or
aggregates which may distort the percentages of 2N DNA- and BrdU-positive
cells. The percentage of 2N DNA (G0/G1 phase) cells is obtained from the PI
fluorescence histogram by gating cells with >2N DNA within this region and
subtracting that percentage (the percentage of S/G2/M cells) from 100
(Fig. 3B).

BrdU incorporation by labeled cells is analyzed by overlaying and compar-
ing the BrdU-FITC histograms of stained and negative control samples (Fig.
3C). An electronic gate is set using the fluorescence histogram of unlabeled
cells, so that background fluorescence is no greater than 5%. The percentage of
BrdU-positive cells is then determined by subtracting background fluorescence
from the value obtained by applying this gating strategy to the labeled target-
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Fig. 3. Analysis of BrdU incorporation in unseparated bone marrow cells of mice
administered BrdU (0.5 mg/mL) for 4 wk. BrdU/PI-stained bone-marrow cells were
initially gated (RI) to exclude debris and aggregates (A). DNA content, and the per-
centage of cycling cells (S/G2/M phase of cell cycle) was determined from the PI
histogram of gated cells (B). BrdU incorporation (C) by labeled cells (solid line) was
determined by comparison with the fluorescence profile of unstained cells (shaded
histogram) where the gate was set so that background fluorescence was no higher
than 5%.
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cell population. In situations where the majority of cells have incorporated
BrdU, the fluorescence histogram list file of the negative control cells is elec-
tronically scaled and reduced to fit prior to overlaying the histograms and ap-
plying the gating strategy.

We have found that the level of BrdU incorporation measured following
continuous long-term BrdU administration at low doses is clearly underesti-
mated. The extent to which BrdU incorporation is underestimated following
long-term BrdU administration can be determined through analysis of BrdU
incorporation in the mature granulocyte pool. Mature granulocytes have a very
short half-life (37), and are generated rapidly and continuously. Within days,
the entire granulocyte pool will have turned over, and all granulocytes should
be 100% BrdU-positive. Values for BrdU incorporation in specific hematopoi-
etic cell subsets following long-term BrdU administration are adjusted by the
conversion factor used to adjust the measured percentage of granulocytes de-
termined to have fully incorporated BrdU to 100%.

4. Notes
1. BrdU substitution levels are highly dependent on cell type and the dose of BrdU,

and are possibly also species- and strain-dependent (12,29). Although BrdU is
nontoxic at low doses, it has been shown to have adverse physiological effects at
higher levels of substitution (10,29–32). Studies in a canine model have also
shown that adverse physiological interactions may occur when BrdU is combined
with cytotoxic drugs commonly used in the analysis of hematopoietic stem cell
function (33). Consequently, it is necessary to determine empirically an appropri-
ate noninvasive dose for continuous long-term BrdU administration under each
new set of experimental conditions.

2. Excellent references (26,27) describing the impact of phenotypic, environmental,
and experimental variability in animal research may be obtained from The Aus-
tralian and New Zealand Council for the Care of Animals in Research and Teach-
ing (ANZCCART). Details and addresses are available on the Web sites: http://
www.adelaide.edu.au/ANZCCART/ or http://anzccart.rsnz.govt.nz

3. It is possible that accumulated damage to cells as a result of BrdU incorporation
could result in recruitment of otherwise noncycling stem cells, giving a false im-
pression of the cycling status and turnover rate of the PHSC compartment.
Rajewski (34) controlled for this effect by using pulse chase to compare the rate
of dilution of BrdU from the lymphocyte compartment with the rate of BrdU in-
corporation in these cells. It is also important to assess toxicity by analyzing the
functional status of the hematopoietic system in mice fed BrdU for the length of
time equivalent to that in the experimental groups. In our experience, certain doses
of BrdU do not affect steady state hematopoietic parameters, but do compromise
the ability of the hematopoietic system to recover when treated with myeloablative
doses of 5-fluorouracil. Doses of BrdU should be tailored to exclude this effect.
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4. BrdU concentrations quoted in the literature for pulse-labeling of cell cultures
range from 10 µM-100 µM. We have routinely used 100 µM BrdU, but lower
concentrations should be adequate.

5. Similar BrdU antibody reagents can be purchased from other suppliers. It is also
possible to use a two-step labeling procedure using primary unconjugated anti-
BrdU followed by labeling with fluorescent second-antibody conjugates.

6. We routinely use heat-inactivated serum as a buffer supplement for processing
hematopoietic cells in our laboratory to prevent complement-mediated cell lysis.
Because this protocol entails the labeling and analysis of fixed cells, the use of
heat-inactivated serum is not strictly necessary.

7. We have used the FDCP-1 cell line as a positive control for flow cytometric analy-
sis of BrdU labeling. However, any rapidly growing cell line pulse-labeled in the
exponential phase of growth is suitable for this purpose.

8. Since it is commonly reported that BrdU solutions should be protected from light,
and replaced every 3–5 days, the stability of 0.5 mg/mL BrdU solutions was tested
under various storage conditions. No significant difference was found between
the labeling obtained from solutions stored under different conditions (4oC and
room temperature; exposed to and protected from light) and that obtained from a
freshly made BrdU solution, suggesting that no detectable degradation occurred
under any of these storage conditions. Consequently, BrdU was fed to the mice in
clear water bottles, and changed weekly.

9. A description of cell separative procedures is beyond the scope of this chapter.
10. It is critical to ensure that cells are well-dispersed before addition of fixative to

avoid aggregation. The presence of aggregates will compromise flow cytometric
analysis of BrdU incorporation. Cell aggregation during fixation can be mini-
mized by dropwise addition of fixative while gently vortexing the cell pellet. Once
fixed, cells can be processed immediately, or can be stored at 4oC for a few days
prior to analysis.

11. Since all currently available MAbs recognize BrdU only in single-stranded DNA,
the DNA of the target cells must be denatured prior to labeling. Although a vari-
ety of protocols for denaturation have been described (35), some methods which
provide the best denaturation (e.g., heat) are too severe for use with hematopoietic
cells. Treatment of these cells with HCl and mild heat is a successful compromise,
providing adequate DNA denaturation for detection of BrdU incorporation and
retaining cellular integrity (15,35,36). Denaturation of the cells in 2 M HCl con-
taining 0.5% Tween-20 at 37oC for 30 min yields optimal BrdU staining of mu-
rine hematopoietic cells. Lower HCl concentrations and denaturation temperatures
and shorter denaturation times result in lower levels of BrdU staining, and higher
HCl concentrations damage cells (especially at higher temperatures), as evidenced
by the increased coefficient of variation of peaks in the PI fluorescence profiles.

12. We routinely use the WinMDI Software package (Joseph Trotter, Scripps Insti-
tute) for this purpose. Commercially available computer modeling programs such
as Modfit (Verity Software House Inc., Topsham, Maine) may also be used.
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Isolation and Characterization of Primitive
Hematopoietic Cells Based on Their Position
in the Cell Cycle

Edward F. Srour and Craig T. Jordan

1. Introduction
Hematopoietic progenitor and stem cells are believed to lie dormant within

the adult bone marrow microenvironment in a state characterized by both mi-
totic and metabolic quiescence. This state of cell-cycle quiescence has been
the focus or target of many studies aimed at identifying cells with such mitotic
properties for their eventual isolation and characterization. On the other hand,
knowledge of the type, frequency, and primitive status of dividing cells in pa-
tients with malignant hematopoietic diseases is very important for the hema-
tologist designing therapies aimed at targeting cycling cancer cells with
cell-cycle-specific chemotherapuetic drugs that can spare noncycling normal
hematopoietic stem cells (HSC).

The use of cell-cycle analysis in the field of experimental hematology has
been an important tool in the study of HSC biology. However, the invasive
nature of cell-cycle analysis has made it difficult to isolate viable candidate
HSC based on their position in the cell cycle. It has not been possible to simul-
taneously investigate the functional properties and cell-cycle status of the same
group of putative stem cells. Instead, cell-cycle analysis and assessment of
hematopoietic potential of primitive progenitor cells have usually been con-
ducted separately rather than concurrently. In addition, little attention has been
given to differences between the G0 and G1 phases of the cell cycle (see Sub-
heading 1.1.). Thus, cells determined by simple DNA staining (e.g., with
propidium iodide [PI]) to belong to the G0/G1 phases of the cell cycle have
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been considered quiescent. Yet over the last few years, it has become increas-
ingly evident that cells in either of these two phases of the cell cycle are func-
tionally different. Perhaps the major difference between these two phases of
the cell cycle is that only when cells are in G1 can they respond to extracellular
signals and commit to progressing through G1 and ultimately cell division, or
retreating away from the cycle and into a mitotically quiescent state such as G0
(1). It is also within G1—specifically late G1—that the first restriction point
controlling the transition of cells from G1 into S is located (2). It is therefore
critical that we are able to distinguish between these two stages of the cell
cycle in order to separate cells committed to progression through the cell cycle
from those withdrawn from cycling.

1.1. Cellular Changes During Cell Cycle Progression

As cells cycle, they undergo important changes essential for successful
completion of cell division and production of two intact and complete daughter
cells. Thus, a proliferating cell must duplicate its complement of DNA through
a process involving DNA synthesis (S) to provide a full copy of its genetic
material to each progeny cell during mitosis (M). These “phases” of the cell
cycle, based on the observations of Howard and Pelc (3), were interspersed by
“gaps” characterized by a lack of DNA activity (4). One such gap was ob-
served to take place between S and M called G2, and another much longer gap
was noted between the end of mitosis and the onset of a new cycle in the result-
ing daughter cells (G1). In 1963, Lajtha (5) coined the term G0 to describe
another “gap” phase of the cell cycle to describe dormant hepatic cells respond-
ing to liver insult. Consequently, the G0 phase of the cell cycle was identified
in most cells as a phase during which cells exit from cycle in response to an
environmental stimulus, or caused by a genetic program, and cease to divide.
The length of stay in G0, its relationship to G1, and how quickly cells exit G0
to begin active cell-cycle progression vary depending on the cell type, the en-
vironment, and growth stimuli received by cells. Any disturbance of cell-cycle
progression or DNA replication is clearly detrimental—if not fatal—to cells.
This is why nature devised an elaborate cell-cycle regulatory network, which
controls both progression of cells through the cell cycle and DNA replication
(6–8).

The introduction of flow cytometry (9,10) sparked an interest in the auto-
mated detection of cancer cells that contained an elevated amount of DNA, and
led to the rapid development of procedures capable of detecting and measuring
the amount of cellular DNA. Various dyes which specifically stain cellular
DNA were used over the years, as single agents, to generate a static “snapshot”
of DNA content of individual cells. More sophisticated procedures were later
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introduced by several researchers who correlated the level of cellular DNA
with other cell components such as mitochondria (11–14), nuclear proteins
(15) and RNA (16,17). However, many of these procedures were unsuitable
for the recovery of viable cells, because permeabilization was required or tox-
icity of one dye or another was encountered. With one such approach,
Darzynkiewicz et al. (18,19), using the metachromatic dye acridine orange,
examined the amount of cellular RNA relative to that of DNA during the cell
cycle and were able to identify subclasses of the G1 phase which they identi-
fied as G1A and G1B (20). Cells containing RNA levels similar to those in
early S were categorized as G1B cells, and those with lower RNA levels be-
longed to the G1A subcompartment of G1 (18,19). These authors went on to
show that when 3T3 cells are deprived of nutrients and are growth-arrested by
contact inhibition, they enter a cell-cycle phase characterized by an RNA con-
tent lower than that seen in G1A cells (21). Cells in this deep state of “quies-
cence” were labeled G1Q cells. G1Q cells differed from G1A cells in that they
had very low metabolic activity and slow cell-cycle kinetics as assessed by
their RNA content and the rate at which they progressed toward S phase, re-
spectively. Although flow-cytometric analysis of the cell cycle using this ap-
proach or other staining regimens involving simultaneous DNA and RNA
staining can be very informative, these procedures require cell fixation prior to
staining or are extremely toxic, therefore prohibiting the isolation of viable
cells in different phases of the cell cycle.

In 1981 Shapiro et al. (16) described a double DNA/RNA staining protocol
with the aim of identifying cells in different phases of the cell cycle and the
eventual isolation of viable and functional cells. To that end, Hoechst 33342
(Hst) was used to stain DNA and pyronin Y (PY) was used to stain RNA. Hst is
a relatively nontoxic, water soluble, cell-permeable bisbenzimide dye that spe-
cifically binds to the minor groove of double-stranded DNA. Hst can be ex-
cited with ultraviolet (UV) light (350 nm), and has a large Stokes shift
fluorescing at 460 nm. Pyronin Y is a nucleic acid dye that has affinity to both
DNA and RNA, and can also stain mitochondrial membranes (17,22). How-
ever, when cells are first stained with Hst, pyronin Y is prohibited from stain-
ing DNA, and at moderate concentrations will predominantly stain RNA rather
than mitochondrial membranes. The combination of Hst and PY, as used by
Shapiro et al. (16) proved to be toxic to the cells they stained with these dyes at
the concentration used in their studies so that although quantitation of DNA
and RNA was successful, viable cells could not be recovered. This led several
researchers to search for a different dye in order to identify quiescent or meta-
bolically inactive cells. Rhodamine 123 was successfully used (12,13) to iso-
late hematopoietic stem and progenitor cells with diminished mitochondrial
activity.
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1.2. Sorting of Cells in Different Phases of the Cell Cycle

Several years ago, we revisited the Hst and PY staining described by Shapiro
and colleagues (16) and investigated whether this DNA/RNA staining could be
applied to human hematopoietic progenitor cells (23). A readjusted PY con-
centration (see below) was capable of staining cellular RNA without any toxic-
ity to human CD34+ cells (23). Furthermore, when cells were treated with
RNase prior to staining with PY, the level of PY staining was diminished, indi-
cating that PY was specifically staining RNA and not mitochondrial mem-
branes (23). Whether successful staining of viable human CD34+ cells with
PY is related to the “resistance” of these cells to the toxic effects of this dye
relative to other cell types has not been investigated. This might be a plausible
explanation, since our experience with this dye combination with murine cells
is less favorable (E.F. Srour, unpublished observations). Hst and PY have been
used in our laboratory to examine the functional capacity of human CD34+
cells in G0 both in vitro (24,25) and in vivo (26,26a).

The progression of cells through the cell cycle is a complex process requir-
ing the interaction of a large number of regulatory molecules at different check-
points throughout the cycle. The elaborate network of regulatory molecules
ensures the orderly transition of cells from one phase of the cell cycle into
another and the faithful replication of cellular DNA. To maintain proper regu-
lation of cell-cycle progression, synthesis, activation, and degradation of most
regulatory molecules is turned on or off in a cell-cycle phase-associated man-
ner (2,27,28). The key molecules regulating cell-cycle progression and transi-
tion of dividing cells through the different checkpoints along the cell cycle are
cyclins, cyclin-dependent kinases (Cdk), and Cdk inhibitors. The interaction
of these molecules at different stages of the cell cycle and how they regulate
cell division are not the focus of this chapter. This article presents a concise
summary of the timing of appearance of these molecules within dividing cells
in order to prepare for their cell-cycle-related detection by flow cytometric
analysis.

Although nine types of cyclins have been described thus far, cyclins A, B,
D, and E are the most prominent cell-cycle regulators. Expression of these
cyclins is cyclic, and can therefore be associated with specific phases of the
cell cycle. Members of the cyclin D family (D1, D2, and D3) are cell-type or
tissue-specific, but are all expressed (each in its respective cell-type) as cells
exit from G0 and in early G1. Cyclin E is expressed periodically in late G1 and
into early S, while cyclin A begins to accumulate in mid S and into G2+M.
Cyclin B accumulates in late S and reaches maximal levels in M (See
Darzynkiewicz et al. (28) for further details). Through cell-cycle progression,
these cyclins associate with specific Cdks which require the activity of Cdk-
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activating kinases (CAK) to acquire the catalytic activity essential for the for-
mation of holoenzymes that phosphorylate key cell-cycle regulatory proteins.
This phase-associated expression of cyclins prompted the proposal that
expression of cyclin D, followed by the emergence of cyclin E, be considered
as a molecular marker to delineate between cells in G0 and G1 (28). Such a
proposal may apply to normal cells only when expression of cyclins is sched-
uled, whereas expression of these molecules in cancerous cells is usually un-
scheduled and may not be cell-cycle phase-specific. Different cyclins bind to
and activate different Cdks during the cell cycle. D type cyclins bind to Cdk4
and Cdk6, and are responsible for the phosphorylation of the retinoblastoma
(RB) protein. Phosphorylated RB releases transcription factors that activate
the DNA replication machinery, and therefore propels cells through the G1
checkpoint and into S. Cyclin E associates with Cdk2, while cyclin A associ-
ates with both Cdk2 and Cdk1 (previously identified as CDC2). Cyclin B1
associates with Cdk1. Cdk enzymatic activity can be inhibited by specific in-
hibitors which result in cell-cycle arrest. The most potent Cdk inhibitors are
p21 and p27. p21-inhibitory activity is most potent when it is present as a
single molecule associated with a cyclin-Cdk complex. The inhibitory activity
of p21 decreases as the ratio of p21 to cyclin-Cdk complexes increases (29).
p27, also known as Kip1, inhibits the catalytic activity of Cdks in different
cyclin-Cdk complexes including D-type cyclins-Cdk4 and cyclin E-Cdk2 com-
plexes. In general, p27 levels are high in growth-arrested cells (in G0), and
begin to diminish as cells begin to respond to mitogenic or growth-factor stimu-
lation. All of these regulatory molecules can be detected flow-cytometrically,
as described in Subheading 2.2.

2. Materials

2.1. Hoechst/Pyronin Sorting

Staining of cells with Hst and PY is simple. The procedure requires approx
2 h from the beginning of the staining procedure until cells are ready for analy-
sis or cell sorting. Since cells become photosensitive when stained with Hst
and PY, it is advisable to shield the cells during staining and sorting, and im-
mediately after sorting from direct light.

1. Hst (Molecular Probes).
2. PY (Polysciences).
3. Verapamil (Sigma) (see Note 4 for further details on reagents and vendors).
4. Hoechst buffer (Wolf et al.) (30): Hank’s Balanced Salt Solution (HBSS), 20

mM HEPES, 1 g/L glucose, 10% fetal calf serum (FCS), pH 7.2. Hst buffer can
be prepared and stored for up to 6 wk at 4°C. Before staining, a fraction of this
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buffer can be prepared with verapamil at 50–100 µM to be used within 24 h.
Verapamil should be present in the Hst buffer for all subsequent staining and
sorting steps.

5. Hst intermediate and working solutions: In order to prepare a working solution of
Hst, the stock solution (see step 6) must be diluted extensively in Hst buffer.
When diluted in PBS, Hst precipitates at concentrations of >30 µM. However,
this process is not instantaneous, and therefore allows for the quick preparation
of an intermediate solution (of a concentration >30 µM) followed by the final
dilution into a working solution. Both the intermediate and working solutions
should be prepared fresh for every application, kept in the dark, and used within
a few hours of preparation. The two solutions are prepared as such:
a. Intermediate solution: 20 µL of stock solution in 1.98 mL of Hst buffer.
b. Working solution: 50 µL of intermediate solution in 4.95 mL of Hst buffer.
These dilutions will result in a final concentration of 1 µg Hst per mL, which is
equivalent to 1.6 µM.

6. PY working solution: PY is used for the second step of staining while the cells
are still suspended in the Hst working solution (see Subheading 3.). Therefore,
addition of a certain volume of the PY working solution to the cell suspension
constitutes a dilution step which can be included in the dilution scheme of this
dye.
a. Working solution: Add 10 µL of the 10 mg/mL stock solution to 490 mL Hst

buffer.
Including the final dilution step (see below) this will result in a final concentra-
tion of 1 mg/mL PY, which is equivalent to 3.3 µM.

2.2. Analysis of Cell-Cycle Regulatory Molecules

A commercial source providing high-quality reagents for the staining of cell-
cycle regulatory molecules is essential for successful flow-cytometric detec-
tion of these markers. Cross-reactivity of antibodies between different classes
of cyclins is possible, and care should be taken in selecting minimally
cross-reacting reagents. In our experience, reagents obtained through
Pharmingen (10975 Torreyana Road, San Diego, CA 92121; Tel: 619-812-
8800) are of high quality and specificity. Some common anti-human reagents
and the names of the clones from which they are derived and the isotype of
monoclonal antibodies (MAbs) obtained from Pharmingen are listed in
Table 1.

2.3. Cell-Cycle Analysis Using Combined Surface, Intracellular,
and DNA Labeling

1. Antibodies:
CD38-Phycoerythrin (PE) (Becton Dickinson).
CD34-Allophycocyanin (APC) (Becton Dickinson).
Ki-67-Fluorescein isothiocyanate (FITC) (Coulter, MIB-1 clone).
IgG-FITC isotype control (Becton Dickinson).
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2. 16% Formaldehyde (ultrapure, EM grade from Polysciences, catalog #18814).
3. Triton-X-100 (Sigma).
4. 7-Aminoactinomycin D (7-AAD, Molecular Probes).
5. Phosphate-buffered saline (PBS): calcium- and magnesium-free tissue-culture

grade (Gibco/BRL).
6. Staining buffer (SB): PBS with 1% albumin or serum (any source of human or

bovine reagent is acceptable).
7. 2X permeabilization solution: PBS with 0.2% Triton-X-100.
8. 2X DNA staining solution: staining buffer with 1.0 µg/mL 7-AAD (made fresh

on the day of analysis).

3. Methods

3.1. Sorting of Purified Populations Using the Hoechst/Pyronin
Method

Cells to be stained with Hst and PY must first be selected for the final desired
surface phenotype to ensure that all cells sorted on the basis of their cell-cycle
status are homogeneous in their phenotypic makeup. When this staining proce-

Table 1
Clones and Isotypes of Monoclonal Antibodies Recognizing
Key Molecules in Cell Cycle Regulation

Protein Clone Isotype

Monoclonal antibody (MAb)
Cyclin D G124–259a Mouse IgG1

Cyclin E HE12 Mouse IgG1

Cyclin A BF683 Mouse IgE
Cyclin B1 GNS-1 Mouse IgG1

P21 SX118 Mouse IgG1

P27 G173–524 Mouse IgG1

Cdk1 A-17 Mouse IgG2a

Cdk2 G120–72 Mouse IgM
RB (underphosphorylated) G99–549 Mouse IgG1

RB (phosphorylated) G99–73 Mouse IgG1

Polyclonal Ab
Cdk4
Cdk6

a Clone G124–259 reacts with an epitope common among cyclins D1, D2, and D3, thus pro-
viding detection of any of the three D-type cyclins without the need to investigate the tissue-
specific reagent for the cell type in question.
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dure is applied to CD34+ cells, several options are available. Cells purified
with any selection procedure to excess of 95% purity do not need to be selected
further. A cell preparation consisting of CD34+ cells at less than 95% purity
(or less than any other acceptable level of purity) must first be sorted on the
basis of CD34 expression (or other cell-surface determinants, see Subheading
3.2.). Sorted cells can then be stained with Hst and PY for further selection.

The excitation and emission properties of Hst and PY allow for the use of
Fluorescein-5-isothiocyanate (FITC) as a surface marker along with these two
dyes and possibly for other fluorochromes if excitation and detection of addi-
tional fluorochromes is possible with a given instrument configuration. Our
experience is that the use of FITC along with Hst and PY allows for the selec-
tion of cells in different phases of the cell cycle after gating on FITC-positive
events, which are then analyzed for their Hst and PY fluorescence distribution.
This approach circumvents the need for prior sorting of CD34+ cells that are
not of high or acceptable purity levels. The staining protocol for Hst and PY is
described for pure populations of cells, and a modification for staining with
Hst, PY, and a surface marker is presented.

1. Place cells to be stained in a 15-mL snap-cap tube.
2. Prepare two control tubes, each with 10 to 20 × 103 cells for single color controls

(more cells can be used if available).
3. Wash cells in all three tubes with Hst buffer containing verapamil.
4. Decant supernatant and blot the mouth of the tubes dry on a sterile gauze.
5. Add 0.5 mL of Hst buffer to the PY control tube.
6. Add 0.5 mL of the Hst working solution to the Hst control tube.
7. Add 1.5 mL of the Hst working solution to the sort tube. In general, 1.5 mL of the

Hst working solution can be used to stain up to 5 × 106 cells. For larger numbers
of cells, the volume can be doubled to 3 mL. For cell numbers in excess of 25 ×
106, the volume can be increased to 4.5 mL.

8. Vortex all three tubes gently, and incubate in a 37°C water bath in the dark for 45
min. Vortex gently every 15 min.

9. At the end of the 45-min incubation period, add 2.5 µL of the PY working solu-
tion to the PY control tube and 7.5 µL (or equivalent volume) to the sort tube.
Add 2.5 µL Hst buffer to the Hst control tube. Vortex all three tubes and incubate
in a 37°C water bath in the dark for 45 min. Vortex gently every 15 min.

10. After the second incubation period, add 2–3 mL of Hst buffer to each tube and
centrifuge. Decant the supernatant and resuspend the cell pellet in an appropriate
volume of Hst buffer. These tubes are now ready for analysis and cell sorting.
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3.2. Staining of Partially Purified Populations of Cells with Hst,
Pyronin Y, and a Cell-Surface Marker

Partially purified cell populations (e.g., CD34+ cells) will yield non-CD34+
cells in specific phases of the cell cycle if stained and sorted based on their
uptake of Hst and PY. Expression of CD34 can be incorporated into the sorting
decisions if cells are first stained with Hst and PY, followed by staining with
CD34. The following staining protocol can be used when a FITC-conjugated
cell surface marker is needed (Fig. 1).

1. Stain the cells to be sorted with Hst and PY as described in steps 1–9. At the end
of the second incubation period, fill all the staining tubes with ice-cold Hst buffer
(with verapamil).

2. Pellet cells by centrifugation and decant the supernatant, leaving behind 50–100
µL of medium. Add up to 0.5 mL of Hst buffer to Hst and PY control tubes and
leave on ice.

3. Add the required volume of FITC-conjugated test antibody to cells stained with
Hst and PY, vortex, and incubate on ice for 15–20 min. Vortex once or twice
during incubation. In the event that the test antibody used for this step is
unconjugated, a second-step reagent can be used to develop the primary antibody
with FITC.

4. At the end of the 15-min incubation period, wash the cells with cold Hst buffer,
decant, and resuspend the cells in the appropriate volume of Hst buffer.

Several control tubes which are essential for adequate identification of back-
ground fluorescence and identification of positive events should be prepared
for this procedure. These include:

1. Cells stained with Hst, PY, and FITC-conjugated isotype control to be used for
establishing background FITC fluorescence.

2. Cells stained with the FITC-conjugated test antibody to be used only in adjusting
the required level of compensation between green and red fluorescence. The PY
control tube can be used for the reverse compensation.

A flow cytometer providing 50 mW of UV light at a wavelength of approx
350 nm is required for the excitation of Hst. Both PY and FITC can be excited
by 100 mW of 488-nm light emitted from an argon laser. FITC is the easiest
fluorochrome to be simultaneously used with Hst and PY to provide a third
fluorescence signal. Optical filters required for the detection of forward and
orthogonal (side) light scatter, and FITC signals are identical to those used for
other applications. PY, which has a λ max 552 nm, can be detected through a
575 ± 13 nm dichroic filter, and Hst can be detected through a 424 ± 22 nm
dichroic filter.
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Fig. 1. Analysis of human bone marrow cells stained with FITC-conjugated CD34,
Hst, and PY. Low-density bone-marrow cells were selected for CD34+ cells using the
MACS system, and only one wash of the positive fraction attracted to the magnet was
applied to recover a partially purified fraction of CD34+ cells. These cells were first
stained with Hst and PY as described in Subheading 3.1., then chilled, washed, and
stained with FITC-conjugated CD34. (A) represents light-scatter distribution of se-
lected low-density bone marrow cells. Gate R1 in (A) was established to contain
“small” cells, where the majority of CD34+ cells are found. Histogram (B) shows the
FITC-CD34 fluorescence of R1–gated events. The light-colored overlaid histogram
represents background fluorescence of R1–gated events established with an isotype-
matched FITC-conjugated control antibody. Events contained within R2 were consid-
ered CD34+ and were processed for further analysis. Events satisfying the selection
criteria of gates R1 and R2 combined were then analyzed for their Hst (histogram C)
and PY (histogram D) fluorescence distributions separately, or simultaneously (dot
plot E). Dot plot E depicts a typical two-dimensional distribution of DNA (X axis) and
RNA (Y axis) content of freshly isolated BM CD34+ cells with few cells in S and
G2+M phases of the cell cycle (gate R5). The majority of BM CD34+ cells have 2 n
DNA, and are therefore located within the traditional G0/G1 peak of a DNA histogram
appearing in dot plot E as the vertical population to the left. PY distribution (along the
Y axis) differentiates between cells with low RNA content (G0 cells contained within
gate R3) and cells expressing higher levels of RNA as they progress through G1 (gate
R4). Sort windows similar to those shown in dot plot E (R3, R4, and R5) are normally
constructed for the isolation of G0, G1, or S/G2+M cells, respectively.
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3.3. Flow-Cytometric Detection of Cell-Cycle Regulatory
Molecules

Staining protocols for the visualization of cyclins, Cdks, and Cdk inhibitors
are not universal. Since these molecules are predominantly in the nucleus (some
are in both the nucleus and the cytoplasm), permeabilization of cells prior to
staining is required. It is the permeabilization step which must be customized
to enhance the detection of certain intracellular antigens. The most peculiar of
the cyclins in terms of the fixative required for optimal detection are the
D-type cyclins (31). Whereas most cyclins, Cdks, and Cdk inhibitors can be
adequately detected if cells are fixed and permeabilized with 80% ethanol
at –20°C for 2 h or overnight, D-type cyclins are best detected if cells are fixed
in 1% methanol-free formaldehyde in PBS for 15 min on ice (31). Following
this initial step, all molecules can be appropriately stained following a unified
protocol (see below). Quantitation of cell-cycle regulatory molecules is most
meaningful in the context of cell-cycle analysis, so that precise localization of
different molecules in different phases of the cell cycle becomes possible. Thus,
cells are usually stained with a DNA dye following staining with cell-cycle
regulatory molecules.

1. Fix cells to be stained with D-type cyclins in a 1% methanol-free formaldehyde
solution in PBS for 15 min at 4°C, then wash in cold PBS supplemented with
0.1% bovine serum albumin (BSA) (Wash Buffer).

2. Fix cells to be stained with other cyclins, Cdks, Cdk inhibitors, or RB overnight
or up to 30 d in cold 75% ethanol at –20°C.

3. When ready to complete the staining procedure, wash cells with wash buffer
once.

4. Resuspend cells in 1 mL of cold 0.25% solution of Triton-X-100 for 5 min at 4°C
and rinse in wash buffer.

5. Incubate cells with appropriate Ab (anticyclins, Cdks, or Cdk inhibitors) for 30
min at room temperature and wash with wash buffer.

6. Incubate cells requiring a second-step Ab with appropriate fluorochrome-conju-
gated Ab for 30 min at room temperature and wash with wash buffer.

7. Resuspend all cells in 0.5 mL solution of 7-AAD at 5 µg/mL for at least 15 min
before running on the flow cytometer for cell-cycle analysis. In most cases,
propidium iodide (PI) can be substituted for 7-AAD.

3.4. Cell-Cycle Analysis Using Combined Surface, Intracellular,
and DNA Labeling

For analytical studies in which viable cells are not required, there is an alter-
native protocol for the characterization of primitive hematopoietic cells that
permits specific examination of the G0 to G1 transition event. This strategy

干细胞之家www.stemcell8.cn ←点击进入

http://www.stemcell8.cn


104 Srour and Jordan

has previously been termed Surface, Intracellular, and DNA (SID) labeling,
and allows simultaneous analysis of cell-cycle activity in multiple subpopula-
tions (15). The method can be applied in the context of multiple fluorescence
parameters (i.e., four- or five-color analysis), and because specific cellular sub-
sets can be readily defined, it is not necessary to start with a highly purified
population of stem cells. Rather, phenotypically defined primitive cells can be
examined along with other more mature cells. This strategy has been useful for
characterization of cells derived from human bone marrow, peripheral blood,
and cord blood. Central to the method is labeling of the nuclear antigen Ki-67.
The expression of this molecule has previously been shown to be closely asso-
ciated with entry into cell cycle (33,34). Thus, in conjunction with develop-
mentally regulated markers such as CD34 and CD38, and a DNA dye, it is
possible to analyze varying cycle stages for primitive subpopulations. The strat-
egy may also be applicable to analysis of nonhuman stem cells; however, the
Ki-67 antigen has not been well defined for other species, and preliminary tests
should be performed to establish its utility as a cycle marker.

The protocol described in steps 1–4 is for four-color labeling of hematopoi-
etic cells, but the specific method employed will depend largely on the con-
figuration of available flow cytometry equipment. The four-color strategy
requires a two-laser instrument with lines at 488 and 633 nm. The technique
can also be readily adapted to a five-color method, but requires the additional
use of a UV laser. Although the method allows examination of minor subsets,
it is usually not practical to perform detailed analysis of primitive cells in
unfractionated tissues. Therefore, it is generally necessary to employ a pre-
enrichment step for CD34+ cells before labeling samples for cycle analysis.
Although any type of CD34+ cell immunoaffinity selection system is appro-
priate to enrich primitive cells (e.g., Miltenyi, Dynal, and StemSep), some types
of magnetic beads can interfere with subsequent flow-cytometry procedures.
This point should be clarified prior to using the procedure described below.
For our studies, good results have been obtained using the Miltenyi MiniMACS
or VarioMACS systems (detailed discussion of CD34 selection is presented in
Chapter 3).

1. Suspend viable CD34-enriched cells in SB at a concentration of 1–5 × 106/mL
and prepare 6 tubes (12 × 75 mm) with 0.5 mL of the cell suspension per tube.
Add appropriate amounts of the surface antigen or control antibodies (as indi-
cated in Table 2) and incubate on ice for 30 min. Wash cells once with SB.

2. Pellet the surface-labeled cells and resuspend in 0.5 mL of cold PBS. Add 33 µL
of 16% formaldehyde for a final concentration of 1%. Incubate on ice for 30 min,
then add an equal volume of 2X permeabilization solution and incubate for a
further 15 minutes on ice.

3. Pellet the cells and resuspend in 0.5 mL of SB (it is not necessary to wash the
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Fig. 2. Representative SID staining of Leukemic human BM cells.

cells before proceeding). Add appropriate amounts of the Ki-67 or control anti-
bodies and incubate for 45 min at 4°C.

4. Wash cells once in SB and resuspend samples #1–3 in 0.5 mL SB. Resuspend
samples #4–6 in 0.25 mL of staining buffer and add an equal volume of 2X DNA
staining solution. Incubate cells at 4°C for 2 h to overnight. Proceed to flow
cytometry.

The samples in tubes #1–4 provide standard single-color controls for back-
ground staining and compensation that are required for any type of flow
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cytometry. Most aspects of the flow cytometry setup are standard; however, it
is important to note that the DNA signal must be collected with the PMT in
linear mode. To collect sample data, it is recommended that a gate first be set
using a dot-plot of the surface-antigen staining. An example is shown in Fig.
2A, where the gate designated R1 encompasses the CD34+ subset of a primary
leukemia sample. Next, use the R1 gate to visualize forward light scatter (FCS)
vs DNA (7-AAD) staining on a second dot plot (Fig. 2B). On the FCS vs 7-
AAD dot plot draw a second gate around the main population (see R2 gate).
This allows the primary population to be defined and excludes the aggregates
and debris that are commonly found in fixed samples. Finally, using both the
surface antigen (R1) and FCS vs DNA (R2) gates together, display the Ki-67
(FITC) vs DNA (7-AAD) dot-plot (Fig. 2C). Cells that fall in the lower left
quadrant are in G0; upper left quadrant is G1; and upper right quadrant is S and
G2. At this stage, the sample from tube #5 becomes an important control. Tube
#5 contains all the antibodies required for complete labeling, except for Ki-67
(substituted with the IgG-FITC isotype control). This allows one to set the
gates described above and determine the background staining of CD34+ cells
in the FITC channel. Once this level is established, the fully stained sample
(tube #6) can be run, and the relative proportions of cells in G0, G1, or G2, S,
and M phases can be established.

4. Notes

4.1. Hoechst/Pyronin Staining Method

1. The most important criterion in selecting a source for Hst and PY is the purity of
the reagent. Both Hst and PY are inexpensive, and therefore the amount of re-
agent supplied by the vendor is not of practical concern. A very reliable source
for Hst is Molecular Probes (Eugene, OR 97402–9165) which supplies Hst in

Table 2
Staining Protocol for Cell Surface Antigens and Cell Cycle Status

Tube Step 1 Step 2 Step 3 Step 4

1 NA Fix/Permeabilize NA NA
2 NA Fix/Permeabilize Ki-67–FITC NA
3 CD38–PE Fix/Permeabilize FITC control NA
4 NA Fix/Permeabilize NA 7–AAD
5 CD34–APC/CD38–PE Fix/Permeabilize FITC control 7–AAD
6 CD34–APC/CD38–PE Fix/Permeabilize Ki-67–FITC 7–AAD

NA = nothing added.
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different quantities and forms including a 10 mg/mL solution (dissolved in wa-
ter). This solution is the stock solution of Hst referred to in Subheading 2.1. and
should be stored at 4°C in the dark. As for PY, the most reliable source of PY is
probably Polysciences, which is located in Warrington, (400 Valley Road) PA
18976. Polysciences provides PY in 5-g quantities (Cat # 18614), which can be
dissolved in water to prepare a 10 mg/mL stock solution. PY stock solution should
also be stored in the dark at 4°C. Verapamil can be obtained from Sigma Chemi-
cal Company, P.O. Box 14508, St. Louis, MO. Verapamil is supplied in 1.0-g
amounts of verapamil HCl (catalogue number V4629), and should be dissolved
in DMSO prior to diluting it out in Hst buffer.

4.2. Surface, Intracellular, and DNA Method

2. The overall cell viability of the sample must be reasonably good (i.e.,
85–90% or better). Samples with poor viability will yield false staining patterns.

3. Although the procedure can be used for any cell population, results tend to be
somewhat better on samples that have been cultured. Therefore, the technique is
particularly well-suited for in vitro time-course studies in which the induction of
cycle activity is monitored.

4. In addition to its primary excitation by the 488-nm laser, 7-AAD can also be
excited to some degree by the 633-nm laser. Therefore, it must be used at a low
concentration when APC is to be used simultaneously. When used at a final con-
centration of 0.5 µg/mL, reasonably good DNA staining can be obtained with
only a low background fluorescence in the APC channel. If the CV for DNA is
poor, the 7-AAD concentration can be increased to at least 1.0 µg/mL. Less than
0.5 µg/mL gives poor DNA staining. Also, at higher concentrations, 7-AAD ap-
pears to partially quench phycoerythrin fluorescence.

5. The concentration of formaldehyde is important, with 0.4–0.5% yielding good
CVs for DNA, and reasonably good antibody staining. Higher concentrations
(i.e., 0.5–1.0%) will give somewhat better antibody staining, but progressively
worse CVs.

6. Samples should be run at a low differential pressure to get the best DNA CV
(i.e., standard procedure for DNA analysis).

7. 7-AAD is made as a 1.0 mg/mL stock in 50% ethanol (store at –20°C). The stock
solution is not exceptionally stable, and should only be used for approx 2–3 mo.
When the 7-AAD gets too old, the CV for the DNA staining deteriorates. Also,
increased staining time tends to improve DNA staining. Thus, samples can be run
after a few hours, but will generally look better after overnight 7-AAD staining.

8. Cell concentrations listed for fixation and staining are approximate values. It is
unlikely that there is a lower limit for cell concentration, but going higher than
described is probably not a good idea.

9. In some cases the post-fixation cells do not pellet well. It is not uncommon for
the pellets to be diffuse or difficult to see.
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10. To perform five-color SID staining, the following modifications can be em-
ployed: For surface-antigen staining, use CD38-APC (Becton Dickinson) and
CD34-biotin (Coulter, Qbend-10 clone) with streptavidin-Red 613 (Gibco/BRL).
For Ki-67 labeling, use the PE conjugated reagent from Dako. For DNA labeling,
use 4,6-Diamidino-2-phenylindole (DAPI, Molecular Probes) in place of 7-AAD
(final concentration of 2.0–10 µmol). This configuration leaves the FITC chan-
nel available for a reagent of the investigator’s choice. Of course, a FITC-conju-
gated antibody is appropriate, and we have also had good results using this
channel to detect expression of the green fluorescent protein (GFP).

11. The relatedness of the expression of Ki-67 to the mitotic status of any cell allows
for the use of the MIB-1 antibody to verify the cell-cycle position of cells iso-
lated by the dual DNA/RNA sorting technique described in Subheading 3.1.
(26). In this regard, sorted cells determined by their staining pattern with Hst and
PY to be in G0, G1, or S/G2+M can be stained as described in Subheading 3.4.
with Ki-67. Analysis of stained cells should reveal a distinct pattern of expres-
sion of Ki-67 by these cell fractions. Cells in G0 should be predominantly nega-
tive for the expression of Ki-67 because their quiescent nature. As cells enter into
active phases of cell cycle and progress into G1, expression of Ki-67 is elevated
so that cells isolated in G1 or S/G2+M should be mainly positive for the expres-
sion of Ki-67. The use of this technique to verify the cell-cycle status of sorted
cells can also be used to examine the effectiveness and accuracy of the chosen
sort windows in defining cells in G0. Expression of Ki-67 on a large fraction of
cells sorted as G0 cells is in most cases indicative of a liberal sorting window,
which most likely allows for the separation of cells in early G1. Although the
construction of a sort window for cells in G0 is empirical, monitoring of isolated
cells with Ki-67 provides a vehicle for future adjustments of selection criteria.

For this particular analysis, the settings used on a FACStar plus were:

Table 3
Potential Instrument Settings Suitable for the Detection of FITC, Hst,
and PY on a FACStar Plus Flow Cytometer

Parameter Signal Detector Voltage AmpGain

P1 Light scatter FSC __ 1
P2 Light scatter SSC 400 Log
P3 CD34 FITC FL1 600 Log
P4 PY FL2 800 1
P6 Hst FL4 410 1

Compensation applied between FL1 and FL2 was: FL1 – 0.8% FL2 and FL2 – 17.2% FL1.
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Hematopoietic Colony-Forming Cells

Makio Ogawa and Anne G. Livingston

1. Introduction
The hematopoietic progenitors that can be assayed in clonal culture systems

represent a continuum of differentiation, which includes multipotential pro-
genitors and very late-committed progenitors with only limited cell-division
capabilities (1). The late-committed progenitors, such as day-2 erythroid
colony-forming cells (CFU-E) produce, after brief incubation, small colonies
consisting of a few mature cells. Earlier progenitors, such as day-7 erythroid
burst-forming cells (BFU-E) produce bigger colonies consisting of mature cells
at later times of incubation. There are no universally accepted dates of incuba-
tion that define differentiation stages of progenitors. Since the rate of colony
growth can be affected by multiple cell-culture conditions, direct comparison
between two different laboratories is sometimes difficult. Therefore, investi-
gators must have their own internal controls in all experiments. There is a gen-
eral correlation between length of incubation and colony size. An exception to
this rule is blast-cell colonies that will be described in Subheading 3.3. Since
the progenitors of the blast-cell colonies are in the cell-cycle dormancy state, a
long incubation period is needed to observe formation of small blast-cell
colonies.

The primary purpose of the use of a clonal-culture assay is to obtain infor-
mation on the developmental stages and differentiation potentials of progeni-
tors producing the colony growth. The standard method for determination of
colony types depends on identification in situ of mature cells possessing unique
morphology, such as normoblasts containing hemoglobin, large-sized mega-
karyocytes, and highly refractile mast cells. One problem with this method is
that it does not recognize the presence of cells which have not matured enough
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to exhibit the characteristics of mature cells. The major feature of hematopoie-
sis is asymmetric cell divisions regarding both differentiation and proliferative
potentials (1). Survival of the mature cells also varies depending on their lin-
eages. For example, mature neutrophils do not survive long in culture, whereas
macrophages and mast cells persist throughout a long incubation period.
Together, these constitute the reasons for nonsynchronized lineage expression
in the colonies. One example is multilineage colonies consisting of neutro-
philic granulocytes, macrophages, and megakaryocytes (GMM) (2). While pro-
genitors for some GMM colonies have proven to be committed to the
expression of only these three lineages, others are derived from earlier multi-
potential progenitors, because the replating of such colonies produces eryth-
roid growth in the secondary culture. In order to obtain complete information
on the differentiation programs of the colonies, it is often necessary to score
colonies in the same dishes at different times of incubation and to replate colo-
nies to identify hidden lineages.

Sequential scoring and replating of all colonies may not guarantee identifi-
cation of all lineages if lineage identification was performed only by in situ
identification on an inverted microscope. We have documented extremely
skewed ratios of lineage expression in both mouse and human colonies. For
example, only a few macrophages may be present in what appears to be a pure
erythroid burst (3). To identify such bipotential erythroid macrophage progeni-
tors, it is necessary to carry out total cell differentials of all colonies in some
experiments. For cytochemical and functional characterization of the cells
grown in clonal culture, methylcellulose is far better than other types of semi-
solid materials such as plasma clot or agar. Cells in an entire dish may be
centrifuged by diluting methylcellulose with culture media. Individual colo-
nies may be easily harvested from methylcellulose media with a micropipet.
Micromanipulation of single cells is also possible (4), and methylcellulose does
not interfere with polychrome staining of the cultured cells. For these reasons,
we have used methylcellulose culture exclusively for studies of human and
murine hematopoietic progenitors. Unless studies are directed to cells of spe-
cific lineages, the culture conditions should be permissive to all lineages, and
the identification methods—such as cytochemistry—must be inclusive of all
lineages. Cultures supported by lineage-specific cytokines or special staining
for a certain lineage exclude information on multipotential progenitors, and
may erroneously overestimate the incidence of progenitors.

Blast-cell colonies provide a unique material for studies of commitment and
differentiation of hematopoietic progenitors. Murine blast-cell colonies were
first identified as small colonies consisting only of blast cells on day 16 of
culture (5). Studies have revealed that the progenitors for blast-cell colonies
are dormant in the cell cycle. Analysis of the secondary replating potential of
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the cells within the colony indicates that the majority are colony-forming cells
(CFC), including multipotential colonies. The incidence of blast-cell colonies
in normal bone marrow was very low, and enrichment of the population was
necessary for detection. One effective method for the murine system is IV in-
jection of high-dose 5-fluorouracil (5-FU), which preferentially kills the cy-
cling progenitors. It is important to note that the blast-cell colonies represent
transient populations of cells, which may have varying differentiation and pro-
liferation potentials. Small colonies usually contain a large population of mul-
tipotential progenitors, and larger colonies identified later in culture usually
have less replating ability and fewer multipotential progenitors. Just as in cul-
ture of committed progenitors, the cytokine combinations used for blast-cell
colony development and analysis of replating potentials should be permissive
for all lineages.

Identification of blast-cell colonies in human bone marrow presents unique
challenges, such as the question of how to decrease the incidence of cycling
progenitors. We employed the technique of low-serum culture and delayed
addition of cytokines to populations of enriched progenitors to achieve selec-
tive growth of blast-cell colonies (6). In both human and murine blast-cell colo-
nies, the progenitors are dormant in the cell cycle. However, the replating
ability and incidence of multipotential progenitors is much higher in murine
blast-cell colonies. This may be a technical problem caused by the selective
culture conditions for human blast cell colonies. An alternative approach is
to separate the dormant progenitors and add cytokines at the initiation of cul-
ture. Other investigators have achieved limited success with the use of
elutriation (7).

This chapter focuses on serum-containing culture for murine and human
progenitors. However, serum-free culture is preferable for certain purposes.
Subheading 3.2. describes methods for the modification of the culture ingre-
dients and special care necessary for serum-free culture of small numbers of
purified cells. The blast-cell colony assay is described in Subheading 3.3.

2. Materials

2.1. Serum-Containing Clonal Culture

Media: Both α-modification of Minimum Essential Media (α-MEM) ( ICN
Biomedicals, Costa Mesa, CA) and Iscove’s modification of Dulbecco’s me-
dium (IMDM) (Gibco, Grand Island, NY) have been used for the growth of
murine and human colonies in culture. While colony formation is comparable
in serum-containing culture, our observations indicate that a-MEM is superior
to IMDM for the serum-free culture of a small number of purified cells.
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The α-MEM is prepared according to the manufacturer’s instructions with
the addition of 100,000 u penicillin, 100 mg streptomycin, and 2.2 g of
NaHCO3. The pH of α-MEM depends upon the concentration of NaHCO3 in
the medium and the CO2 content in the air. When this medium is exposed to
5% CO2 in the air, the pH of the medium is 7.4. To establish the optimal con-
centrations of NaHCO3 in the medium and CO2 in the air, the pH of the me-
dium must be measured after equilibrating it in an incubator. A CO2 incubator
with an injection system must be monitored periodically using Fyrite
(Bacharach Instrument Co., Pittsburgh, PA). The quality of CO2 also has a
major influence on colony growth in culture, particularly when purified target
cells are grown under low-serum conditions. We have compared CO2 of com-
mercial grades with 99.5% purity and 99.9% purity, with the latter having less
than 1 ppm carbon monoxide (CO). A reduction CO concentration has a very
positive effect on colony formation.

Sera: Selection of the appropriate fetal bovine serum (FBS) is a critical step,
which may require the screening of many lots of sera. Once an appropriate
batch is identified, the purchase of a large quantity is recommended, since the
serum may be stored for years at –70°C. Mouse serum (or plasma) provides
comparable colony growth to the best FBS. Pooled human serum and autolo-
gous plasma are used by some investigators for growth of human colonies. The
complement in the serum should be denatured by incubating at 56°C for 30
min, and the sera should be divided into 100–mL aliquots and frozen. To
achieve maximum colony growth, we use 30% (v/v) final concentration of FBS.

Bovine Serum Albumin: The selection of bovine serum albumin (BSA) also
requires considerable effort in screening various lots. Cohn’s fraction V re-
quires deionization, while highly purified BSA may not. The following is the
deionization protocol used in our laboratory:

1. Add 10 g of BSA powder (Sigma) to 44.2 mL of distilled water in a 100-mL
beaker and allow to stand at 4°C until the BSA completely dissolves. Do not
shake or stir the beaker.

2. To deionize the BSA solution, add 1.0 g of fresh analytical-grade mixed bed
resin. (Bio Rad AG501- X8)

3. Remove the resin by passing the solution through gauze, and repeat the proce-
dure. Measure the volume and add an equal volume of 2X α-MEM.

4. Sterilize by filtering the solution through a 0.45-µm filter, divide into 10-mL
aliquots, and store at -20°C.

5. After thawing an aliquot, add 0.4 mL of 7% NaHCO3 to each 10 mL of 10% BSA
solution to adjust to a neutral pH. The addition of NaHCO3 is necessary, because
deionized BSA has a low pH. Store the remaining BSA solution at 4°C until it is
depleted.
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Methylcellulose: By providing viscosity, methylcellulose supports the three-
dimensional growth of hematopoietic colonies. Methylcellulose is miscible in
water at near-boiling temperatures, and dissolves at low temperatures. If air
bubbles are not eliminated from the fibers, the methylcellulose cannot dissolve
completely, thus leaving undigested fibers in the media. Methylcellulose in
two fiber lengths have been used for hematopoietic cell culture: 4000 and 1500
centipoise (cp). Empirically, 0.8–0.9 % (w/v) of methylcellulose 4000 cp and
1.0–1.2% of methylcellulose 1500 cp provide comparable viscosities. It is im-
portant to test the lots of methylcellulose for selection of batches that support
the maximal colony growth.

1.  Slowly boil 500 mL of distilled water for about 30 min.
2. Pour 300 mL of boiling water into a sterilized 2-L flask containing a sterilized

magnetic stirrer.
3. Add 30 g of 1500-cp methylcellulose (Shinetsu Chemical Co., Chiyoda-ku, To-

kyo, Japan) into the flask slowly while stirring continuously. Mix for approx 30
min to ensure that all the particles are wet.

4. Add 200 mL of cold sterile distilled water (4°C) followed by 500 mL of cold 2X
α-MEM.

5. Shake the flask vigorously to separate large clumps of gel.
6. Stir for 24–48 h at 4°C until the solution is visibly clear.
7. Divide the mixture into 100-mL quantities and store at -20°C until use.
8. Store thawed methylcellulose at 4°C (see Note 1).

Culture dishes: It is important to use tissue-culture-grade Petri dishes, be-
cause they do not promote the cellular attachment which is detrimental to
colony formation. We use Falcon #1008 in the 35-mm × 10-mm size.

Reagents for Polychrome Staining: We have found that the May Grunwald
Giemsa stain yields the best color balance for cultured cells. A commercial
preparation of May Grunwald stain is available from Gaillard Schlessinger
#35025. Several preparations of Giemsa stain are available, but each new batch
must be titrated to achieve the proper color balance.

2.2. Serum-Free Clonal Culture

Serum and fraction V BSA both contain growth factors, and allow endog-
enous production of growth factors. Whenever it is necessary to critically
evaluate the effect of growth factor, serum-free culture should be used.
However, it is important to note that serum-free culture is not “chemically
defined” culture, and variable amounts of growth factors may still be present
in the culture. Described next are the materials used in our serum-free culture
method which is a modification of the method of Gilbert and Iscove (8). All
water used in preparation of reagents should be greater than 10 mega ohms/cm
resistance.
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BSA: 99% pure, fatty acid-free, globulin-free BSA from Sigma (#A7638) is
used. It is not necessary to deionize this purified fraction, but it should be pre-
pared using bicarbonate-free α-MEM. Aliquot and freeze the sample. Adjust
to a neutral pH with 1 M NaOH just prior to use.

Iron-Saturated Human Transferrin:
1. Prepare 7.9 × 10–3 M FeCl3 (Sigma) by dissolving 21.35 mg FeCl3

. 6 H2O in 10
mL of 1 × 10–3 M HCl.

2. Adjust the pH of bicarbonate-free α-MEM to 7.4 with 1 M NaOH.
3. Dissolve 360 mg of 98% pure human transferrin (Sigma) in 4 mL of pH 7.4 α-

MEM. Add 1.5 mL of 7.9 × 10–3 MFeCl3. Do not freeze.

Lecithin and Cholesterol:
1. Add 20 mg of lecithin (Sigma) and 12 mg of cholesterol (Sigma) to a 40-mL

glass beaker.
2. Add 1 mL of chloroform and mix until the lipid is completely dissolved.
3. Use a stream of nitrogen gas to evaporate the chloroform.
4. Add 1 mL of purified BSA and 9 mL of bicarbonate-free α-MEM. Sonicate to

remove the lipid from the surface of the beaker.
5. This reagent should not be used for longer than 2 wk.

Sodium Selenite: Prepare 10–1 M by dissolving 173 mg of sodium selenite
(Fluka) in 10mL of bicarbonate-free α-MEM. Freeze the stock in small
aliquots. Dilute 1 × 10–1 to 1 × 10–5 just prior to use with bicarbonate-free α-
MEM.

2.3. Human Blast-Cell Colony Culture

All reagents for the culture of human blast-cell colonies are the same as
those of serum-free culture, except for BSA. Although it is not recommended
to use such a purified fraction of BSA as in the serum-free culture system, the
fraction V BSA allows the growth of cycling progenitors. We have found that
globulin-free crystallized BSA from Sigma (#A7638) produces the most con-
sistent results. The choice of growth factors to use for the analysis of blast-cell
colonies depends on the specific experimental design. Optimal growth is
achieved with a combination of factors, such as IL-3 + IL-6 (9) or IL-3 + SF at
50–100 mg/mL. Most human and mouse growth factors may be purchased from
R&D Systems.

3. Methods

3.1. Serum-Containing Culture

1. Add the following ingredients to a 17 × 100 mm polystyrene tissue culture tube
(Falcon #2057):
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a. 1.5 mL FBS.
b. 0.5 mL 10% BSA.
c. 0.05 mL of 1 × 10–2 M 2-mercaptoethanol (ME).
d. Cells (for 5 mL).
e. Growth factors (for 5 mL).
f. 2 mL of 3% methylcellulose. Use a 15-gauge needle and 5mL syringe to dis-

pense the methylcellulose.
2. Adjust the volume to 5 mL with α-MEM. Mix well and place 1 mL into each of

four 35-mm Falcon dishes using a syringe fitted with an 18-gauge needle.
3. Incubate the dishes at 37°C in a humidified atmosphere of 5% CO2 in air.

3.2. Serum-Free Culture

The instructions for reagent preparation are presented in Subheading 2.2.

1. Add the following ingredients to a 17 × 100 polystyrene tube.
a. 0.5 mL of 10% BSA.
b. 0.25 mL of a 1:11 dilution of fully iron-saturated human transferrin. (0.021

mL transferrin + 0.229 mL bicarbonate-free α-MEM).
c. 0.025 mL of lecithin-cholesterol.
d. 0.05 mL of 1 × 10–2 M 2-ME.
e. Cells (for 5 mL).
f. Growth factors (for 5 mL).
g. 2.0 mL 3% methylcellulose.

2. Adjust the volume to 5 mL with α-MEM and place 1 mL into each of four 35-mm
culture dishes.

3. We have found that low oxygen culture is superior to culture in ambient oxygen
tension. Dishes are incubated at 37°C in a humidified atmosphere of 5% CO2, 5%
O2, and 90% N2.

3.3. Blast-Cell Colony Culture

3.3.1. Murine Blast-Cell Colonies

In order to enrich for progenitors for blast- cell colonies, mice are injected
with 150 mg/kg 5-FU. We use Adrucil from Pharmacia at a concentration of 50
mg/mL. 5-FU is injected into the tail vein and the cells are harvested two days
later. Prepare a single-cell suspension of bone-marrow cells by flushing the
cells from the femurs and tibiae. Pool the cells and make a single-cell suspen-
sion by repeated flushing through a 25-gauge needle. Plate 2 × 104 to 5 × 104

cells per dish as described in Subheading 3.1. The time course of blast-cell
colony formation and their functional heterogeneity is described in detail in
ref. 10. We now recommend use of a combination of steel factor (SF)(c-kit
ligand) and interleukin-11 (IL-11) at 10~100 ng/mL instead of the conditioned
media.
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3.3.2. Human Blast-Cell Colonies

The incidence of the progenitors for blast-cell colonies is very low in nor-
mal bone marrow. Cell suspensions should be enriched for target progenitors
by cell sorting, immune adherence, selection with magnetic beads, and/or
elutriation. A typical experiment would contain 1 × 104 CD34+ cells per dish.
Human blast-cell-colony culture is almost identical to serum-free culture (Sub-
heading 3.1) with the following exceptions:

1. Add 0.1 mL of FBS.
2. Do not add growth factors at the initiation of culture. On d 14 of culture, carefully

layer growth factors in 0.1 mL volume over the cultures. The optimal growth of
blast-cell colonies is achieved with a combination of growth factors. See Sub-
heading 2.3.

3.4. Identification of Colonies

3.4.1. In Situ Identification

In situ identification of colonies is not an exact science. Colony morphology
is affected by types and concentrations of growth factors as well as batches of
serum and methylcellulose (see Note 2). It may be particularly difficult for a
novice to discriminate single- and multiple-lineage colonies. The major advan-
tage of the use of methylcellulose clonal culture is that individual colonies may
be easily harvested. The use of a Shandon Cytospin and polychrome staining
allows easy confirmation of in situ identity. The method of May Grunwald -
Giemsa staining is outlined as follows:

1. Prepare fresh PBS by diluting 66 mM PBS, pH 6.47, 1:10 with deionized water.
Stock buffer is prepared by dissolving 6.36 g KH2PO4 in 700 mL of distilled
H2O. This is combined with 300 mL of solution containing 2.84 g of Na2HPO4.

2. Dilute the Giemsa stain 1:10 to 1:20, depending upon the batch, with fresh PBS.
3. Place 1.5 mL of May-Grunwald stain on the slide for 3–4 min.
4. Carefully add 1 mL of fresh buffer to the Giemsa stain for an additional 3 min.
5. Wash the slide with water and add 2–3 mL of fresh Giemsa stain for 20 min.
6. Rinse with water.

3.4.2 Blast-Cell Colonies

Blast-cell colonies are homogenous populations of small, round, refractile
cells that reveal no signs of differentiation. When the cells are stained with
May Grunwald Giemsa, blast cells with immature nuclei and prominent
nucleoli are seen. Blast cells are negative for specific stains such as benzidine,
acetylcholine esterase, or myeloperoxidase. When growth factors are added on
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d 14 of culture in the human blast-cell colony assay, there is usually very sparse
background growth, and the emergence of new colonies is easy to detect. How-
ever, it is necessary to transfer human blast-cell colonies to permissive culture
conditions as soon as they are identified.

3.4.3. Blast-Cell Colony Replating

1. Examine the dishes on an inverted microscope after growth factors are added on
d 14 of culture.

2. When candidate blast-cell colonies containing 25 or more cells are identified,
they are individually lifted from the dish using a 3-µL Eppendorf pipet.

3. Each colony is added to 100 µL of α-MEM in the bottom of a 35-mm culture dish.
4. Distribute the 100 µL volume evenly around the culture dish. Twenty small drop-

lets is usually sufficient to dispense the 100 µL.
5. Add 0.9 mL of medium containing 30% FBS, 1% BSA, 1.2% methylcellulose,

and a cocktail of growth factors that supports permissive growth of all lineages.
A combination of GM-CSF, IL3 and SF, each at 50 ng/mL, should provide good
colony growth.

6. Incubate dishes at 37°C in a humidified atmosphere of 5% CO2 for an additional
10–14 days.

4. Notes
1. A commercial preparation of methylcellulose is available from StemCell Tech-

nologies. We have successfully used it for analysis of committed progenitors, but
we have never used it for growth of blast-cell colonies.

2. Many variables can change colony morphology and thereby affect the ability to
identify colonies in situ. One of the best ways to become competent is to “teach
yourself.” Observe the morphology of the colony on an inverted microscope.
Then pick the colony from the culture with a 3 µL Eppendorf pipet and suspend
it in 200 µL of 50% FCS in PBS. Centrifuge (Shandon Southern, Sewickly, PA)
at 500 rpm for 5 min and stain. We have found that May-Grunwald Giemsa (11)
stain is superior to Wright’s stain for critical evaluation of cultured cells. Refs.
12 and 13 describe cytochemical methods that can be used to descriminate mono-
cytes, neutrophils, basophils, and eosinophils. Also, a very comprehensive de-
scription of the in situ morphology of granulocyte and macrophage colonies is
provided in ref. 14.
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Long-Term Culture-Initiating Cell Assays
for Human and Murine Cells

Cindy L. Miller and Connie J. Eaves

1. Introduction
In normal adults, the majority of primitive hematopoietic cells are concen-

trated in the bone marrow, where they are in contact with a variety of mol-
ecules that influence their cell-cycle status, viability, motility, and
differentiation. These include components of the extracellular matrix, soluble
and bound growth-promoting factors and inhibitors, and adhesion molecules
that mediate direct interactions between cells. The long-term culture (LTC)
system initially developed to support the continued production of myeloid cells,
(1–3) and subsequently for the production of lymphoid cells (4–7) has pro-
vided a unique approach for the investigation of the regulation and mainte-
nance of early hematopoietic progenitors under conditions that reproduce many
aspects of the marrow microenvironment. The LTC system has also provided a
basis for the development of powerful assay procedures for quantitating and
distinguishing cells at discrete stages of early hematopoietic cell differentiation.

Over 30 years ago, Dexter and colleagues first showed that serum-contain-
ing cultures initiated with high concentrations of murine bone marrow cells
(>107/mL) rapidly form an adherent layer, which supports the generation of
mature granulocytes and macrophages for many weeks in the absence of exog-
enously added cytokines beyond those present in the serum used (1,2). It is
now recognized that many parameters can influence both the types of cells
produced in these cultures and the duration of their production. These include
variables that can independently affect the establishment and maintenance of a
supportive stromal cell-containing feeder layer, as well as the types and
numbers of hematopoietic cells generated. For example, serum substitutes that
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Fig. 1. LTC-IC limiting dilution analysis. Adherent feeder layers are established in
mini-cultures (flat-bottom 96–well culture plate). Doses of test cells are seeded into
replicate wells. Cultures are maintained at 33oC for murine test cells on irradiated
primary murine marrow feeders, and at 37oC for human cells on irradiated M2-10B4
or engineered M2-10B4: Sl/Sl feeders. Cultures are incubated for >4 wk for murine
cells and >5 wk for human cells with weekly one-half medium exchanges. After har-
vest, adherent and nonadherent cells from each individual well are placed in methyl-
cellulose cultures and scored as “positive” (>1 CFC) or “negative” (no CFC), 12 d
(murine LTC-IC) or 16–18 d (human LTC-IC) later. The LTC-IC frequency is derived
using Poisson statistics and the method of maximum likelihood.
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meet the needs of hematopoietic cells are not adequate to support the outgrowth
of supportive marrow stromal cells, which require unknown factors in certain
batches of horse serum. The addition of hydrocortisone to the medium also
appears to be important (3,8). Because both committed myeloid progenitor cells
and their progeny have finite proliferative potentials, the continuing presence
of such cells in LTC for extended periods has been used to infer their genera-
tion from a very primitive cell type present in the starting inoculum. These
studies have prompted the use of pre-established irradiated LTC adherent lay-
ers as feeders to allow this system to be adapted for the quantitation of such
primitive cells from both human (9,10) and murine (11,12) sources. The cells
thus identified have been called LTC-initiating cells (LTC-IC).

A schematic illustration of the procedure used to measure LTC-IC frequen-
cies is given in Fig. 1. Test cells, which may be unseparated cell preparations,
mononuclear cells, or additionally purified subpopulations of hematopoietic
cells subsets, are first seeded onto irradiated semi-confluent marrow feeders,
or a cell line with equivalent supportive activity (see refs. 13,14). Committed
progenitors present in the input test cell inoculum then rapidly mature and dis-
appear during the initial 3–5 wk of culture. Successively, more primitive cells
(LTC-IC) begin to proliferate and generate a new cohort of colony-forming
cells (CFC), a process which may continue for several months. To determine
the frequency of LTC-IC in a given hematopoietic cell population using limit-
ing dilution analysis (LDA), varying doses of test cells are seeded into mini-
cultures containing pre-established feeder layers. The cultures are
supplemented with 50% LTC medium with fresh hydrocortisone at weekly in-
tervals, and after a defined period (>4 wk for murine cells and >5 wk for hu-
man cells), the cultures are assessed for the presence of later-stage
hematopoietic cells. We recommend harvesting both adherent and nonadherent
cells from each mini-culture and then placing them together in a single methyl-
cellulose culture to determine whether CFC are present, and if so, the type and
quantity found. Each LTC-IC assay well is scored as positive (>1 CFC
detected) or negative (no CFC detected), and the proportion of negative wells
is calculated for each cell dose used. The frequency of LTC-IC is the reciprocal
of the concentration of test cells that yields 37% negative cultures by the appli-
cation of Poisson statistics and the method of maximum likelihood (15). Once
the LTC-IC frequency for a given population is determined, it can be used to
derive the average CFC output per LTC-IC in that population. This value can
then be used to derive LTC-IC frequencies from the total number of CFC gen-
erated from a given starting cell population in “bulk LTC” (Fig. 2) as long as
the requirement for a linear relationship between CFC output and number of
cells seeded is met (see ref. 10). However, it is important to emphasize that the
proliferative potential exhibited by individual LTC-IC within a given popula-
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Fig. 2. Quantitation of LTC-IC in Bulk Cultures. Adherent feeder layers are estab-
lished in culture plates (i.e., 35 mm dishes) and seeded with cell populations for analy-
sis of LTC-IC content. Cultures are maintained as described in Fig. 1. After the culture
period, the LTC (adherent and nonadherent cells) is harvested and proportions are
placed in methylcellulose cultures for quantitation of total CFC numbers. The number
of secondary CFC generated is linearly related to the number of LTC-IC present in the
test-cell population (see text).
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tion is highly variable, and the mean CFC generated per LTC-IC may also vary
according to the ontological source of cell population assayed (e.g., adult bone
marrow (BM), cord blood (CB), fetal liver, blood, or mobilized peripheral
blood (MPB) (10,14,16–18) and the type of feeder layer used and other culture
conditions used (14,19,20). The latter method of LTC-IC quantitation is much
simpler, but can only be used if the average CFC/LTC-IC has been predeter-
mined by LDA for a given hematopoietic cell source and previously validated
culture conditions.

Human and murine LTC-IC are enriched in fractions of hematopoetic cells
that do not express (or express at low levels) cell surface markers associated
with differentiation along the various myeloid or lymphoid lineages (lin). Hu-
man LTC-IC are present within the CD34+ subset of this lin– fraction. Further
enrichment is achieved by the isolation of subsets of these lin- CD34+ cells
defined according to their differential surface expression of other antigens,
including CD45RA, CD71, HLA-DR, Thy-1, and CD38 (see Table 1). The
majority of murine LTC-IC are present in the lin–Sca-1+ cell fraction of he-
matopoietic cells (see Table 2).

Although LTC-IC represent a subset of primitive hematopoietic cells that
share phenotypic and functional properties with long-term in vivo repopulat-
ing cells (Competitive Repopulating Unit [CRU] assay, see Chapter 12), it is
important to emphasize that the cells detected by both of these assays are func-
tionally heterogeneous. For example, both LTC-IC and cells able to generate

Table 1
Frequencies of LTC-IC in Human Hematopoietic Cell Populations

Cell population LTC-IC (%)a References

Light-density BM 0.005–0.05 10, 14, 21, 22
Lin– CD34+ BM 0.2–1.0 10
Lin– CD34+ CD45RA– CD71– BM 5–10 23
Lin– CD34+ CD38+ BM 2–8 23
Lin– CD34+ CD38– BM 15–30 23, 24
Lin– CD34+ HLA– DR+ BM 1–3 9, 21
Light-density CB 0.002–0.06 14, 19, 25
Lin– CD34+ CB 0.2–1.0 26
Lin– CD34+ CD38– CB 20–50 25, 27
G-CSF MPB 0.03 14
G-CSF CD34+ MPB 1–3 16
Lin– CD34+ fetal liver 0.5–1.2 17, 18

a LTC-IC assayed on irradiated human marrow, M2–10B4 feeder layers, or M2–10B4:Sl/Sl
engineered feeder layers. BM = Bone Marrow; CB = Cord Blood; MPB = Mobilized Peripheral
Blood.
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lymphoid and myeloid progeny in xenogeneic recipients (immunodeficient
mice or sheep) are found in both the CD34+CD38+ and CD34+CD38– popula-
tions (25), although those with more sustained proliferative activity appear
to be CD34+CD38– (30–32). Thus, extension of the LTC period beyond 5 wk
has been used as a strategy to select for a more primitive subset of human LTC-
IC (30).

The original LTC-IC assays for both murine and human cells used irradiated
primary marrow adherent feeder layers of the same species as the test cells.
Subsequent studies have shown that a number of pre-adipocyte fibroblast cells
can perform the same function. Stromal cell lines that have been investigated
most extensively for their ability to support human and murine hematopoetic
progenitors in LTC include M2-10B4 (13), MS-5 (20,33), AFT204 (34,35),
and S17 (36). The murine fibroblast cell line, M2-10B4 detects human LTC-IC
at frequencies comparable to those determined in assays that contain primary
human marrow feeders (13,14). The sensitivity of LTC-IC detection (particu-
larly more primitive LTC-IC) is enhanced using a mixed feeder layer of M2-
10B4 and Sl/Sl fibroblasts engineered to produce interleukin-3 (IL-3),
granulocyte-macrophage colony-stimulating factor (GM-CSF) and steel factor
(SF, also known as stem cell factor [SCF]) and a 6-wk interval before their
progeny CFC are assessed (14). Note however, that these feeders greatly en-
hance the reactivation in vitro of latently Epstein-Barr virus (EBV)-infected B
cells which occurs much less frequently when normal marrow or parental M2-
10B4 cells are used (37). To avoid this problem, either the T or B cells in the
test-cell suspension must be removed.

The LTC-IC assays described here detect primitive hematopoietic cells
capable of in vitro myeloid differentiation. The identification of conditions
that allow both myeloid and lymphoid cells (natural killer (NK) and B cells) to
be produced in LTC (38–41) has led to the development of derivative LTC-IC
assays for the quantitation of primitive cells with both myeloid and lymphoid
potential, (LTC-ICML)(12) or Myeloid-Lymphoid Initiating Cell (ML-IC)(42).

In this chapter, we describe methodologies for the quantitation of human
LTC-IC by LDA or in bulk LTC, using either the original, unmanipulated M2–

Table 2
Frequency of LTC-IC in Murine Hematopoietic Cell Populations

Cell population LTC-IC (%)a References

Adult BM 0.002–0.005 11,12,28
Lin- Sca-1+ WGA+ BM ~2% 12
Lin- Sca-1+ day 14.5 fetal liver ~2% 29

aLTC-IC assayed on irradiated murine marrow feeders.
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10B4 murine fibroblast cell line and a 5-wk assay or the combination of M2-
10B4 and Sl/Sl cells (engineered to produce IL-3, G-CSF, and SF, [14]) using
a 6-wk assay. For quantitation of murine LTC-IC, an LDA procedure using
primary murine marrow feeders and a 4-wk endpoint is described.

2. Materials

2.1. LTC-IC Assay for Human Cells

1. Hydrocortisone 21-hemisuccinate sodium salt (StemCell Technologies,
Vancouver, BC, Sigma Chemicals, St. Louis, MO). Store powder desiccated
at –20°C. Dissolve hydrocortisone powder in α-MEM to a final concentration of
10–4 M, filter-sterilize using a 0.22-µ-syringe filter, and store at 4ºC. As hydro-
cortisone has a relatively short half-life in solution, it is necessary to prepare a
fresh stock solution within 1 wk of use.

2. hLTCM: long-term culture medium for human cells with 10–6 M hydrocortisone.
(MyeloCultTM 05100; StemCell). This medium can be stored at –20°C for up to
1 y or at 4°C for up to 1 mo. Prepare for use within 1–2 days by adding 1 mL of
10–4 M hydrocortisone stock solution to 99 mL MyeloCultTM. Composition of
hLTCM: 12.5% horse serum (HS), 12.5% fetal bovine serum (FBS), 0.2 mM
i-inositol, 20 mM folic acid, 10–4 M 2-mercaptoethanol, 2 mM L-glutamine, 10–6 M
hydrocortisone, Alpha Modification of Eagle’s Minimum Essential Medium.
Investigators choosing to prepare their own LTC medium are advised to prescreen
batches of FBS and HS and test them in combination with other components for
their suitability to support hematopoiesis in human or murine LTC. (Pretested
lots of FBS and HS selected for this application are also available from StemCell).
The addition of antibiotics is not required if sterile culture conditions are used. If
desired, penicillin G (50–100 µ/mL) and streptomycin sulfate (100 g/mL) can be
added to hLTC medium and mLTC medium. Antibiotics are available from vari-
ous suppliers (Gibco BRL, Sigma, StemCell, and others).

3. M2-10B4 murine fibroblast cell line. (American Tissue Culture Company, cata-
log number—CRL1972). If the use of hIL-3/G-CSF/SF-producing M2–10B4 and
Sl/Sl fibroblasts (14) is preferred, these can be accessed by writing to Dr. D.
Hogge, Terry Fox Laboratory, Vancouver, BC, or to StemCell Technologies. In
either case, these fibroblasts should not be continuously passaged in vitro for
more than 6 mo. Therefore, it is important to establish a large number of vials
with early-passage cells. In addition, the engineered cells should be checked pe-
riodically (by enzyme-linked immunosorbent assay [ELISA] assay of their su-
pernatants) to ensure that the cells are still producing the expected levels of
growth factors.

4. RPMI-1640/10% FBS: RPMI-1640 with 10% FBS for culture of M2-10B4 and
M2-10B4-producing hG-CSF and hIL-3. Store at 4°C for up to 1 mo.

5. DMEM/10% FBS: Dulbecco’s modified Eagle’s medium (DMEM) with 10%
FBS for culture of Sl/Sl-producing human SF and human IL-3.

6. HBSS: Hanks Balanced Salt Solution, Ca++ and Mg++-free. Store at 4°C.
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7. IMDM/2% FBS: Iscove’s modified Dulbecco’s medium with 2% FBS. Store at
4°C for up to 1 mo.

8. G418 sulfate (Calbiochem, La Jolla, CA) and Hygromycin B (Sigma) for selec-
tion of M2–10B4 and Sl/Sl-engineered cell lines. Prepare stock solutions of 100
mg/mL. Handle according to manufacturer’s instructions.

9. 1–3 mg/mL collagen solution (StemCell). Store at 4°C.
10. 0.25% trypsin-citrate or 0.25% trypsin-ethylenediaminetetraaceticacid (EDTA)

Solution (StemCell). Store in aliquots at –20°C.
11. Medium for human CFC assays. Burst-forming unit-erythroid (BFU-E), colony-

forming-unit-granulocyte, macrophage (CFU-GM) and CFU-granulocyte, eryth-
roid, megakaryocyte, macrophage (CFU-GEMM) are assayed in methylcellulose
cultures containing IMDM, 1.0% methylcellulose, 30% FBS, 1% bovine serum
albumin (BSA), 10–4 M 2-mercaptoethanol, 20 ng/mL each of recombinant hu-
man (rh) IL-3 (rhIL-3), rh GM-CSF, rhIL-6, 50 ng/mL rhSCF, and 3 U/mL eryth-
ropoietin (Epo) (MethoCult 04435; StemCell).

12. Sterile cultureware: T25 cm2 and T75 cm2 flasks, 35 mm culture dishes, 96-well
flat-bottom culture plates, 100 mm Petri dishes, sterile tubes (12 × 75, 13 × 100),
pipet, 1- and 3-mL syringes and 35 mm Petri dishes and 16-gauge blunt-end
needles for CFC assays (StemCell).

13. L-CalcTM software program (StemCell) for calculating LTC-IC frequencies.

2.2. LTC-IC Assay for Murine Cells

1. MLTCM: long-term culture medium for murine cells with 10–6 M hydrocortisone
(MyeloCult 05200; StemCell). Prepared and stored as described for hLTCM (see
Subheading 2.1., item 2)

2. Medium for murine CFU-GM, BFU-E, and CFU-GEMM assays. Murine CFC
are assayed in IMDM, 1.0% methylcellulose, 15% FBS, 10 µg/mL insulin, 200
µg/mL transferrin, 1% BSA, 10–4 M 2-mercaptoethanol, 2 mM L-glutamine, and
10 ng/mL each of murine rIL-3 (mrIL-3), hrIL-6, and 50 ng/mL mrSCF and
3 U/mL Epo (03434; StemCell).

3. Additional media, cultureware, and software required are as described in Sub-
heading 2.1.

3. Methods

3.1. Maintenance of M2-10B4 and Sl/Sl Cell Lines

1. M2-10B4 and engineered M2-10B4 are cultured in RPMI-1640/10%FBS, and
engineered M2-10B4 are cultured with 0.4 mg/mL G418 and 0.06 mg/mL
Hygromycin B every second passage. Engineered Sl/Sl are grown in DMEM/
10% FCS and cultured with 0.8 mg/mL G418 and 0.125 mg/mL Hygromycin B
every second passage. Cell lines are cultured at 37°C and 5% CO2 in air in 25 cm2

or 75 cm2 culture flasks.
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2. When cells reach confluence, remove media carefully by decanting or suctioning.
3. Add 2 mL HBSS. Rotate flask gently to detach loosely adherent cells, and dis-

card medium and nonadherent cells.
4. Add 2 mL (T25) or 4 mL(T75) trypsin solution. Incubate for 2–10 min at 37°C,

or until adherent cells start to detach from the surface of the flask. Add 0.2 mL
FBS to neutralize the trypsin, and mix with a pipet to disperse clumps and obtain
a single-cell suspension.

5. Wash cells once in RPMI-1640/10% FBS or DMEM/10% FBS. Transfer 1/50 to
1/100 vol of one flask to a new culture flask with appropriate culture medium
(T25; 8 mL, T75; 25 mL). Cell should again reach confluency 7–10 d later.

3.2. Preparation of Irradiated M2-10B4 Feeder Layers
or Engineered M2-10B4:Sl/Sl

1. Trypsinize the desired feeder cells (see Subheading 3.1.) and wash the cells
recovered twice in RPMI-1640/10% FBS or DMEM/10% FBS.

2. Resuspend cells at 106–108 cells/mL in hLTCM and irradiate cells with 8000 cGy
from an X-ray or γ-irradiation source.

3. Dilute M2-10B4 cells to 1.5 × 105 cells per mL in hLTCM, or combine engi-
neered M2-10B4 and Sl/Sl at 1:1 ratio and dilute to 1.5 × 105 (7.5 × 104 M2-10B4
and 7.5 × 104 Sl/Sl) per mL in hLTCM. Place 2 mL (3 × 105cells) per collagen-
coated 35-mm tissue-culture dishes (see Note 1) for LTC-IC assays in bulk cul-
ture, or 0.1 mL (1.5 × 104 cells) per well in 96-well flat-bottom culture plates for
LTC-IC LDA assays.

4. Incubate at 37°C in 5% CO2 in air in a humidified incubator. Incubate cultures
for a minimum of 24-h prior to the addition of test cells. Irradiated feeders can be
used for up to 10 d later, but if delays of >7 d are anticipated, the medium should
be changed after the first 7 d.

3.3. Preparation of Test Cells for Human LTC-IC Assays

1. Human LTC-IC are present in a variety of hematopoietic sources, including nor-
mal adult marrow, cord blood, peripheral blood, and fetal liver. Although
unseparated hematopoietic cell suspensions can be used to perform LTC-IC as-
say from the first two sources, marrow from patients may be different and require
preliminary enrichment of the LTC-IC. In the case of normal blood or mobilized
blood obtained from individuals who have not been treated with chemotherapy,
the risk of EBV-transformants taking over the LTC, or at least obscuring the CFC
assays, is high and either B or T cells should be removed. Human fetal liver
cannot be assessed unless the large numbers of macrophage precursors present
are first removed by depletion of lin+ cells. Procedures for the isolation of he-
matopoietic cells from various tissue sources and the preparation of enriched cell
fractions are discussed in Chapters 3 and 4 (see Table 1 and Chapters 3 and 4).
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3.4. Assay of Human LTC-IC by LDA

The frequencies of LTC-IC in a hematopoietic cell population can be deter-
mined using mini-LTC and LDA (Fig. 1). Varying doses of test cells are seeded
into replicate wells containing irradiated M2-10B4, and cultures are maintained
for 5 wk with weekly one-half-medium changes. Alternatively, use of the engi-
neered IL-3, G-CSF, and SF-producing M2-10B4 and Sl/Sl feeder combina-
tion (50% each) and maintenance of the cultures for 6 wk prior to harvest,
allows more primitive LTC-IC to be detected (14). At the end of the 5- or 6-wk
period, the adherent and nonadherent cells are harvested from each individual
well, combined, and assayed in methylcellulose cultures for CFC (see Note 2).
Eight to 24 replicates of 3–4 cell doses that bracket the LTC-IC frequency are
generally sufficient to provide data with reasonable 95% confidence intervals.
The appropriate cell doses may be estimated from the anticipated frequency of
LTC-IC in the test-cell suspension. For example, the expected frequency of
LTC-IC in suspensions of lin–CD34+ normal marrow cells is ~1/100 to 1/500
(Table 1). Therefore, LDA analysis using aliquots of 30, 100, 300, and 900
lin–CD34+ normal marrow cells per well with 12 replicates per dose should
yield an accurate estimation of their LTC-IC content.

1. Prepare dilutions of test cells in hLTCM.
2. Carefully remove ~90% hLTCM from each well already containing the irradi-

ated feeder cells desired, using a multichannel pipetter with sterile tips and dis-
card. Care should be taken not to disturb the adherent feeder layer.

3. Add test cells in 0.1 mL hLTCM to the appropriate wells using a multichannel
pipetter with sterile tips.

4. Place 96-well plates in a loosely covered container (e.g., a 20-cm square bacterial
plate) with 2–3 uncovered Petri dishes containing sterile water to maintain high
humidity and place in a humidified 37ºC incubator with 5% CO2 in air. Incubate
cultures for 5–6 wk.

5. Perform one-half media changes at 1, 2, 3, 4 (parental M2-10B4 feeders), and 5
wk (M2–10B4:Sl/Sl engineered feeders) after initiating the cultures by removing
50 µL (including one-half the nonadherent cells) and adding 55 µL of freshly
prepared hLTCM. A multichannel pipetter and sterile tips can be used to manipu-
late 3–6 wells at a time. To avoid contamination, care must be taken not to touch
tips to the exterior of the wells. New tips should be used each time cells and/or
media are removed to avoid spreading any possible contamination from one rep-
licate to another. Care must also be taken to avoid touching or disturbing the
adherent layer.

6. At the end of the 5- or 6-wk culture period, remove hLTCM and nonadherent
cells from each well (~0.1 mL), and transfer the cells to a labeled 12 × 75 mm
tube. These should be placed in a similar arrangement in a rack that holds 72
tubes closely aligned (e.g., Nalgene 5970_16). A multichannel pipetter can then
be used to harvest the nonadherent cells from three wells at a time. It is advisable
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to harvest the cells in batches of 48 or less to ensure that wells do not dry out or
become overexposed to trypsin.

7. Add 0.1 mL HBSS to each well, and then remove with remaining loosely at-
tached cells and add this to the appropriate tube already containing the
nonadherent cells from the same well.

8. Add 0.1 mL 0.25% trypsin solution to each well and incubate at 37°C. After 3–5
min, scan the plate using an inverted microscope to determine if the adherent
layer has started to detach from the surface of the well. If necessary, continue
incubating up to a maximum of 10 min until the adherent cells are loosened.
Then add 10 µL of FBS to each well to neutralize the trypsin.

9. Mix the contents of each well gently to obtain a single-cell suspension and add
the suspended cells to the tubes containing the cells previously removed from the
same wells.

10. Rinse each well once with IMDM/2% FBS and transfer again to the same tube.
11. Fill the tubes with IMDM/2% FBS and centrifuge at 350g for 7–10 min. Care-

fully decant or suction off the supernatants without disturbing cell pellets, leav-
ing ~0.1 mL media behind.

12. Gently vortex the tube to resuspend the cells, add 1 mL human methylcellulose
medium, and vortex vigorously.

13. Draw up the entire contents of each tube (individually), using a 1-cc tuberculin
syringe (without the needle attached) and then eject into a 35-mm Petri dish.
Rotate dishes to ensure methylcellulose is spread evenly over surface of 35-mm
dish. Place 2 dishes in a 100-mm Petri dish containing a third open 35-mm Petri
dish with sterile water.

14. Incubate for 16–18 d and record the number of colonies present in each methyl-
cellulose culture. Record the well as negative if no CFC is present, and as posi-
tive if >1 CFC is present.

3.5. Analysis of Human LTC-IC by LDA

LTC-IC frequencies in the starting cell suspension are determined by appli-
cation of Poisson statistics and the method of maximum likelihood assuming
“single-hit kinetics,” i.e., each LTC-IC will produce ≥1 CFC (detectable after
>5 wk) independent of the other cells seeded. A well is thus scored as negative
when no CFC are detected in it. The LTC-IC frequency is given by the recipro-
cal of the concentration of test cells that gives 37% negative wells. Interpola-
tion of this value is best done using a software program to perform the
calculation (i.e., L-CalcTM). It is advisable to consult a qualified statistician to
confirm the appropriate methodology used to compare LTC-IC frequencies
from different test populations.

3.6. Analysis of Human LTC-IC by Bulk LTC

LTC-IC numbers can also be determined from CFC assays of “bulk cultures”
(Fig. 2), i.e., cultures initiated with large numbers of LTC-IC if the average
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number of CFC per LTC-IC for the population being tested is known (see Sub-
heading 1. and Note 3). To ensure a representative sampling, such cultures
should be initiated with at least 10 and preferably 20 LTC-IC (Table 1 and
Table 3). Following 5–6 wk of culture, the total number of CFC present is
determined. The number of LTC-IC present in the initial test cell suspension is
then calculated by dividing the total number of CFC present by the average
output of CFC per LTC-IC (see Note 3). Alternatively, values can be expressed
as LTC-IC-derived CFC for a given number of test cells.

1. Prepare test cells at the appropriate density in hLTCM (see Table 3).
2. Carefully remove the hLTCM from the 35-mm culture dishes containing irradi-

ated M2-10B4 or engineered M2-10B4:Sl/Sl feeder cells.
3.  Add test cells in 2.0 mL volumes, taking care not to disturb adherent layer. Place

the dishes in 100-mm Petri dishes containing an additional uncovered 35-mm
dish containing sterile water and incubate in a humidified incubator at 37°C in
5% CO2 in air for 5–6 wk.

4. Perform one-half media exchanges after 1, 2, 3, 4 (parental M2-10B4 feeders),
and 5 wk (M2-10B4:Sl/Sl engineered feeders) by first gently swirling the cul-
tures to detach loosely adherent cells and then drawing up half the contents of the
culture (medium and cells) into a sterile pipet. Replace the vol removed (i.e.,
1.0 mL for 2.0 mL culture) with an equal vol of freshly prepared hLTCM.

5. After 5–6 wk, all the cells are harvested (adherent and nonadherent cells) by first
placing all hLTM and nonadherent cells into a sterile 15-mL tube.

6. Rinse the adherent layer twice with 1 mL HBSS, and add all cells and medium to
the tube.

7. Add 1 mL of trypsin solution and place at 37°C for 10 min. At intervals, gently
swirl cultures and examine using an inverted microscope for evidence of detach-
ment of the adherent layer cells. Once this starts, add 0.2 mL FBS to the dish to
neutralize the proteolytic activity of the trypsin.

Table 3
Numbers of Human Cell Populations for Initiation of LTC-IC
on M2-10B4 or M2-10B4:Sl/Sl-Engineered Feeders

Cell population Cells per LTC-IC culture in 35-mm dishesa

Ammonium-chloride treated BM 4 × 105 –2 × 106

Light-density BM 2 × 105 –1 × 106

Light-density CB 1 × 105 –5 × 105

Lin–CD34+ BM, CB, MPB, or FL 1000–5000
Lin–CD34+CD38– BM,CB, MPB, or FL 100–500

aThe numbers of LTC-IC in different hematopoietic cell populations can vary significantly;
therefore, these are suggested values only. It is advisable to initiate bulk LTC-IC at two or more
different cell doses.
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8. Using a sterile pipet, repeatedly pipet the trypsin/FBS solution over the surface
of the dish to ensure that all adherent cells are detached and form a single-cell
suspension. Add all cells and medium to the tube. Alternatively, a culture cell
scraper can be used to dislodge remaining adherent cells.

9. Rinse the culture dish twice with IMDM/2% FBS, and add all cells and media to
the tube in which the nonadherent cells have already been placed.

10. Wash cells twice in IMDM/2% FBS and resuspend in 1–2 mL IMDM/2% FBS.
Record the vol and perform a nucleated cell count. To exclude dead cells, if
present, cell counts performed using a dye-exclusion viability stain (i.e., trypan
blue) and a nucleated cell count (3% acetic acid) can be compared. Hematopoi-
etic cells appear as round, uniform, refractile cells compared to the larger fibro-
blast cells with dye-exclusion viability stains, and have more compact nuclei
when using 3% acetic acid. If desired, a “stroma only” control well can be in-
cluded to provide an example of how fibroblast cells differ in terms of morphol-
ogy.

11. Dilute cells to 2–5 × 105 cells/mL in IMDM/2% FBS (or plate a predetermined
fraction of the culture according to the number of CFC expected).

12. Add 0.3 mL of cells to 3 mL of human methylcellulose media (for duplicate
assays), or 0.5 mL of cells to 5 mL of methylcellulose (for quadruplicate assays)
and vortex. Let stand for 5 min to allow bubbles to rise.

13. Plate 1.1 mL per 35-mm Petri dish, using a 3-cc or 5-cc syringe with an attached
16-gauge blunt-end needle. Incubate dishes as described (see Subheading 3.4.)
for 16–18 d at 37°C.

14. Score total numbers of colonies, and then calculate the number of input LTC-IC
per number of cells assayed (see Note 3).

Example calculation: Quantitation of LTC-IC in a sample of low-density nor-
mal adult marrow cells assayed on irradiated M2-10B4 feeders for 5 wk.

Number of test cells initiated per
35-mm dish: 106 low-density bone marrow cells.

Total cells harvested at wk 5: 4 × 105

Number of cells plated per
methylcellulose culture: 5 × 104

Average number of CFC per
methylcellulose culture: 50

Average CFC per LTC-IC (14): 8
Total CFC per LTC culture: 400 CFC per LTC-IC culture

(50 times 4 × 105 divided by 5 × 104 = 400).
LTC-IC numbers: 400 LTC-IC-derived CFC per 106 low-

density marrow cells = 1 LTC-IC per
2 × 104 low-density marrow cells.
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3.7. Assay of Murine LTC-IC by LDA

Assessment of murine LTC-IC involves the same procedures as for human
LTC-IC. The only difference is the type of feeder used and the duration and
temperature the cultures are kept before CFC assays are performed. The reader
should therefore examine the described procedure for human LTC-IC assays
for other technical details. Generation of primary murine marrow feeders and
LTC containing irradiated marrow feeders or nonirradiated S17 cell line (29,36)
are maintained at 33°C. Many cell lines suitable for human LTC-IC assays
including M2-10B4, are not suitable for feeders in murine LTC-IC assays,
likely due to murine M-CSF produced. In addition, since published data for
CFC outputs per murine LTC-IC are unavailable, only the LDA strategy is
outlined here.

3.7.1. Establishing Murine Marrow Feeder Layers

1. Sacrifice a minimum of two adult C57BL/6 mice, 6–12 wk old, using protocols
approved by the host institution.

2. Remove the femurs, cut off both ends with a sharp surgical scissors, and flush the
marrow plugs into 1–2 mL cold IMDM/2% FCS, using a sterile 21-gauge needle
attached to a 3-cc syringe. Prepare a single-cell suspension by drawing the media
and cells up and down once or twice using the same syringe and needle.
α-MEM, DMEM, or HBSS supplemented with 2% FBS are also suitable for the
isolation of marrow cells.

3. Determine the concentration of nucleated cells in the suspension (should
be ~ 1–2 × 107 per femur). Washing of marrow cells is not required if marrow-
cell numbers are high (>107cells per mL).

4. Dilute marrow cells to 2 × 105/mL in mLTCM. Place 0.15 mL of the cell suspen-
sion into each well of a 96-well flat-bottom culture plate (3 × 104 cells per well)
using a multichannel pipetter and sterile tips.

5. Incubate at 33°C in 5% CO2 in air and 1 wk later, feed by removing 75 µL of cells
and media and adding 80 µL of freshly prepared mLTCM (see Subheading 3.4,
step 5.).

6. Incubate these cultures for a total of 10–14 d or until the adherent layer has
reached ~80% confluency. Irradiate the 96–well plates (without subculturing)
with 1500 cGy from a γ-irradiation or X-ray source. Incubate cultures for a mini-
mum of 24 h prior to the addition of test cells. Irradiated murine marrow feeders
can be used for up to 14 d, but if delays of >7 d are anticipated, the mLTCM
should be changed after the first 7 d.

3.7.2. Initiation of Murine LTC-IC LDA Cultures

Assessment of LTC-IC in different populations of murine cells is subject to
many of the same problems that can affect the determination of human LTC-IC
values (see Subheading 3.3.). For example, insert assays of unseparated
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murine fetal liver on irradiated murine marrow feeders can also result in an
outgrowth of macrophages from the input-cell suspension which inhibits all
further hematopoietic activity (29). However, this problem can be avoided by
prior depletion of the lin+ cells in the suspension to be analyzed and other
purification strategies (see Chapters 1 and 2). The frequencies of LTC-IC in
unseparated bone marrow and purified populations of murine hematopoietic
cells shown in Table 3 can be used to estimate appropriate cell doses. For
example, the expected frequency of LTC-IC in murine bone marrow is
~1/20,000 to 1/50,000. Therefore, LDA analysis using aliquots of 6 × 104,
3 × 104, 1.5 × 104, and 7.5 × 103 marrow cells per well with 12 replicates per
dose should yield an accurate estimation of their LTC-IC content.

1. Prepare test cells in mLTCM.
2. Remove ~90% of mLTCM from the wells of the 96-well culture plate using a

multichannel pipetter and sterile tips.
3. Add test cells in a 0.15-mL vol. to the wells and place the 96-well plate in a

loosely covered container (i.e., 20 cm square bacterial plates) with 2–3 uncov-
ered 35-mm dishes containing sterile water. Incubate in a humidified incubator at
33°C in an atmosphere of 5% C02 in air.

4. Perform weekly one-half media changes with freshly prepared mLTCM after 1,
2, and 3 wk.

5. At the end of the 4-wk culture period, harvest adherent and nonadherent cells
from each individual well, as described in Subheading 3.4.

6. Plate cells in methylcellulose media for murine cells as described in Subheading
3.4.

7. Incubate murine CFC assays for 12 d and record the number of colonies present
in each methylcellulose culture. Record well as negative if no CFC is present,
and as positive if >1 CFC is present.

8. The frequency of LTC-IC is established using Poisson distribution and the
method of maximum likelihood (see Subheading 3.5.).

4. Notes
1. Collagen-coating of tissue culture dishes promotes and prolongs the adherence to

tissue-culture dishes of cell lines such as the M2-10B4 and Sl/Sl lines used as
feeders, particularly after they are irradiated. To coat dishes, add 1–2 mL of ster-
ile collagen solution (~1 mg/mL of Type 1 from bovine, rat, or human sources),
and spread evenly; then remove excess collagen and allow the surface to dry in
biosafety hood. Store tightly wrapped at 4°C for up to 1 mo. The precoated dishes
can be rinsed once with sterile phosphate buffered saline (PBS) or culture me-
dium to neutralize the acidity of the thin collagen coating prior to use.

2. A variation of methodology used for quantitation of LTC-IC is one that measures
the maturing progeny of the CFC produced in LTC, directly in situ,where they
tend to form areas that resemble patches of cobblestones—hence the term “cobble-
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stone-area-forming cells” (CAFC) (see Chapter 9). This procedure avoids the la-
bor and materials required to undertake CFC assays, but it is time-consuming and
more subjective to evaluate, since a cobblestone must be distinguished against a
background of other cells. The conditions prevailing in LTC are typically subop-
timal for stimulating terminal granulopoiesis, whereas these are optimized in CFC
assays.

3. The proliferative ability exhibited by individual human LTC-IC in a given tissue
has been found to vary over a wide range. In addition, the average proliferative
ability of LTC-IC depends on the ontological tissue source of the cells and the
LTC-IC assay conditions. The average number of CFC per human bone marrow
LTC-IC cultured for 5 wk on irradiated primary marrow or M2-10B4 cells and
assayed in methylcellulose media containing 20 ng/mL each of IL-3, IL-6, GM-
CSF, and G-CSF and 50 ng/mL SCF is 7 ± 3 (14). The average number of CFC per
LTC-IC, assayed using a mixture of M2–10B4:Sl/Sl engineered feeder layers and
a 6-wk culture period, is 18 ± 6 for adult bone marrow, 25 ± 5 for G-CSF mobi-
lized blood, 28 ± 2 for cord blood (14), and 72 ± 18 for human fetal liver (18).
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The Cobblestone-Area-Forming Cell Assay

Gerald de Haan and Rob Ploemacher

1. Introduction
Hematopoietic stem cell (HSC) subsets are defined by the capacity to which

their offspring can contribute to the various mature blood-cell lineages. How-
ever, the proliferative potential of stem cells is highly dependent on the envi-
ronment in which they reside, and it is only in retrospect that the characteristics
of a stem cell can be identified. Partly because of these elusive properties of
stem cells, various functional assays to measure their frequency have been de-
veloped, both in vivo and in vitro. Various chapters in this volume each de-
scribe one of these assays. All these assays have the ability to quantify stem
cells with certain properties, but not others. Therefore, the determination of
which stem-cell assay will be most appropriate to use is highly dependent on a
particular experimental setting. This chapter describes the cobblestone-area-
forming cell (CAFC) assay (1).

The CAFC assay is a miniaturized long-term bone-marrow culture set up in
96-well plates in which a stromal cell layer is first allowed to grow to
confluency. Because of reproducibility and other practical considerations, it is
easiest to use a defined stromal-cell line for this purpose. Stromal-cell lines
exhibit great variation in their methods of sustaining such long-term bone-mar-
row cultures, and therefore it is of crucial importance to select one that has
been demonstrated to be a good “supporter.” Few single-lab published studies
have compared the various cell lines that have been described, but two excel-
lent papers from Muller-Sieburg et al. may be useful for for this purpose (2,3).
Some lines with reasonable-to-good supportive activity include S17 (4) (origi-
nating from the Dorshkind lab), CFC034, 2012, AFT024 (5,6) (from the
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Lemishka lab), and Flask Bone Marrow Dexter-1 (FBMD-1), the cell line we
routinely use (7) (from the Neben lab).

When the stromal cells have grown confluent, the layer is seeded by the cell
suspension to be tested in a limiting-dilution analysis (LDA). For unknown
reasons, primitive cells present in the inoculated cell sample migrate through
the stromal layer, where they begin to proliferate at time-points defined by
their primitiveness. At sequential time-points after initiation of the assay indi-
vidual wells are microscopically screened for the presence or absence of
“cobblestone areas,” which we define as colonies of at least five small,
nonrefractile cells that grow underneath the stromal layer. The frequency of
more committed progenitor subsets is evaluated by scoring the plates at d 7
(mouse) or d 14 (human), whereas colonies that appear later in time are derived
from more primitive cell subsets. In the mouse, we routinely evaluate our cul-
tures for 5 wk, and for human measurements we extend the period to wk 8.

As with any technique, there are advantages and disadvantages in using this
assay. Many mouse studies have shown that CAFC subsets measured over a
5-wk period correlate very well with stem-cell frequencies obtained by in vivo
colony-forming unit-spleen (CFU-S) or competitive repopulation assays
(8–11). Clearly, for these in vivo assays, large numbers of animals are needed,
compared to several 96-wells plates for a CAFC assay. Thus, an important
consideration for using this assay is its extreme cost reduction. In addition, the
CAFC assay evaluated at multiple time-points measures the entire spectrum of
hematopoietic progenitor- and stem-cell frequencies in one single-assay sys-
tem (2–4 96-well plates), which compares favorably with the unavoidable sepa-
rate analysis of CFU-S d-8, CFU-S d-12, and long-term repopulating ability/
competitive repopulating unit (LTRA/CRU) frequencies.

As the most strict definition of a pluripotent HSC states that such a cell
should be able to fully reconstitute all the blood-cell lineages of a properly
conditioned recipient, the most important weakness of the CAFC (and any in
vitro) assay is that it will always remain a surrogate method to quantify stem
cells. It is likely that conditions exist in which stem cells will flourish upon in
vivo transplantation, but will fail to thrive in a CAFC assay. Conversely, stem
cells may be detected in the CAFC assay, although their existence cannot be
confirmed in an in vivo setting. In such situations, it is important to remember
that a stem cell may reveal its presence in only one environment (in vitro or in
vivo)—not in the other.

2. Materials
1. Stromal-cell line with proven capacity to support in vitro growth of stem cells.
2. 96-well plates, tissue-culture-treated, low evaporation lid (Costar #3595).
3. 14-mL plastic tubes for preparing cell dilutions (Greiner #191180).
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4. Iscove’s modified Dulbecco’s medium (IMDM) supplemented with L-glutamine
(Gibco-BRL #10099–141).

5. Horse serum (HS)(Gibco-BRL #16050–098) and fetal calf serum (FCS) (Gibco-
BRL *10099–141), pretested batches.

6. Hydrocortison hemisuccinate (Sigma #H4881).
7. Penicillin/streptomycin (Gibco-BRL #15140–114).
8. β-mercaptoethanol (B-ME) (Merck #805740).
9. 0.05% trypsin/EDTA (ethylenediaminetetraaceticacid).

10. Phosphate-buffered saline (PBS).
11. Gelatin (Sigma # G2500).
12. Multichanel pipettor.
13. Eppendorf varipette.
14. Vacuum line/system with sucking device.
15. Inverted (phase-contrast) microscope (×100).

3. Methods

3.1. Stromal-Cell Lines

Several investigators have described stromal-cell lines that can be used in a
CAFC assay. Some of these cell lines, like AFT024, require irradiation of the
confluent layer before the CAFC assay is initiated, to prevent continuous cell
proliferation. Others, like FBMD-1, are contact-inhibited and will stop divid-
ing upon reaching confluency. Before 96-well plates are inoculated with stro-
mal cells, great care should be taken to handle the cells, each according to its
own specific demands. For FBMD-1 cells this implies regular passaging (2–3
times per wk), and ensuing that the cells never grow confluent. To passage the
FBMD-1 cells, we culture them in Dulbecco’s modified Eagle’s medium
(DMEM), 15% FCS, 5 HS, 10–5 M hydrocortisone, 80 U/mL penicillin, 80 µg/
mL streptomycin, and 10–4 M β-mercaptoethanol (B-ME) in an incubator at
33°C, flushed with 5% CO2 in air.

3.2. Mouse CAFC Assay

FBMD-1 cells are harvested 10–14 d prior to an experiment using a stan-
dard trypsinization protocol and seeded in 96-well plates at a frequency of
~1000 cells/well (in 200 µL). To avoid evaporation and contamination only
the inner 60 wells of each plate are used. The outer wells of the plate can be
filled with sterile water if evaporation of the inner wells is a problem. Within 1
wk a confluent monolayer of cells will form. In the mouse system we have
used the CAFC assay to measure stem cells in the bone marrow, spleen, pe-
ripheral blood, and liver. Great care should be taken to harvest these test cells
in conditions as sterile as possible, because the risk of contamination is sub-
stantially higher than with short-term CFU assays. The CAFC assay is a limit-
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ing-dilution type assay, and therefore the test cells are inoculated onto the
stroma in various dilutions. We always use six dilutions per sample, with each
dilution threefold apart. Using normal bone-marrow cells, we start with a cell
concentration of 81,000 cells/well, going down to 333 cells/well. Because of
the low frequency of stem cells in the normal spleen we start our spleen assay
with 729,000 cells/well, going down in six steps to 3000 cells/well. However,
experimental conditions may result in much higher or lower stem-cell numbers
than normal, and the dilutions to be tested should then be adjusted accordingly.
When test cells are introduced in the assay, the medium is switched from 15%
FCS/5% HS to 20% HS. Most of the medium is taken from the wells, with a
multichannel pipet or a sucking device that can be flame-sterilized. Test
samples are inoculated in a vol of 200 µL. For each cell dilution, 20–30 repli-
cate wells are tested. Early-appearing cobblestone areas (d 7) correspond to
colony-forming unit-granulocyte, macrophage (CFU-GM), and their frequency
is relatively high in normal marrow. Therefore, cell dilutions with low cell
numbers (typically 3000–333) are scored at this time. With increasing cultur-
ing time wells that were seeded with higher cell doses are evaluated. Only
dilutions containing both negative and positive wells are informative for the
frequency analysis. Thus, only three of the six dilutions are typically scored at
a given time. To assay the entire stem-cell spectrum, the appearance of cobble-
stone areas is evaluated at weekly intervals, for 5 wk. It is important to empha-

Fig. 1. A cobblestone area. The distinction between phase-dim cells proliferating
underneath the FBMD-1 stromal layer (true cobblestone areas) and phase-bright cells
that settle on top of the stroma is clearly visible. Also note fat accumulation in FMBD-
1 cells, which may sometimes confound analysis.
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size that only colonies growing underneath the stromal layer—consisting of at
least five small nonrefractile cells are counted—at × 100 magnification and
phase-contrast illumination on an inverted microscope. A photograph of a
cobblestone area is shown in Fig. 1. It is important to note that because of light
deflection in a 96-well plate, the dim appearance of true cobblestones illumi-
nated by phase-contrast is somewhat lost. For those unfamiliar with the ap-
pearance of cobblestone areas, it may be worthwhile to set up a culture in a
tissue-culture flask where the colonies are much easier to detect. Once a week
one-half of the medium (~100 µL) in a well is replaced with fresh medium.
There are various ways to do this; one can use a multichannel pipet or a suck-
ing device. Inevitably some nonadherent cells may be removed as well, but
since immature cells will reside underneath the stroma, this will not affect
frequency analysis. The actual volume of medium in the well may change over
time because of the repeated removal and adding of medium. As long as there
is no excessive evaporation (which we have never encountered), this is no
problem, since the frequency analysis is based on the number of cells that have
initiated the culture, and not the volume in which they were suspended.

3.3. Human CAFC Assay

The human CAFC assay exploits a visual end point for multiple enumera-
tion of a series of stem-cell subsets differing in their sensitivity to e.g. chemo-
therapeutic agents as 5-fluorouracil (5-FU) and busulphan, expression of
various cell-surface markers (CD34, HLA-DR) or dyes that relate to intracel-
lular organels or parameters (rhodamine 123, calcein, FURA-2), and their abil-
ity for transient and long-term engraftment of stromal layers (12). Technically,
this assay is performed according to the method outlined in Subheading 3.2.
for mouse cells. However, addition of low concentrations of human IL-3 and
G-CSF may be considered, since this will result in larger cobblestone areas.
The striking and overlapping characteristics of human and murine CAFC sub-
sets strongly suggest that the human CAFC wk 1–2 subset is analogous to the
murine spleen colony forming CFU-S, whereas the human CAFC wk 6–12
enumerates primitive stem cells that are responsible for the sustained mainte-
nance of blood-cell production or for stable in vivo engraftment of hemato-
poiesis following cytotoxic treatment. In fact, the CAFC wk 12s are most
indicative for the NOD/SCID repopulating ability (13,14). The validation of
the human CAFC/long-term culture-initiating cell (LTC-IC) wk 6–12 as an
assay detecting in vivo engrafting potential awaits long-term follow-up of suf-
ficient numbers of patients (co)engrafted with genetically marked stem cells,
which include the phenotypic criteria described for these primitive stem cells.

Stroma-supported long-term cultures (LTC) allow estimation of stem-cell
quality by simultaneous enumeration of HSC frequencies in a graft using the
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Table 1
CAFC Frequencies per 105 Cells in Bone Marrow and Peripheral Blood in Mice and Humans

wk 1 wk 2 wk 3 wk 4 wk 5 wk 6

C57BL/6 BM 100 (63–142) 18 (14–19) 5 (4–12) 2.3 (2–6) 1.1 (0.8–2.6) nd

DBA/2 BM 125 (88–200) 77 (45–85) 18 (5–38) 7.6 (8–10) 3.7 (3–4) nd

BDF1 BM 111 (79–127) 30 (25–42) 8 (7–11) 5.0 (4–6) 3.1 (2.6–4.1) nd

Human BM 47 (20–100) 114 (20–330) 110 (30–400) 69.0 (15–300) 36 (5–120) 23 (3–80)

Human peripheral 19 (0.8–210) 31 (0.9–200) 41 (11–230) 21.0 (0.4–200) 15 (0.4– 100) 10 (0.4–57)
blood

Data are presented as mean values +/- range. nd = not determined.
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CAFC assay, and the ability of the graft to generate progenitors in flask long-
term culture-colony-forming cells (LTC-CFC). Thus, we have recently ob-
served that the number and quality of mobilized peripheral-blood (MPB) stem
cells was low in patients who received multiple rounds of chemotherapy (15).
Moreover, grafts with low numbers of HSC and poor HSC quality had a high
probability of graft failure upon their autologous infusion. Similarly, our data
have indicated that, although CAFC wk-2 qualities differ little (1-log ranges),
the CAFC wk-6 frequencies are within 2-log ranges in bone marrow and um-
bilical-cord blood (UCB), and a 3-log range in MPB. In addition, CAFC qual-
ity varied little between the bone-marrow grafts (1-log range) and more
between peripheral blood grafts (3-log), and ranges of CAFC quality differed
even 4-log in UCB grafts. There was little difference in variability when the
data were plotted per nucleated cells, or per CD34+ cells. These data suggest
that some UCB grafts will be associated with poor engraftment.

3.4. Frequency Estimation, Limiting-Dilution Analysis

As a reference Table 1 provides CAFC frequencies that can be observed in
normal tissues. Typically, within inbred strains of mice, the CAFC frequencies
measured in bone marrow are very consistent, whereas human CAFC frequen-
cies vary much more. Between inbred strains of mice, however, significant
variation is observed (16–19).

4. Notes
1. Over time, many cells will accumulate in wells that at one time contain a stem- or

progenitor cell. Counting cells on top of the stroma (cells that appear phase-bright)
will result in a gross overestimation of the number of stem cells present. Experi-
ments in which the entire content of a well was replated in a methylcellulose assay
have revealed that only wells containing true cobblestone areas, growing under-
neath the stroma, will produce CFU-GM (varying from a few to several dozens
per positive well), indicating that primitive hematopoietic cells can only be found
in wells containing cobblestone areas.

2. One of the major problems with the CAFC assay is that the stromal layer may
detatch from the surface of the 96-well plate. This is particularly evident when
human cells are used, because these cultures must be maintained significantly
longer than for the mouse system. Obviously, if the entire stromal layer has disap-
peared, no reliable quantification is possible. To avoid detachment several steps
may be considered. First, the choice of the 96-well plates may need to be re-
evaluated. Be sure to use flat-bottom, tissue-culture-treated plates. Second, de-
tachment is most frequently observed in wells that were inoculated with a high
cell number. Therefore, it is important to reduce the cell dose as much as possible.
Third, the 96-well plates may be precoated with gelatin. For this purpose, use a
0.3% gelatin solution (add 1.5 g to 500 mL distilled water and autoclave). Add
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200 µL to each well and incubate the plates for 4 h at 37°C, or overnight at room
temperature. After coating, the entire content of the wells is removed, and plates
are ready for use. Plates can be dried after coating by placing them on one side
and slightly opened in a laminar flow hood. After drying, plates can be stored at
4°C for weeks when packed in aluminum foil.

3. Since CAFC cultures must be maintained for extended periods of time, during
which the cells are repeatedly feeded, contamination can be a major problem of
the CAFC assay. If this occurs the best solution is to add 1 M NaOH to the con-
taminated well plus the surrounding wells, remove the entire contents from the
wells, and fill the wells completely with 1 M NaOH. It is advisable to change the
lid of the plate as well. Check for spreading of the contamination during the next
few days, and repeat the procedure if needed.
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CFU-S

An Assay for Pluripotent Myelopoietic Stem Cells

Ernest A. McCulloch

1. Introduction
The functional cells of the blood are short-lived; they are replaced continu-

ously by proliferation and differentiation of hematopoietic precursors. Since
cell division is required, exposure to agents that destroy proliferative potential
is followed by loss or reduction in blood-cell production, and often death. Ion-
izing radiation and certain chemotherapeutic drugs are examples of agents that
are toxic to stem-cell proliferation. Death after irradiation can be prevented by
transplanting hematopoietic cells from healthy donors. In the injured host, these
are capable of initiating and maintaining the blood-cell production required for
survival.

Hematopoietic cells are arranged as an hierarchy, headed by stem cells that
can either make new cells like themselves (self-renewal) or pass through a
process called determination. After determination, the cells lose their self-re-
newing capacity, but are able to undergo limited terminal divisions associated
with the appearance of differentiated features, such as hemoglobin in red blood
cells (RBC) and the specific organelles of granulocytes or platelets. Research
on hematopoietic regulation, function, and response to damage requires assays
for cells at different stages in the hierarchy. Measurements of stem cells—the
origins of the hierarchy—are important because these cells are required to
maintain hematopoiesis. The assay must be selective because the stem-cell
population is small—approximately one stem cell is hidden in a thousand
mature or maturing progeny. The spleen-colony assay measures hematopoietic
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stem cells (HSC) because it selects for cells with extensive proliferative
capacity. The assay depends upon the observation that murine myelopoietic
stem cells transplanted into suitable recipients lodge in the spleen, where they
grow and differentiate locally, forming macroscopic colonies of hematopoietic
cells.

The linear relationship observed between the number of bone-marrow cells
transplanted and the spleen-colony count has provided statistical evidence that
a single entity is responsible for each spleen colony. This single entity has a
functional name: colony-forming unit (CFU). Cytological evidence has pro-
vided convincing proof that each spleen colony is a clone derived from a single
cell (1). The nomenclature has been retained, however, since it remains pos-
sible that a second accessory cell contributes to the CFU. Later, as clonogenic
hematopoietic cells were identified by culture methods, the designation of the
cells forming spleen colonies was expanded to CFU-spleen, or CFU-S.

The composition of spleen colonies provides the evidence that CFU-S are
HSC. First, spleen colonies regularly contain more than 106 cells; thus, CFU-S
have extensive proliferative capacity. Second, the three lineages of myelopoie-
sis, erythropoietic, granulocytic, and megakaryocytic cells are regularly found
in spleen colonies. Thus, CFU-S have the potential for multilineage differen-
tiation. Third, CFU-S are found readily in spleen colonies by transplantation of
cells from individual colonies into new hosts. Evidence indicating that expan-
sion of a single cell into a colony includes the generation of new clonogenic
cells has shown that CFU-S can differentiate and give rise to cells like them-
selves. The ability to undergo self-renewal is the most important evidence of
the stem-cell nature of CFU-S (2–4) (see Note 1).

2. Materials
1. The most important requirement for the spleen-colony assay is a clean colony of

healthy mice that can survive 900–1000 rads of irradiation for 2 wk, while CFU-
S form macroscopic colonies (see Note 2). The mice are inbred, and are usually
specific-pathogen-free. They are used for experiments at age 8–10 wk. It is use-
ful if the colony also supports mutant mice of interest, such as animals of geno-
types W/Wv and Sl/Sld.

2. A convenient and well-calibrated irradiation source is required. Careful mea-
surement of the radiation dose is important. The dose must be large enough to
suppress endogenous spleen colony-formation—but not greater, because excess
radiation increases mortality. The source of radiation is not crucial; the photons
must be sufficiently energetic to provide a uniformly high whole-body dose to
the test animals. A convenient radiation source is the mouse irradiator supplied
by Nordion International, Inc. (Canada).

3. The other materials are commonly found in laboratories; syringes, needles of
various gauges, pipets, test tubes, hemocytometers, counting fluids, and balanced
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salt solutions and fixatives such as Bouin’s solution. To immobilize mice for tail-
vein injections, it is useful to cut the tapered end from acrylic centrifuge tubes of
sufficient size so that each can hold a mouse. The tail of the mouse is then
threaded through a hole in an appropriately sized stopper. The mouse is immobi-
lized, but can breathe through the hole in the tube.

3. Methods

3.1. Transplantation Assay for CFU-S

Waves of hematopoietic repopulation are seen in the spleens of irradiated
recipients after transplantation of normal bone-marrow cells. At low transplant-
cell numbers, each wave can be identified as macroscopic colonies. Six to seven
d after transplantation, small colonies can be seen. These transient colonies are

Fig. 1. A mouse spleen showing spleen colonies. The animal was heavily irradiated
and injected intravenously with 8 × 104 nucleated marrow cells. Twelve days later, the
animal was killed, and the spleens were removed and fixed in Bouin’s solution. Re-
printed with permission from: McCulloch, E. A. (1996) The origin of the cells of the
blood, in the Physiological Basis of Medical Practice (Best, C. H. and Taylor, N. B.,
eds.) 8th ed., pp. 568–584, Williams and Wilkins, Baltimore.
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entirely erythropoietic, are characteristic of fetal or rapidly regenerating
hematopoiesis, and are under the genetic control of the f/f locus (5,6). These
early colonies disappear with time, and are replaced by d 9–11 after transplan-
tation by larger colonies that contain the three myelopoietic lineages. These
also disappear and by d 12–14 trilineage colonies are seen, with hematopoietic
stem-cell progenitors (Fig. 1)(7). Assays of colonies of the first two waves are
seldom used, since their progenitors may be studied more effectively by tissue-
culture methods. However, the capacity to form spleen colonies from d 12–14
remains an important criterion for the identification of myelopoietic stem cells.

1. The CFU-S assay has four components. First, the recipient animals are irradi-
ated; second, the donor marrow suspension is prepared and injected. The irradia-
tion procedure requires preliminary work to ensure appropriate conditions and
dose. It is useful to irradiate animals with doses increasing from 700–1000 rads,
and to examine their spleens after 12–14 d for macroscopic colonies. This pretest
allows the choice of conditions that both suppress endogenous colony formation
and permit animal survival (see Note 3). At the time of experiment, however, the
irradiation should be routine; the time between irradiation and bone-marrow in-
jection should be as short as possible (usually no longer than 1 h).

2. The preparation of the bone-marrow suspension should be as aseptic as possible.
All instruments, syringes, and test tubes should be sterile at the start of the proce-
dure. If the experimental design calls for culture of the marrow suspension, in
addition to CFU-S assay, rigid aseptic conditions may be needed. However, rou-
tine clean handling is sufficient.
a. Femurs are easily removed at the acetabulum, with attached soft tissues. The

bones are cleaned by rubbing them gently with aseptic gauze. Then the ends
are cut and a 19– or 20-gauge needle, attached to a 5-cc syringe containing
Hanks’ balanced salt solution (HBSS), is inserted into one end.

b. The bone-marrow contents are easily flushed into a small test-tube containing
HBSS. This tube should be stored in ice water at all times when it is not in
use. A single mouse femur usually yields about 107 nucleated bone-marrow
cells. This value can be used to determine the number of donor mice needed
for the cell injections specified in the design.

c. When marrow collection is completed, the nucleated cell content should be
determined by counting the cells in a hemocytometer, after suitable dilution
in an acidic counting fluid that lyses erythrocytes. The counts are then used to
prepare suspensions for injection as specified in the experimental design.
These suspensions are also kept in ice water when not in use.

3. The test suspensions are injected intravenously, usually into the tail vein. Injec-
tions of 0.5 mL of cell suspensions are made using a 25-gauge needle and a
1.0-mL tuberculin-type syringe. Injection of a carefully measured volume is
required to obtain quantitative measurements of CFU-S (see Notes 4–6). Once
mastered, the injection procedure is easy. It is very useful to observe a proficient
person and to learn as part of a working team.
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4. The final phases of the method include the housing of the experimental animals,
harvesting of spleens after a time specified in the experimental design, and count-
ing the spleen colonies. The mouse colony is protected if the experimental ani-
mals are housed in a separate room, because the compromised animals are subject
to infection. The cages should inspected at least daily; dead animals should be
recorded and removed. To collect the spleens, surviving animals are killed using
a protocol approved by the local animal-care committee. The spleens are removed
through a left lateral incision and immediately fixed in Bouin’s solution or a
comparable fixative. The colonies quickly become visible, and can be counted
with the naked eye, although some investigators prefer to use a two- to threefold
magnifying glass. When the counts are completed, the data is ready for analysis.
The results of control and experimental groups are usually expressed as colony-
forming efficiency—the number of colonies observed for a fixed number of in-
jected cells (i.e., colonies per 105 cells).

3.2. The “F-Factor” for CFU-S

Like other clonogenic assays, the spleen-colony method has a plating effi-
ciency. A component of the plating efficiency can be determined by measuring
the fraction “F” of injected CFU-S that reach the spleen (see Note 7)(8).

1. Aliquots of a marrow suspension are injected into two groups of mice; in the first
group of 10 irradiated mice, the cell number is small (8 × 104 cells per mouse) in
order to measure the CFU-S concentration in the suspension. The largest pos-
sible cell number is injected (approaching 107 per animal) into the second group
of 5 irradiated mice.

2. 1 h after injection, the mice of the second group are killed, their spleens are
removed, and a cell suspension is prepared and counted. The cell count is a mea-
sure of the cellular content of the spleens, and is also used to prepare a number of
dilutions, ranging from 106 to 107 cells per mL. These spleen cells are then in-
jected into groups of irradiated recipients.

3. After 12–14 d, mice of groups 1 and the recipients of spleen cells from group 2
are killed, and spleen colonies are enumerated. The first group, together with the
cell count, provides a measurement of the number of CFU-S injected into each
mouse of group 2. At least one of the groups of recipients of the spleen cells from
group 2 will contain an adequate number of colonies. This number is combined
with the number of cells recovered per spleen to calculate the number of CFU-S
in the spleens of the mice of group 2. These CFU-S will all arrive at the spleen
following marrow injection, since the endogenous CFU-S will be inactivated by
the high dose of irradiation given to the recipients. Thus, both the number of
CFU-S injected and the number recovered from recipient spleens are determined.
From these numbers, the fraction of injected cells reaching the spleens can be
calculated.
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3.3. Mice of Genotype w/wv as Recipients

Mice of genotype w/wv are anemic because they have defective CFU-S.
When transplanted into irradiated co-isogenic recipients, their marrow fails to
form spleen colonies. When normal marrow is injected into intact mice of geno-
type w/wv, spleen colonies are observed, although the recipients have not been
irradiated (9). It follows that mice of genotype w/wv can be used as recipients
in the assay for CFU-S. They are particularly useful when an experimental
procedure yields only enough cells for injection into a single animal, since
with mice of genotype w/wv there is no mortality during the time required for
colony formation. Although irradiation is not needed, a small dose (200 rads)
makes the colonies more distinct and improves counting, without introducing
mortality into the procedure.

3.4. The Endogenous Spleen-Colony Assay

The successive waves of spleen colonies seen in irradiated recipients of nor-
mal marrow was described in Subheading 3.1. Similar events occur in mice
irradiated with sublethal radiation doses. From 10–14 d after such irradiation,
mouse spleens contain macroscopic colonies that resemble, grossly and micro-
scopically, the colonies seen after transplantation (see Note 8). The number of
such endogenous spleen colonies decreases exponentially with increasing ra-
diation doses over a range of 750–1000 rads. Endogenous colonies can be used
in assays; the procedure is indicated where a need is identified to exclude ma-
nipulations of donor cells and transplantation as potential sources of error. For
example, the radiation survival curve for CFU-S as measured by the standard
spleen-colony assay can be confirmed using the endogenous method. The en-
dogenous method is also useful for preliminary experiments designed to exam-
ine the influence of drugs or regulators, since these agents can be administered
after radiation and their effects on endogenous colonies can be observed.

4. Notes
1. In the discussion, the identification of CFU-S as a pluripotent HSC was based on

three properties, with self-renewal capacity considered the most significant. The
observations do not require that CFU-S be the only HSC, or even the most primi-
tive. Experiments either support or deny the possibility that a more primitive stem
cell is required for long-term hematopoietic reconstitution after marrow ablation,
while CFU-S supplies the short-term reconstitution required for survival. The is-
sue remains controversial (10–12).

2. Survival of a large percentage of mice in each experimental group (>50%) is
needed. A higher mortality rate increases the possibility of erroneous results be-
cause of selection; the increased number of mice required per group if mortality is
high makes the assay very expensive. Survival is improved if the mice are housed
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in small, sterile cages with no more than three animals per cage. Drinking water
should be sterile, but the addition of antibiotics has not been proven to be helpful.

3. Treatment of mice with a number of substances such as endotoxin prior to irradia-
tion will increase endogenous colony formation. Thus, it is important to ensure
adequate irradiation doses when an experimental design includes treatment of re-
cipients before transplantation. Control groups should be included, consisting of
mice that received the experimental treatment and radiation but no hematopoietic
cells after irradiation. The spleens of these controls should be blank.

4. It is important that the experimental design specify cell numbers to be injected
that yield an average from 2–12 colonies per spleen. Small numbers of colonies,
while useful, yield small data sets with which to calculate the CFU-S content of
the suspensions. Spleens with 1–3 colonies are needed if the design calls for dis-
section of individual colonies to determine their composition. Spleens with large
colony numbers are difficult to count because of overlap. If previous experience
with the design is not adequate for establishing the cell number to be injected, it is
useful to measure each point by transplanting cell suspensions with two or more
different cell concentrations. Then, the linear portion of the curve relating cell
number injected to colonies enumerated can be used to describe the CFU-S con-
centration in the test suspension.

5. It is possible to simplify the injection procedure by loading several doses in a
single syringe. This eliminates the need to reload the syringe between injections,
but this temptation should be avoided. Cell settling occurs in a syringe loaded
with more that 0.5 mL. The results of such settling is wide variation in the number
of colonies in the spleens of animals belonging to a single group; the precision of
the quantitation is decreased as the error of the mean number of colonies per spleen
increases. It is useful to examine the distribution of spleen colonies within a single
group. If a striking divergence from Poisson is seen, the mixing of the test sample
between injections may have been inadequate.

6. The number of cells injected into each irradiated recipient is a critical part of each
experimental design. If sufficient preliminary information is available, it is pos-
sible to adjust the injected cell number so that the colony number in the spleens
from each experimental group is very similar. For example, in a radiation-dose-
response experiment, if a radiation dose is expected to reduce survival of colony-
forming capacity to 10% of control, then the cell number injected should be
increased 10-fold. This process greatly increases the range of a CFU-S dose-re-
sponse curve that can be measured; the statistical analysis of the data is also im-
proved. Alternatively, if the expectation is that CFU-S will be greatly reduced, as
with some cell separation experiments,the maximum cell number should be in-
jected. At very high cell numbers (>107 cells/mL), animals may convulse and die
during or after injection. This adverse effect can be lessened if small amounts of
heparin (1 U/mL) are added to the cell suspension.

7. The measurement of “F” is important in comparisons of the frequency of CFU-S
in various suspensions. For example, “F” is higher for fetal liver and lower for
spleen compared to adult marrow. “F” also influences the sensitivity of the assay
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at low CFU-S frequencies. This may become important in cell-separation experi-
ments, in which some fractions may not lead to spleen colonies and may not be
truly negative.

8. Endogenous colonies are much more variable than those seen after marrow trans-
plantation. With a given experimental group of mice receiving the same radiation
dose, a wide variation is seen which may be approximated by a log-normal distri-
bution. A similar variation in colony size is also evident. These features limit the
quantitative accuracy of the endogenous method.
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Intrathymic Injection for Analysis of T-Cell
Progenitor Activity

Libuse Jerabek and Irving L. Weissman

1. Introduction
Within our field, improvement in fluorescence-activated cell sorting (FACS)

and molecular technologies has led to various types of correlative studies that
imply the developmental sequence and subsequent emigration of thymic-lym-
phocyte subsets. Unfortunately, the implied conclusions are often accepted
unequivocally by most of the immunology community. In fact, direct demon-
stration of precursor progeny relationships by specific cell marking within the
thymus, or specific delivery of purified cells at a particular stage of isolation
back into the thymus, are the only methods that reproducibly identify cell stages
and intermediates (1–11).

Radioactive or fluorescent labels can be infused directly into the thymus. If
reutilization does not occur or is prevented, the movement of the labeled cells
from one stage of maturation to the next, and the emergence of thymus-cell
migrants can be quantitated. The use of fluorescent markers allows the retrieval
of such populations for further biological and immunological testing. The injec-
tion of cells, ranging from purified hematopoietic stem cells (HSC) (12–14) to
progenitor cells (15) to intrathymic intermediate stages, can result in their redis-
tribution to the appropriate thymic subregions (16) and subsequent maturation
and migration. Although it may seem to the uninitiated that the surgery is com-
plex and highly invasive, it is actually a simple procedure that can be carried
out by the experienced technician or investigator in less than 10 min per mouse.
A simple description of the technique as currently practiced in our laboratory
is outlined here.
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2. Materials
1. Sterile latex surgical gloves.
2. 70% ethanol.
3. Betadine solution (povidone-iodine 10%) (The Purdue Frederich Co., Norwalk,

CT 06856).
4. Surgical board, three rubber bands 3-mm wide, push-pins.
5. Sterile Q tips.
6. Sterile gauze sponge 2" × 2".
7. Sterile microdissecting scissors, 4" straight, blunt (Biomedical Research Instru-

ments [BRI], cat. #11–3000).
8. Two sterile microdissecting forceps, 4", curved (BRI cat. #10–2675).
9. Autoclip Wound Clip Applier, for 9-mm clips (Roboz Surgical Instruments, cat.

#RS9260).
10. Autoclip 9-mm stainless-steel wound clip, for Applier in step 9 (Roboz Surg.

Instr. Cat. #RS9262).
11. Hamilton syringe with removable needle 17ORN (Hamilton Co., cat. #80230).
12. Removable needle-30-gauge, 1", 45°-pt (Hamilton Co., cat. #79630).
13. Heated pad: Deltaphase Isothermal Pad (Braintree Scientific, Model 39DP).
14. Anesthetics:

a. Avertin or ketamine and xylazine.
b. Avertin: 100% stock—10 g of tribromoethyl alcohol (Aldrich) mix with 10 mL

of tertiary amyl alcohol (Aldrich) Working stock: dilute to 2.5% in isotonic sa-
line; wrap both stocks in foil and keep at 4°C.

c. The dose of avertin can vary slightly with every preparation, and should be tested
each time a new 100% stock is made. The usual dosage is 0.015–0.017mL/1 g of
body wt. Ketamine/xylazine mixture: Ketamine HCl injection: order (Ketalar-
100mg/ml, Parke-Davis, 5-mL vial); Xylazine: order (Rompun 20 mg/mL, Bayer,
20-mL bottle).
Mix: 1 part of Ketalar + 1 part of Rompun + 10 parts of saline.
Dosage: 0.01 mL/1 g of body wt.

3. Methods
1. Anesthetize the mouse (see Note 1).
2. Fill the syringe with the cell suspension/dye (see Note 2) to be injected..
3. Immobilize the mouse in a supine position on the surgical board, with its head

towards you. Slip its feet under the rubber bands, and loosely stretch an addi-
tional rubber band over the mouth (Fig. 1).

4. Swab the chest area with 70% ethanol and then with betadine solution.
5. Make a midline incision in the lower cervical and upper thoracic region—about 2

cm long, loosen the skin by gently inserting a forceps jaw underneath the skin,
and gently lift up the salivary gland to expose the sternum (see Note 3).

6. Insert one blunt blade of the microdissecting scissors about 3 mm underneath the
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sternum and split the bone in the middle, about 3 mm in length. Spread the halves
gently sideways to expose the thymus.

7. Remove the membrane on the top of the thymus if necessary to completely ex-
pose the thymus.

8. Inject 5–10 µL of cell suspension or injectate per thymic lobe. Slowly withdraw
the needle to minimize the leakage (see Note 4).

9. Dry the area with a Q tip if necessary.
10. Free the mouse of rubber bands, return the salivary gland to its original position,

press the incision together, and with your fingers squeeze the chest cavity gently
to release as much air as possible from the cavity.

11. Close the incision by stapling the skin tightly together using three 9-mm autoclips.
12. Place the mouse on the heated pad until it recovers (see Note 5).

4. Notes
1. Anesthetic is administered by intraperitoneal injection. The mouse will stay un-

conscious for 30–40 min, depending on the mouse strain used.

Fig. 1. Immobilization of mouse in preparation for surgery.
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2. Injected volume should not exceed 10 µL/lobe; a larger volume causes more de-
struction of the thymic architecture.

3. Salivary gland is a tan-pink, opaque gland that lies directly below the skin be-
tween the larynx and sternal notch.

4. Try to inject close to the middle of the lobe, 2–3 mm deep, depending on the age
of the mouse. The technique can be practiced by injecting a dye (e.g., India ink)
followed by removal and dissection of the thymus to observe the site of injection.

5. The success of this procedure is dependent on rapid performance. The same surgi-
cal procedure can be used to perform a complete thymectomy. Instead of injection
into the thymus (step 8), both lobes of the thymus are removed by gently separat-
ing them from the connective tissue and pulling them out. Then continue from
step 9 to finish.
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Quantitation of Murine and Human Hematopoietic
Stem Cells by Limiting-Dilution Analysis
in Competitively Repopulated Hosts

Stephen J. Szilvassy, Franck E. Nicolini, Connie J. Eaves,
and Cindy L. Miller

1. Introduction
In designing functional assays for the various classes of hematopoietic cells

described in this book, one needs to consider the properties of the cell to be
measured which must be incorporated into the assay design, and the end points
to allow its specific detection. The most primitive hematopoietic stem cells
(HSC) in mouse and man are characterized by two cardinal properties that dis-
tinguish them from more mature clonogenic cells and their terminally differen-
tiated progeny. Firstly, HSCs are pluripotent: they are characterized by the
potential to differentiate into all of the eight major lineages of lymphoid, my-
eloid, and erythroid cells in vivo (1–3). Secondly, HSCs are able to self-renew,
or generate daughter stem cells in vivo and in vitro that are functionally identi-
cal to the stem cell that gave rise to them (3–5). These hallmark properties of
HSCs are measured empirically by their potential to regenerate and maintain
lymphocytes, granulocytes, and erythrocytes upon transplantation into lethally
irradiated or immunocompromised primary and secondary hosts. However,
functional assays for primitive HSCs must also consider the fact that differen-
tiated cells present in the hematopoietic organs at different times after bone
marrow transplantation are derived from different types of precursors (6), and
particularly at later times, cannot be assumed to be of donor origin (7). Support
for this concept derives from the relatively recent demonstration in mice that
most, if not all, spleen colonies detectable ~2 wk after transplantation originate
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from progenitors (colony-forming unit-spleen [CFU-S]) (8) that are phenotypi-
cally and functionally separable from more primitive HSCs capable of long-
term reconstitution (7,9,10).

Just as increasingly longer assay times are required to detect the most primi-
tive classes of cobblestone area-forming cells (CAFC) in vitro (see Chapter 9),
in vivo assays for precursors of CFU-S must also incorporate delayed end
points. Two approaches to the development of long-term assays have been
used. The first—and technically simplest—has been to measure the number of
cells required to promote the survival, usually for 30 d, of mice exposed to a
lethal dose of radiation (11). The radioprotection assay has the advantage of
being quantitative, but the exclusive use of survival as the assay end point fails
to consider the possibility that death may result from the absence in the graft of
adequate numbers of progenitors capable of rapid—although transient—he-
matopoiesis, even in the presence of more primitive stem cells whose differen-
tiated progeny are not detectable until later times. An alternative approach to
extending the time of hematopoietic reconstitution assays has been to use a
double-transplant procedure to measure the number of CFU-S in the marrow
of mice transplanted 2 wk previously with the test cells under consideration
(12). However, this so-called pre-CFU-S assay is technically complex, and
potential limitations in its sensitivity complicate derivation of stem cell fre-
quencies by limiting-dilution analysis (LDA).

The need for a practical assay that allowed the specific identification—and
more importantly, quantitation—of stem cells with long-term lymphomyeloid
repopulating ability led to the development in 1990 of an in vivo assay for
murine HSCs called “competitive repopulating units” (CRU) (13). The CRU
assay was an outgrowth of a competitive repopulation assay originally devel-
oped by David Harrison. In its simplest form, the Harrison assay provides a
relative measure of “repopulating activity,” usually compared to a reference
standard of normal bone marrow cells (14). However, analysis of covariance in
the degree of donor lymphocyte and erythrocyte engraftment between recipi-
ents injected with a single dose of test cells (together with competitors) can
also be used to provide an absolute measure of stem cell concentration (15).
The murine CRU assay incorporates two new features. The first is the use of
competitor cells that have been subjected to two previous cycles of marrow
transplantation to reduce or “compromise” their competitive long-term repopu-
lating ability without altering the frequency of more mature clonogenic cells
(14,16). Their coinjection ensures the survival of lethally irradiated mice inde-
pendent of the stem cell content of the test population being assayed, and al-
lows the assay to be performed on small numbers of highly enriched stem cells,
which may not be radioprotective on their own. In addition, because competi-
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tor cells can contribute to long-term hematopoietic regeneration under appro-
priate circumstances (13), they provide a “selective pressure” that increases
the specificity of the assay for totipotent stem cells with high competitive long-
term repopulating potential. This conclusion is supported by the finding that
even in mice injected with limiting numbers of test cells, engraftment is almost
always associated with the presence of lymphoid and myeloid progeny that can
be shown by retroviral-marking to be derived from a common multipotent pre-
cursor (3,17).

The second, more significant modification from early competitive
repopulation assays is the use of a limiting-dilution experimental design to
allow stem cell quantitation. This approach had been used previously to mea-
sure HSCs by their potential to cure the macrocytic anemia of unirradiated
W/Wv mice (18). The CRU assay involves transplanting decreasing numbers of
“test” cells into lethally irradiated and histocompatible, but genetically distin-
guishable, mice together with a radioprotective dose of compromised bone
marrow cells syngeneic to the recipient strain. The proportion of animals whose
regenerated hematopoietic tissues are determined 5–10 wk later to contain >5%
lymphoid and myeloid cells of test cell origin is then used to calculate the
frequency of CRU in the original test suspension by Poisson statistics (13,19).
Originally, transplants were sex-mismatched so that male donor cells could be
distinguished from those of female host or competitor cell origin by Southern
blot analysis, using a Y-chromosome specific probe (13,20). Because this
method could not uniquely type cells of different lineages, the specificity of
the CRU assay for pluripotent stem cells was achieved by analysis of the mar-
row and thymus from individual mice. Selectivity of the CRU assay for a stem
cell with dual lymphoid and myeloid potential was demonstrated by the high
concordance (83%) of repopulation of these organs, even when mice were ret-
rospectively determined to have been transplanted with no more than one CRU
(13). However, this technique had several major disadvantages; it was labor-
intensive and required 1–2 wk before an answer could be obtained. Recipient
analysis was also a fatal process, and thus could only be performed at one time
after transplantation. This warranted a modification of the CRU assay design,
implemented in 1993, using Ly-5 congenic C57BL/6 mouse strains whose
white blood cells (WBC) could be distinguished by their expression of the “a”
(Ly-5.1) or “b” (Ly-5.2) forms of the alloantigen ptprc (protein tyrosine phos-
phatase receptor type c polypeptide) (21,22). Donor cell contribution to lym-
phocytes and myeloid cells could now be quantitated in real time by two-color
flow cytometric analysis of peripheral blood cells stained with appropriate
combinations of anti-Ly-5.1 or -5.2, and lineage-specific antibodies. Congenic
mouse strains bearing allelic differences in hemoglobin or glucose phosphate
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isomerase (GPI) genes (23,24) can also be used to distinguish donor from re-
cipient red blood cells (RBC) and to monitor erythroid engraftment. With these
modifications, blood could now be sampled at multiple times after transplanta-
tion, allowing the demonstration that calculated stem cell frequencies did not
vary significantly when recipients were analyzed between 10 wk and 1 y (22).

Application of similar theoretical and technical considerations that defined
the murine CRU assay have led to the recent development of quantitative in
vivo assays for human CRU (25–27). During the past decade, several laborato-
ries have developed in vivo model systems that support the engraftment of
human hematopoietic cells transplanted into immunodeficient xenogeneic hosts
including fetal sheep (28) and certain strains of mutant mice (29–31). In the
latter case, the highest overall levels of human hematopoiesis were obtained in
sublethally irradiated nonobese diabetic severe combined immunodeficiency
scid/scid (NOD/SCID) mice (30,32). The high degree of amplification,
multilineage composition, durability, and retransplantability of the human cell
populations regenerated in these mice suggested that they had originated from
a transplantable human cell that met the criteria for a HSC as described
previously.

In the human CRU assay, sublethally irradiated NOD/SCID animals are in-
jected intravenously with limiting numbers of human test cells together with
irradiated human bone marrow carrier cells to promote engraftment. In early
studies, the presence of human CRU in the test population was defined by the
presence of human B lymphocytes (>5 CD34–CD19+ cells per 2 × 104 cells)
and myeloid progenitors (>1 CD34+ colony-forming cells [CFC] per 106 cells)
in the host marrow 6–8 wk later (25). However, the requirement for cell sorting
and in vitro progenitor assays hampered the rapid assessment of large numbers
of mice. Recently, the human CRU assay has been modified to allow identifi-
cation of positive mice (i.e., detection of both human B lymphoid and myeloid
cells in the same recipient) by staining with monoclonal antibodies (MAb)
against selected human cell surface antigens and flow cytometric analysis (27).
The frequency of human CRU in the test cell population is then calculated
from the proportions of negative mice within each test cell dose group, using
Poisson statistics and the method of maximum likelihood.

The human CRU assay (25,27), and the comparable assay for SCID-repopu-
lating cells (SRC) (26,33), have been used to quantitate and characterize hu-
man repopulating cells from various hematopoietic tissues including fetal liver,
umbilical-cord blood (UCB), bone marrow, and cytokine-mobilized peripheral
blood. These assays are invaluable to studies of the molecular and cellular pro-
cesses that regulate the proliferation and differentiation of normal and leuke-
mic hematopoietic stem cells.
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The aim of this chapter is to offer a technical description of how to perform
the murine and human CRU assays, and to provide insight into some of the
variables that must be considered in quantitating hematopoietic stem cells in
vivo. Alternative procedures for measuring stem cell activity have been
reported, and the present methodologies should not be interpreted as exclusive.
Nevertheless, these assays serve as useful tools in any hematological studies
requiring an absolute measure of long-term repopulating (LTR) HSC numbers.

2. Materials

2.1. Preparation of Competitor Bone Marrow Cells

1. B6.SJL (Ly-5.1) mice, 6–12 wk old. Commercial suppliers include Jackson Labo-
ratories, Bar Harbor, MA; Taconic, Germantown, NY; and Charles River Labo-
ratories, Wilmington, MA (see Note 1).

2. DMEM/2% FBS: Dulbecco’s modified Eagle’s medium containing 2% (v/v) fetal
bovine serum (FBS). Filter-sterilize and store at 4°C.

2.2. LDA of Murine CRU

1. Lethally irradiated B6.SJL (Ly-5.1) mice, 6–12 wk old, for use as CRU assay
recipients (see Note 1).

2. Compromised B6.SJL (Ly-5.1) mice for use as a source of competitor bone mar-
row cells (see Notes 1 and 2).

3. Source of murine test cells derived from C57BL/6 (Ly-5.2) strain (see Notes 1
and 2).

4. DMEM/2% FBS.
5. Ethylenediaminetetraacetic acid (EDTA)-coated Microtainer® tubes (Becton

Dickinson, #365973).
6. 1-mm diameter heparinized glass microcapillary tubes (Fisher Scientific, Pitts-

burgh, PA).
7. Red cell removal buffer (RCRB): 0.16 M NH4Cl, 0.13 mM EDTA, 12 mM

NaHCO3. Filter-sterilize and store at 4°C.
8. HF buffer: Hank’s balanced salt solution (HBSS) containing 2% (v/v) FBS. Fil-

ter-sterilize and store at 4°C.
9. Fluorochrome-conjugated MAb: Anti-mouse Ly-5.2~FITC (clones ALI4A2 or

104; IgG2a), CD45R/B220~PE (clone RA3-6B2; IgG2a), Thy-1.2~PE (clone
30H12; IgG2b), Ly6G/Gr-1~PE (clone RB6-8C5; IgG2b), CD11b/Mac-1~PE
(clone M1/70; IgG2b), and IgG~FITC, and IgG~PE isotype controls. All are avail-
able from Pharmingen/Becton Dickinson.

10. HF/PI: Propidium iodide (PI) prepared at 2–5 µg/mL in HF buffer.

2.3. LDA of Human CRU

1. NOD/LtSz-scid/scid (NOD/SCID) recipients, 6–8 wk old (Jackson Laboratories).
2. Human bone marrow cells irradiated with 1500 cGy for use as carrier cells

(see Note 3).
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3. Human test cells to be assayed for CRU.
4. Human cytokines (optional, see Note 4).
5. IMDM/2% FBS: Iscove’s modified Dulbecco’s medium with 2% (v/v) FBS. Fil-

ter-sterilize and store at 4°C.
6. RCRB.
7. HF buffer.
8. Normal human serum; heat-inactivated at 56°C for 40 min.
9. HF/5% human serum: HF with 5% (v/v) human serum.

10. Murine anti-Fc receptor γ antibody; either purified material (Fc Block‚
Pharmingen) or hybridoma-conditioned medium (from clone 2.4G2; American
Type Culture Collection).

11. Fluorochrome-conjugated MAb: Anti-human CD34~FITC (clone 8G12, IgG1),
CD15~FITC (clone MMA, IgM), CD66b~FITC (clone 80H3, IgG1), CD19~PE
(clone 4G7, IgG1), CD20~PE (clone L27, IgG1), CD71~PE (clone M-A712,
IgG2a), CD45~PE (clone HI30, IgG1), and FITC- and PE-conjugated mouse
isotype controls. Commercial suppliers include Becton Dickinson/Pharmingen,
and Immunotech/Beckman Coulter.

12. HF/PI.

3. Methods
The general design of the murine CRU assay is depicted in Fig. 1. The first

step in the procedure, which requires 10 wk to complete, is the generation of
“compromised” mice to be used as the source of competitor bone marrow cells.
However, since this step demands considerable advance planning which is not
always possible, many investigators elect instead to use either normal bone
marrow competitor cells or employ assay recipients containing stem cells that
can provide endogenous competition (see Note 2 for details).

3.1. Preparation of Competitor Bone Marrow Cells

1. Harvest and pool bone marrow cells from two mice that are syngeneic to the
recipient strain to be used in the competitive repopulation assay. If donor cells
will be detected by flow cytometry, it is simplest to use C57BL/6 test cells (Ly-
5.2+) and Ly-5 congenic B6.SJL recipients. Competitor cells must therefore also
be generated from B6.SJL mice. If Y-chromosome typing is to be used to assess
test (male) cell engraftment, as is advantageous in retroviral marking studies
(3,17), compromised bone marrow cells and recipients must be female. Flush
marrow plugs from femoral shafts into ~ 2 mL of cold DMEM/2% FBS using a
sterile 21-gauge needle and a 3-mL syringe.

2. Dilute B6.SJL bone marrow cells to 4 × 106 c/mL in cold DMEM/2% FBS and
intravenously inject 0.25 mL (106 cells) into each of two B6.SJL mice that have
been lethally irradiated as described in Subheading 3.2., step 1.

3. After 5 wk, harvest the regenerated bone marrow cells from both primary ani-
mals as in step 1 and repeat step 2 by transplanting 106 cells into a second group
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of lethally irradiated B6.SJL mice. These secondary recipients will be used after
reconstitution as the source of “compromised” bone marrow cells for competi-
tive repopulation assays. Sufficient numbers of mice should therefore be gener-
ated to support all anticipated experiments for ~10–12 wk (see Note 5).

4. Beginning 5 wk after secondary transplantation, repopulated mice may be used
as a source of “compromised” bone marrow cells for competitive repopulation
assays. Typically, one animal will provide sufficient cells for each assay using
1–2 × 105 cells per mouse (see Note 6).

3.2. LDA of Murine CRU

Once “compromised” mice have been generated to provide a source of com-
petitor cells, or alternative measures have been taken to eliminate their require-

Fig. 1. Schematic representation of the murine CRU assay. Lethally irradiated
Ly-5.1 (B6.SJL) mice are injected with limiting numbers of Ly-5.2 (C57BL/6) test
cells together with 1–2 × 105 Ly-5.1 (B6.SJL) “compromised” or normal bone marrow
cells. The proportion of Ly-5.2+ cells in hematopoietic tissues of the competitively
repopulated recipients >5 wk later is determined by two-color flow cytometry using
Ly-5.2–specific and lymphoid or myeloid-specific MAbs. The variation in the propor-
tion of positive animals (>5% test cells detectable in lymphoid and myeloid compart-
ments) with test cell dose is analyzed by Poisson statistics to provide an absolute
measure of CRU frequency in the test graft.
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ment for radioprotection (see Note 2), performing the CRU assay is simply a
matter of transplanting varying numbers of test cells together with a fixed num-
ber of competitors such that the ultimate proportion of repopulated animals in
each group yields data which can be analyzed by Poisson statistics. From a
practical perspective, this means that test cells should be transplanted at three
or four doses, and separated by two- or threefold dilutions. See Subheading
3.4. for further discussion.

1. Lethally irradiate B6.SJL (Ly-5.1) recipient mice by exposure to a dose of
γ-irradiation (900–1200 cGy) sufficient to kill all nontransplanted animals in
10–14 d. Radiation can be administered in a single dose, or in two equal doses ~3
h apart to minimize gut-cell damage, and ideally at a rate not exceeding ~250
cGy per min. Sufficient recipients should be prepared to accommodate the sus-
pensions to be assayed in step 3, with 4–8 mice per group being typical.

2. Harvest femoral bone marrow cells from one “compromised” mouse into 2 mL of
cold DMEM/2% FBS using a sterile 21-gauge needle and a 3-mL syringe. Count
viable nucleated bone marrow cells.

3. Prepare three or four cell mixtures such that 0.25 mL contains the various desired
doses of test cells and 2 × 105 compromised bone marrow cells. See Table 1 as a
guide for selecting appropriate test cell doses for various hematopoietic cell types.
Keep cells cold and inject intravenously into the lateral tail vein of B6.SJL mice
(4–8 per group) irradiated in step 1. Maintain recipient animals on acidified wa-
ter with or without antibiotics (see Note 7).

4. Hematopoietic reconstitution may be analyzed at any time at least 5 wk after
transplantation. Collect 3–4 drops of peripheral blood from the retroorbital sinus
into an EDTA-coated Microtainer® tube by puncturing the venous plexus with a
1-mm diameter heparinized glass microcapillary tube cut to 1-cm lengths using a
diamond scribe. Alternatively, blood can be collected by gently warming mice
for 3–5 min using a heat lamp, and then either making a shallow nick in a lateral
tail vein at a position one-third from the end of the tail or removing 0.5 cm from
the end of the tail using a sharp scalpel blade. Blood should also be collected
from normal B6 and B6.SJL mice to serve as positive and negative controls,
respectively.

5. Aliquot ~50 µL of each “test” blood sample into three polystyrene FACS tubes
(Falcon #2008, Becton Dickinson). Lyse RBC by adding ~3 mL of warmed
RCRB and incubate 5 min at room temperature. Pellet cells and repeat lysis once
more. Wash cells for a third time in ~2 mL of cold HF buffer, then decant the
supernatant, leaving the pelleted cells in the ~100 µL of HF which remains be-
hind in the tube. Shake the tubes in a rack to disaggregate the pelleted leukocytes.

6. To each triplicate set of blood cells, add saturating amounts of:
a. anti-Ly-5.2~fluorescein-5-isothiocyanate (FITC) and anti-B220~phycoerythrin

(PE) MAbs.
b. anti-Ly-5.2~FITC and Thy-1.2~PE MAbs.
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c. anti-Ly-5.2~FITC, Gr-1~PE and Mac-1~PE MAbs.
Samples containing unstained cells, cells stained only with PE-conjugated anti-
body, FITC-conjugated antibody or FITC- and PE-conjugated isotype control
antibodies should also be prepared for establishing threshold and compensation
settings on the FACS instrument.

7. Protect from light and incubate for 30 min on ice.
8. Add ~3 mL HF buffer and pellet cells. Decant the supernatant and repeat this

wash step once more. Finally resuspend cells in 0.2 mL of HF/PI buffer for flow
cytometric analysis.

9. In each group of mice transplanted with different numbers of test cells, determine
the proportion of recipients exhibiting at least 5% viable (PI–) Ly-5.2+ leuko-
cytes. Score as positive only those animals in which donor-derived (test) cells are
detectable among B220+ (B lymphoid), Thy-1.2+ (T lymphoid) and Gr-1/Mac-1+

(myeloid) compartments. Fig.2 shows an example of this trilineage FACS analy-
sis, as well as an alternative method of determining the contribution of donor-
derived cells to lymphoid and myeloid compartments based on the unique
light-scattering properties of these cell types (see Note 8).

Table 1
Frequency of CRU in Murine Hematopoietic Tissue

Cell source Phenotype                                   CRU frequenciesa Ref

Adult bone marrow Unseparated 1 per 1–2 × 104 13,34
Adult bone marrow Sca-1+Lin–WGA+ 1 per 40 34

Sca-1+Linlo/–Thy-1lo 1 per 30–40 21,35
Sca-1+Lin–c-kit+ 1 per 15 36
Rh-123loHoloLin-/1o b 1 per 10–20 37
Sca-1+Linlo/–Thy-1loMac- 1–CD4– 1 per 10 38

Post-5–FU marrowc Unseparated 1 per 2,000 13,39
Day 14.5 fetal liver Unseparated 1 per 15,000 40,41
Day 14.5 fetal liver Sca-l +[Lind]–Mac-l+ 1 per 40 40

Sca-1+[Lind]–Thy-1loMac-1+CD4– 1 per 6 41

a This Table (and Table 2) aim to assist researchers in selecting suitable cell dose ranges for
quantitation of CRU in various hematopoietic tissues. As the stem cell phenotypes listed are not
comprehensive, the reader is advised to consult additional published literature describing strate-
gies for the isolation of enriched HSC populations.

b Rh-123; Rhodamine-123, Ho; Hoechst 33342 (Hst).
c Mice are injected with 150 mg/kg 5–Fluorouracil (5-FU) and bone marrow cells are isolated

4 d later.
d HSCs from d 14.5 post-coitum fetal liver express CD11b/Mac-1, so this Mab should not be

included in strategies for isolation of lineage negative (Lin–) cells.
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3.3. LDA of Human CRU

A schematic representation of the human CRU assay is shown in Fig. 3. It is
very similar in design and principle to the murine CRU assay, but because it is
a xenogeneic system, some modifications are needed:

1. Acidified water (pH 3.0) containing antibiotics should be provided to NOD/SCID
mice, ad libitum 2–7 d prior to irradiation and for 4–6 wk following transplanta-
tion (see Note 7).

2. Sublethally irradiate NOD/SCID recipients by exposure to 350 cGy of total body
γ-irradiation administered in a single dose at <250 cGy/min. Irradiate sufficient
animals to allow 3–4 groups of 4–8 animals per group.

Fig. 2. Example of flow cytometric analysis to evaluate recipient mice in the mu-
rine CRU assay. A lethally irradiated Ly-5.1 mouse was transplanted with 100 Sca-
1+c-kit+Lin- (Ly-5.2+) marrow cells together with 105 Ly-5.1 compromised bone
marrow cells and analyzed 10 wk later. The upper panels depict the use of lineage
antibodies to ascertain the contribution of Ly-5.2+ stem cells to circulating B (CD45R/
B220+) and T (Thy-1.2+) lymphocytes, and granulocytes (Gr-1+) and monocytes
(Mac-1+). In the lower panels, the contribution of test stem cells to lymphoid (L) and
myeloid (M) compartments is determined instead by their unique forward and orthogo-
nal light-scattering properties. The concordance of these two methods of analysis is
confirmed by the similar proportion of Ly-5.2+ cells among CD45/B220+ B cells (95%)
and lymphocytes in gate “L” (90%), and Gr-1+/Mac-1+ granulocytes/monocytes (53%)
and myeloid cells in gate “M” (45%).
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3. Irradiate normal human bone marrow cells with 1500 cGy for use as carrier cells
(see Note 3).

4. Prepare cell mixtures in IMDM/2% FBS, so that 0.25 mL contains the desired
dose of test cells and 106 carrier cells. See Table 2 as a guide for selecting appro-
priate test cell doses for LDA.

5. Inject 0.25 mL of each cell mixture intravenously into the tail veins of irradiated
NOD/SCID mice. Recipients should be injected within 24 h following irradia-
tion.

6. Hematopoietic reconstitution is typically analyzed 6–8 wk after transplantation.
Collect bone marrow cells from both femora into 2 mL of cold HF/5% HS using
the method described in step 2 of the murine CRU assay protocol (see Note 9).

7. Pellet bone marrow cells. Lyse erythrocytes by resuspending cells in ~3 mL of
RCRB and incubate 5 min on ice. Wash cells once with cold HF buffer and de-
cant supernatant. Finally, resuspend cells in 2 mL HF/5% HS. Note that lysis of
RBC is not required if they are excluded by gating during FACS analysis (see
Fig. 4).

8. Dispense 0.2 mL cells into each of five FACS tubes and add 2.4G2 MAb to a
final concentration of 3 µg/mL. This facilitates blocking of Fc receptors and pre-

Fig. 3. Schematic representation of the human CRU assay. Sublethally irradiated
NOD/SCID mice are injected with limiting numbers of human test cells and 106

lethally irradiated human bone marrow cells as carriers. The proportion of human cells
in hematopoietic tissues is determined 6–8 wk later by two-color flow cytometry us-
ing cocktails of monoclonal anti-human antibodies against CD15, CD19, CD20, CD34,
CD45, CD66b and CD71. Positive recipients are defined as mice containing >5 CD34–

CD19/20+ human B cells and >5 CD45/71+CD15/66b+ granulocytes per 2 × 104 viable
cells analyzed (see Fig. 4). The variation in the proportion of positive animals with the
number of transplanted human cells is analyzed by Poisson statistics to provide an
absolute measure of CRU frequency in the human graft.
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vents nonspecific binding of subsequent antibodies. Incubate cells for 10 min at
4°C. It is unnecessary to wash cells before proceeding to step 9.

9. Add the following antibodies to the five sample tubes:
a. Nothing; cells in HF/PI only (unstained control).
b. IgG~FITC and IgG~PE (isotype controls).
c. IgM~FITC and IgG~PE (isotype controls).
d. CD34~FITC, CD-19~PE and CD20~PE.
e. CD15~FITC, CD66b~FITC, CD71~PE and CD45~PE.
Tubes a, b, and c are used to establish threshold settings (see Note 10).

10. Protect all tubes from light and incubate for 30 min on ice.
11. Wash all samples twice with ~3 mL HF and finally resuspend cells in 0.2 mL

HF/PI for flow cytometric analysis.
12. Establish quadrant or region parameters for negative cells based on the back-

ground levels of fluorescence observed with PI- cells stained with FITC- and
PE-labeled isotype-matched control antibodies. Positive cells are defined as those
exhibiting a fluorescence that exceeds 99.98% of that obtained with isotype con-
trols labeled with the same fluorochromes. Score mice as positive if there are >5
CD34–CD19/20+ human B cells and >5 CD45/71+CD15/66b+ human granulo-
cytes per 2 × 104 viable (PI–) cells analyzed (see Note 10).

3.4. Statistical Analysis of Limiting-Dilution Data:
Important Considerations

CRU frequencies are determined by maximum likelihood analysis of the
proportions of negative recipients, measured as described in Subheadings 3.2.
and 3.3., in groups of mice transplanted with different numbers of test cells.
Statistical analysis software are widely available for this application (e.g.,

Table 2
Frequency of CRU in Human Hematopoietic Tissues Assayed
in Irradiated NOD/SCID Recipients

Cell source Phenotype CRU frequencies References

Adult bone marrow Mononuclear Cells 1 per 3–4 × 106 26,42
CD34+ 1 per 2–1 × 105 26,27

G-CSF MPB Mononuclear Cellsa 1 per 6 × 106 26
CD34+ 1 per 2 × 106 43

Cord blood Mononuclear Cells 1 per 6–9 × 105 25,26
CD34+ 1 per 2–3 × 104 27

CD34+CD38– 1 per 6–9 × 102 25,44
Fetal liver CD34+ 1 per 1–2 × 104 27

a G-CSF MPB was obtained from normal donors on d 4 or 5, following administration of 5–10
µg G-CSF/kg on d 1–4.
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L-Calc™, StemCell Technologies, Vancouver), and are generally designed to
accept three key pieces of data: the number of test cells transplanted per mouse
(i.e., the test cell dose), the total number of mice in each dose group, and the
number of animals that scored negative at each dose tested. Clearly, the last
piece of information—and hence the calculated CRU frequency—is subject to
some variation depending on how a positive response is defined and when it is
measured. Positive mice are defined as those which exhibit any level of en-
graftment above the background observed with untransplanted negative con-
trol animals; i.e., >5% Ly-5.2+ cells detectable in B (B220+) and T (Thy-1+)
lymphoid and (Gr-1+/Mac-1+) myeloid lineages for murine CRU assays, or >5

Fig. 4. Example of flow cytometric analysis to evaluate NOD/SCID recipients trans-
planted with human cells. A sublethally irradiated NOD/SCID mouse was
injected with 1.5 × 105 human CD34+ CB cells and 106 irradiated human bone marrow
cells. Marrow cells were immunostained and analyzed by two-color flow cytometry 6
wk later. The upper left panel depicts the gates used to exclude PI+ cells and the major-
ity of murine erythroid cells. The upper right panel shows cells stained with FITC- or
PE-conjugated isotype controls with quadrant settings to define positive cells (excludes
99.98% of cells). In the lower left panel, lymphoid engraftment is defined by the pres-
ence of >5 CD34–CD19/20+ human B cells per 2 × 104 events analyzed. In the lower
right panel, myeloid engraftment is confirmed by the presence of >5 CD45/71+CD15/
66b+ human granulocytes per 2 × 104 viable cells.
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human B lymphoid cells (CD34–CD19/20+) and >5 human granulocytes
(CD45/71+CD15/66b+) per 2 × 104 viable bone marrow cells for human CRU
assays. Arguably, these thresholds do allow inclusion of assay recipients with
relatively low levels of engraftment, which can lead to overestimation of CRU
frequency. In practice, however, low engraftment is rare when test cell doses
are selected correctly (see Tables 1 and 2). A higher level of chimerism may
arbitrarily be defined that must be achieved for an animal to score as positive.
However, in murine CRU assays, this is complicated by the fact that the ratio
of competitor to test cells—and hence the competitive pressure—can vary 100-
fold over a range of test cell doses being evaluated. Increased competition at
the low end of the test cell range may therefore decrease the absolute contribu-
tion of donor CRU to end cell compartments, although such stem cells may
compete very effectively in other transplant settings. To circumvent this poten-
tial complicating factor, successful engraftment is defined simply as the mini-
mum discernible above background, and the actual level of chimerism is
irrelevant to the LDA.

When should transplanted animals be evaluated to determine whether they
are positive or negative? The issue of timing is critical to ensure that the prog-
eny of primitive stem cells with sustained hematopoietic potential are being
measured, and that such clones have expanded sufficiently to allow detection.
For murine CRU assays, calculated stem cell frequencies do not vary signifi-
cantly when recipients of highly enriched HSCs are evaluated between ~10 wk
and 1 y after competitive repopulation (22). Therefore, there appears to be no
advantage to waiting many months to quantitate the progeny of CRU in this
setting. In contrast, recipients of heterogeneous (i.e., unfractionated) cell popu-
lations that contain large numbers of more mature progenitors as well as CRU
are generally assessed later (>4 mo), when hematopoiesis has stabilized and
transiently repopulating clones have been exhausted (2). In NOD/SCID recipi-
ents of human CRU, human hematopoietic cells generally reach maximal lev-
els from 6–8 wk after transplantation, thus animals are typically scored after
this time (32). If animals die prior to 10 wk for murine CRU assays and 6–8 wk
for human CRU assays, they should not be included in the analysis as negative
responses, but simply omitted from consideration. Such animals should be rare
if appropriate numbers of compromised cells are used for murine CRU assays,
and if irradiation of NOD/SCID mice is sublethal.

Once the required data is entered into the statistical analysis program of
choice, a line-of-best-fit is generated, using the maximum likelihood method
of analysis by relating the number of test cells transplanted to the log-percent
negative animals at each dose (19). It is advisable to consult a qualified statis-
tician to confirm the validity of the data analysis program used. The CRU fre-
quency is calculated as the reciprocal of the number of test cells that yields a
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37% negative response. This calculation assumes single-hit kinetics, i.e., that a
single HSC is sufficient to generate the response observed, an assumption that
has been validated by CRU assays performed with retrovirally-marked HSCs
(3,17). The CRU frequency is derived from so-called “informative” groups in
the linear portion of the limiting-dilution “curve.” Test cell doses that yield
either all negative or all positive responses are not informative, and statistical
software developed for LDA often does not even accept data from these latter
groups. Investigators are therefore reminded to design experiments to ensure
that sufficient partial-response dose groups are available for analysis. Even so,
moderate interexperimental variation and relatively large error limits on CRU
measurements are typical. It is therefore suggested that each test cell popula-
tion be assayed at least three times and data pooled for CRU calculations.

As a final point, investigators should appreciate that as with any in vivo
system, the murine and human CRU assays by necessity provide only minimal
estimates of stem cell frequency that differ from the true values by a factor, f,
corresponding to the “seeding fraction” of the cell type being measured. The f
value for CRU is currently unknown, but is almost certain to be <1. If one
assumes that CRU are subject to similar nonspecific losses in highly perfused,
nonhematopoietic organs as CFU-S, then it is likely that the true number of
HSCs with competitive LTR potential may be 10- to 20-fold higher than esti-
mated.

4. Notes
1. The use of congenic mouse strains with allelic differences at the Ly-5 locus facili-

tates the rapid and simple determination of donor-derived lymphoid and myeloid
cells in hematopoietic tissues of recipients by flow cytometry. For researchers
who also desire to monitor erythroid engraftment, test cells can be derived from
B6.SJL (GPIb, Ly-5.1) donors, and B6.CAST (GPIa, Ly-5.2) mice (Jackson Labo-
ratories) used as the source of helper cells (either normal or compromised bone
marrow cells) (see Note 2) and recipients. In this case, the proportions of
lymphoid and monocytic/granulocytic cells can be quantitated either by FACS
analysis or GPI assay, and erythroid engraftment monitored by GPI analysis
(Cindy Miller, unpublished observations).

2. The use of serially transplanted “compromised” bone marrow cells is highly rec-
ommended when murine CRU are assayed in myeloablated recipients, because of
their diminished competitive LTR ability. However, since their preparation re-
quires considerable advance planning that is not always feasible, two other ap-
proaches may be taken to circumvent the need for these cells. The first and
simplest alternative is to use normal bone marrow cells as competitors instead.
Investigators should be aware that this may result in a lower overall level of en-
graftment by limiting numbers of “test” stem cells and, if the threshold defined
for positivity in the assay is not reduced, calculated CRU frequencies may be
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lower than if “compromised” bone marrow cells were used. It is also advisable to
perform radioprotection assays using normal bone marrow cells, and then use the
minimal number required to promote the long-term survival of >90% of trans-
planted recipients in the CRU assay. A dose of 105 normal or 2 × 105 compro-
mised bone marrow cells is usually sufficient to ensure survival (13,34,39).
An alternative approach is to omit the use of transplanted competitor cells alto-
gether and rely on the selective pressure provided by endogenous stem cells in
W-series (c-kit mutant) mice. Mice of the W41/W41 strain are particularly attrac-
tive for use as CRU assay recipients because they contain 17-fold fewer CRU, but
near normal numbers of d 9 and d 12 CFU-S, and marrow progenitors able to
generate mixed and lineage-restricted myeloid colonies in vitro (45). Sublethal
conditioning of W41/W41 recipients prior to transplantation with 400 cGy of
γ-irradiation is sufficient to achieve CRU frequencies and levels of engraftment
comparable to lethally irradiated C57BL/6 mice cotransplanted with 105 helper
marrow cells (5,46). Note that since the W41/W41 mutation exists on a uniform
C57BL/6 genetic background (i.e., is Ly-5.2), test cells must be derived from
B6.SJL (Ly-5.1) mice if they are to be identified using Ly-5 allotyping.

3. Carrier cells are useful to facilitate handling and to minimize cell loss in grafts
containing <106 human test cells. Carriers may also promote engraftment of small
numbers of purified human cells through their production of human cytokines
(47). Because carrier cells have been functionally inactivated by irradiation, cell
suspensions with low progenitor numbers (i.e., low CD34+ content) may be used.

4. Both retroviral marking studies (31) and LDA (25,27) indicate that human CRU
can engraft NOD/SCID mice in the absence of exogenous cytokines. Although
injection of human cytokines does not alter engraftment kinetics of UCB stem
cells, administration of interleukin (IL)-3, granulocyte-macrophage colony-stimu-
lating factor (GM-CSF), stem-cell factor (SCF), and erythropoietin three times
per wk for 2 wk immediately prior to sacrifice increased CRU numbers in primary
recipients (48,49). Recent studies also suggest that cotransplantation of irradiated
human hematopoietic cells or cytokine treatment of recipients early after trans-
plantation promotes engraftment in assays of low numbers of purified stem cells
(47,50).

5. Empirical experience indicates that long-term stem cell function will eventually
recover after secondary transplantation. Therefore, compromised mice do have a
“use-by” date that expires ~12 wk after production (i.e., 17 wk after the date of
secondary transplant). Animals not used by this time should be discarded and a
new cohort should be generated. Alternatively, it is possible to sacrifice all sec-
ondary mice at step 4 of Subheading 3.1. and freeze “compromised” bone mar-
row cells in 10% dimethyl sulfoxide (DMSO)/90% FBS for future use. This
ensures a uniform population of competitors for subsequent assays.

6. Investigators are advised to test the quality of each compromised cell population
before use in CRU assays, particularly if cells have been previously frozen (see
Note 5). A small-scale radioprotection assay performed by transplanting two
groups of lethally irradiated mice with 105 or 2 × 105 cells is usually sufficient to
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establish the dose required to promote the long-term survival of >90% of animals.
Perhaps not surprisingly, this dose corresponds to the number of “compromised”
bone marrow cells that contains 1–2 CRU (22).

7. The use of a radioprotective dose of competitor cells (see Note 6) and a clean
animal facility should preclude the need to maintain mice on antibiotics during
hematopoietic reconstitution. However, investigators may wish to decrease gut
microbial flora and minimize radiation-induced mortality by providing assay re-
cipients with acidified (pH 3.0) drinking water containing 0.5–1 mg/mL neomy-
cin sulfate (No. N1876; Sigma Chemical Co., St. Louis, MO) and 500 U/mL
polymyxin B sulfate (No. P1004; Sigma) for 2–14 d prior to and for 4–6 wk fol-
lowing transplantation. This applies for both B6.SJL and NOD/SCID mice in
murine and human CRU assays, respectively.

8. It is possible to omit the use of lineage antibodies in the flow cytometric determi-
nation of hematopoietic reconstitution. Instead, the presence of test cell derived
(Ly-5.2+) cells including both lymphoid and myeloid elements can be established
by their distinct forward and orthogonal light-scattering characteristics as shown
in Fig. 2. This approach is more subjective than immunostaining, especially in
recipients with <10% donor-derived cells, and is not generally recommended.

9. It is possible to perform FACS analyses on blood from NOD/SCID mice reconsti-
tuted with human cells. However, because the levels of human cells circulating in
the periphery is often lower than detectable in the bone marrow, the latter tissue is
preferable for LDA. Engraftment can also still be monitored over time by aspira-
tion of marrow cells from anesthetized mice (51,52).

10. The combination of MAbs used for recipient analysis in the human CRU assay
has been selected to enable bright and specific staining of human B cells and
granulocytes. All anti-human MAbs must be titrated using human cells, and tested
for nonreactivity against bone marrow cells from naive NOD/SCID mice. Be-
cause the threshold of engraftment used to define positive animals is very close to
the limit of sensitivity of FACS analysis, it is critical that isotype controls are
employed each time an experiment is performed. Gates established to define B
cells (CD34–CD19/20+) and granulocytes (CD45/71+CD15/66b+) should be set to
exclude or minimize the number of isotype-stained events (i.e., <0.02% of PI–

events). If technical limitations or proficiency with flow-cytometric analysis com-
promise these criteria, investigators are advised to analyze mice using alternative
techniques (see ref. 25).
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Ex Vivo Expansion of Human and Murine
Hematopoietic Stem Cells

Cindy L. Miller, Julie Audet, and Connie J. Eaves

1. Introduction
The last decade has seen major advances in our knowledge of the molecular

control of hematopoiesis, widespread access to cytokines, and the develop-
ment of practical assays for quantitating highly primitive hematopoietic cells.
This progress has now made feasible the predictable manipulation of hemato-
poietic stem cells (HSC) and progenitors for a variety of experimental and
clinical applications. Nevertheless, our understanding of events that induce and/
or block the differentiation of primitive hematopoietic cells is still very lim-
ited. Therefore, it is not surprising that procedures for expanding HSC popula-
tions ex vivo are based largely on a small set of empirical observations. The
incentive to improve this situation is provided by many clinical situations in
which the number of stem cells available for particular types of transplants is
inadequate, or where HSC amplification may be useful as part of a purging
strategy to reduce the potential burden of malignant cells in an autograft. Cell
division with retention of stem cell integrity could also facilitate the generation
in vitro of many specific types of differentiated cells (e.g., dendritic cells) and
is a requirement for retroviral-mediated gene therapy. Progress in each of these
rapidly evolving areas has recently been reviewed in greater depth elsewhere
(1–5).

In adult humans, mature blood cells of all hematopoietic lineages are pro-
duced continuously as a result of the balanced proliferation and differentiation
of a small self-sustaining pool of stem cells. These are located primarily within
the extravascular space of the bone marrow. Proliferation, commitment, and
survival of HSC and progenitors is regulated in vivo by their interaction with
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local gradients within hematopoietic tissues of both inhibitory and stimulatory
molecules as well as by direct cell-cell interactions mediated by adhesion mol-
ecules. Amplification of genetically marked repopulating cells has been dem-
onstrated to occur both after their transplantation in vivo (6–9) and in vitro in
the presence of an adherent stromal layer prior to transplanting the cells in vivo
(10). These two types of studies provided the first formal evidence that murine
stem cells are capable of self-renewal. More recently, studies of cells initially
labeled with fluorescent dyes such as PKH26 (11) or carboxyfluorescein
diacetate succinimidyl ester (CFSE) (12,13), which then showed reduced fluo-
rescence postculture, have demonstrated the ability of stem cells to undergo
self-renewal divisions in cytokine-supplemented suspension cultures. Many
investigators have documented net increases in vitro of various types of he-
matopoietic progenitors, including colony-forming cells (CFC) and even long-
term culture-initiating cells (LTC-IC). However, only recently have net
expansions of both murine (14,15) and human stem cell populations (16–17)
been conclusively demonstrated. The procedures described in Subheading 1.1.
are drawn from the latter studies in which stem cell-enriched sources of cells
are cultured in suspension (in the absence of stroma) in medium containing
high concentrations of recombinant cytokines.

1.1. Quantitation of HSC

HSC are normally concentrated in different tissues at different stages of
ontogeny: in the liver of the fetus, in the blood at birth, and in the bone marrow
of the adult. Nevertheless, in all of these tissues, the HSC population is present
at very low frequencies. Numerous techniques have been used to obtain en-
riched populations of HSC (and progenitors) based on differences in cell size
and density, surface antigen expression, dye uptake, and sensitivity to cyto-
toxic drugs. Currently, there is no purification strategy that allows the repro-
ducible isolation of a biologically homogeneous population of either murine or
human HSC. Therefore, the definitive identification and quantitation of HSC
continues to rely on the detection of their differentiated progeny produced in
engrafted recipients.

The competitive repopulating unit (CRU) assay, first developed for the
quantitation of murine HSC (18) provides a reproducible and specific method
for determining the frequency of transplantable cells with long-term in vivo
lympho-myeloid repopulating activity. To perform the CRU assay, different
numbers of test cells are injected into cohorts of irradiated congenic recipients
whose survival is assured independently. Poisson statistics and the method of
maximum likelihood are then used to calculate the frequency of CRU in the
test-cell suspension from the measured proportions of recipients in each test-
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cell-dose group in which >1% of the regenerated myeloid and lymphoid popu-
lations are found to be derived from the injected test cells four or more months
later (see Chapter 12). Recently, the same principles have been applied to al-
low the quantitation of human HSC in sublethally irradiated immunodeficient
nonobese diabetic/severe combined immunodeficient (NOD/SCID) mice
(17,19,20).

Measurements of the expansion activity of HSC populations are therefore
critically dependent on several experimental design parameters. These include
the use of adequate sample sizes, accurate measurements of input (or output)
CRU numbers, and the use of correct assumptions in calculating total CRU
outputs from data obtained when using a portion of the original culture. Recent
findings suggest that the ability of primitive hematopoietic cells to engraft may
be an additional variable parameter (21,22) subject to reversible changes that
are not necessarily linked to a loss of pluripotentiality or self-maintenance (23).
It should also be emphasized that the expansion either in vivo (24) or in vitro
(25) of cells expressing surface markers ascribed to HSC does not necessarily
correlate with retention of long-term in vivo repopulating activity.

1.2. Cytokine Supplements

Numerous cytokines have been identified as important extracellular regula-
tors of hematopoiesis, and have become useful reagents for the stimulation of
these cells in vitro. To obtain a net expansion in vitro of human umbilical cord
blood (UCB) or adult mouse bone marrow, CRU appears to require a combina-
tion of synergistic cytokines. These include steel factor (SF, also known as
stem cell factor [SCF]) Flt-3 ligand (FL), and cytokines from the family that
signal through gp130 (Table 1). The combination of interleukin-11 (IL-11),
SF, and FL, has been found to stimulate an amplification in vitro of adult mu-
rine marrow CRU (14), and IL-6 in concert with FL, SF, IL-3, and granulo-
cyte-colony-stimulating factor (G-CSF) can support the expansion in vitro of
human cord blood CRU (16,17).

Other cytokines, or cytokine combinations, can have a negative effect on the
ability of HSC to maintain their activity in vitro. For example, Yonemura et al.
(27,28) and others (26) have reported that the addition of IL-3 or IL-1 to
cytokine combinations that can maintain murine stem cell in vivo repopulating
potential will eliminate this activity. Excessive IL-3 concentrations have also
been found to have a negative impact on the expansion of human LTC-IC in
cultures of CD34+CD38– cells isolated from normal adult marrow (31), al-
though some IL-3, together with high concentrations of FL and SF, is required
to maximize the expansion of human LTC-IC in such cultures (31,32). Among
the various combinations of cytokines tested on purified human CD34+ UCB
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Table 1
Ex Vivo Expansion of Human and Murine In Vivo Repopulating Cells (CRU)

Culture time In vivo repopulating ability
Input cell populations (days) Cytokine combination  (relative to input) Ref

Human CD34+CD38– cord blood 5–8 FL, SF, IL-3, IL-6, G-CSF Expansion (2×) 17

Human CD34+CD38– cord blood 4 FL, SF, IL-3, IL-6, G-CSF Expansion (2–4×) 16

Murine Lin–Sca-1+ adult marrow 10 IL-11, SF, FL Expansion (3×) 14

Murine Lin–Sca-1+WGA+ adult marrow 14 SF, IL-6, Epo Maintenance 25

Murine adult marrow 4 SF, IL-11, IL-1, IL-6 Maintenance 26

Murine Sca-1+c-kit+lin– adult marrow 7 SF, IL-6, IL-11, Epo Maintenance 27

Murine Sca-1+c-kit+lin– 5-FU adult 7, 14, 21 IL-11, FL Maintenance 28
marrow IL-11, SF Maintenance

Murine adult marrow 6 IL-11 and SF Increased survival after 30 d 29

Murine lin–Sca-1+c–kit+ 5-FU adult 7 TPO alone Maintenance 30
marrow IL-6 and FL
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cells, FL plus thrombopoietin (TPO) was found to maintain hematopoiesis in
vitro for up to 6 mo (33). In experiments with murine cells, the ability of TPO
in combination with other cytokines to stimulate the proliferation and differen-
tiation of long-term repopulating (LTR) stem cells was shown to be directly
mediated (34). As a single factor, TPO stimulated a small net increase in LTC-
IC numbers in 10 d cultures of adult human CD34+CD38– marrow cells (32,35),
and promoted the survival in vitro of murine in vivo repopulating cells (30).

Early progenitor functions can be affected by the type of cytokines they are
exposed to and by the absolute and relative concentrations of such cytokines in
the medium (31). For example, maximal expansion of adult human marrow
LTC-IC required the presence of 30 times more FL, SF, IL-3, IL-6, and G-CSF
than the amount that concomitantly stimulates the near-maximal expansion of
CFC. Similarly, expansion of adult mouse bone-marrow CRU numbers has
been found to require a 10 times higher concentration of hyper-IL-6 (H-IL-6, a
fusion protein of IL-6 and IL-6R, [36]) in combination with SF and FL than the
concentration of H-IL-6 that maximizes CFC expansion in the same cultures
(15,37).

However, it should be noted that the cytokine combinations and concentra-
tions recommended in Subheadings 3.3 and 3.6. for expanding stem cell popu-
lations in cultures of human UCB (16,17) and murine bone marrow (14,15)
cells are likely to be suboptimal and may not even be appropriate for other
sources of cells. Factorial analysis of the contribution of different cytokines to
the yield of LTC-IC in 10 d cultures initiated with adult human CD34+CD38–

marrow cells has shown that a combination of FL, SF, and IL-3 is necessary
and sufficient to achieve the greatest effect (among the cytokines evaluated)
(32). In contrast, in cultures of human CD34+CD38– UCB cells, a similar analy-
sis identified FL and IL-6 plus sIL-6R as the most important (38). These re-
sults exemplify the changes that occur during ontogeny in the cytokine
dependence of proliferative and differentiative responses of functionally analo-
gous human hematopoietic progenitor cells. Similarly, cytokine combinations
able to maintain or expand adult murine stem cell populations failed to sustain
the long-term repopulating ability of their counterparts in d 14.5 fetal liver
(14,39).

1.3. Cell Inoculum and Culture Conditions

The range of concentrations of cells that can be used to initiate a culture and
still allow a net expansion of the input stem cell population is quite small. As a
“rule of thumb” the output of at least 10–20 CRU must be evaluated in order to
ensure representative sampling. This requirement is a result of the heterogene-
ity in self-renewal responses of individual CRU. In addition, the rapid produc-
tion of mature hematopoietic cells that accompanies stem cell expansion (since
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the same cytokines support both stem cell self-renewal and their differentia-
tion) can limit the further expansion of very primitive cells because of an accu-
mulation of inhibitory factors and/or depletion of stimulatory cytokines from
the culture medium (40,41). The use of stem cell-enriched populations and low
starting-cell densities (<103 cells/mL) helps to delay the onset of such prob-
lems, and frequent medium exchanges may help to avoid them to some extent.
The reader is advised to consult other published studies for a more detailed
discussion of how changes in culture conditions can alter the expansion of
hematopoietic cells in vitro (42,43).

1.4. Large-Scale Culture Systems

The protocols described in this chapter are designed to support the expan-
sion of small numbers of HSC contained in highly purified cell suspensions
and maintained in static cultures with defined cytokines for relatively short
periods (10 d). This approach has proven useful to evaluate different cytokines
for their ability, either alone or in combination, to stimulate primitive hemato-
poietic cells, including human (16,17) as well as murine (14,15) CRU. It should
be emphasized, however, that these culture conditions are unlikely to be exclu-
sive or even optimal for the expansion of clinically useful numbers of HSC
with the ability to sustain long-term engraftment in autologous or allogeneic
transplant recipients.

Nevertheless, numerous investigators have also begun to evaluate the ex-
pansion that can be achieved in culture systems designed to handle large num-
bers of cells. These have included the use of gas-permeable culture bags
(44–49) and T-flasks (50), as well as various perfusion bioreactor systems
(51–55). In most cases, infusion of the cultured cells into myelosuppressed
patients has resulted in a hematological reconstitution comparable to historical
controls or patients rescued with an aliquot of noncultured cells, but quantita-
tive assessment of in vivo repopulating cells obtained from such large-scale
cultures has not yet been reported. However, significant LTC-IC expansion
has been documented. For example, Moore and Hoskins (48) have reported an
18-fold expansion of human UCB LTC-IC in suspension cultures containing
IL-1 and IL-3 maintained in gas-permeable bags. Similarly, Bathia et al. (49)
measured a five-fold expansion of LTC-IC when adult CD34+HLA-DR– bone
marrow cells from patients with chronic myeloid leukemia were cultured in
bags. Expansion of LTC-IC (~10-fold) in cultures of adult human bone
marrow (41,56) or UCB (57) cells maintained in flat-bottomed, constantly
stirred, spinner flasks have been described as well. Significant LTC-IC expan-
sion (7.5-fold) was also seen in cultures maintained in a stroma-containing
flat-plate perfusion bioreactor using a medium supplemented with IL-3, SF,
GM-CSF, and erythropoietin (51).
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2. Materials
A general outline of the steps used to expand and assess the total cells, CFC,

LTC-IC, and CRU produced in cultures of CD34+CD38– UCB cells or murine
lin-Sca-1+ adult bone marrow cells is shown in Fig. 1. A summary of the ex-
pected results from such a protocol is presented in Tables 2 and 3 for human
and murine cells, respectively.

2.1. Ten-Day Suspension Cultures of Human
CD34+CD38– UCB Cells

1. Serum-free medium (SFM). The SFM has been modified from the formulation
originally described by Iscove et al. (58). When preparing SFM, it is critical to
use quality-assessed, prescreened components.
A stock solution of 10% bovine serum albumin (BSA) Fraction V in Iscove’s
modified Dulbecco’s medium (IMDM) prepared according to the method origi-
nally described by Worton et al. (59).
Final concentration of SFM components (in IMDM) are: 1% (10 mg/mL) BSA,
10 µg/mL bovine pancreatic insulin, 200 µg/mL human transferrin (iron-satu-

Fig. 1. Experimental design for assessment of in vitro expansion of hematopoeitic
cells in 10–d cultures. Aliquots of purified human or murine hematopoietic cells are
assayed for their content of CFC, LTC-IC, and CRU. Aliquots of these cell suspen-
sions are also placed in stroma-free suspension cultures in serum-free medium (SFM)
supplemented with recombinant cytokines. After 10 d incubation, cultured cells are
harvested, pooled, and assayed for CFC, LTC-IC, and CRU content. Expansion poten-
tials can then be determined by relating the content of the target cell population in the
cultured cells to the content present in the input inoculum.
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Table 2
Experimental Details to Assess Stem Cell Expansion in Cultures of Human CD34+CD38– Cord Blood Cells

Input (d 0) Postulated 10-d Total output per
per 2 mL culture Number of CD34+CD38– expansion culture Proportion of culture

Assay (18 cultures) cells assayed at d 0 (fold) (10 d) assayed at d 10

Total cell 500 200–1000 100,000–500,000
CFC 50 1,000/1.1 mL 40–250 2,000–12,500 1–5% of a starting culture

methylcellulose culture equivalent (~1000–25,000 cells)
(2–4 replicates) per 1.1 mL methylcellulose

culture (2–4 replicates)
LTC-IC 25–100 200/2.5 mL bulk LTC-IC 2–30 50–3,000 Bulk LTC-IC cultures

(2–4 replicates) 20% of a culture (~20,000–
100,000 cells) per LTC;
5% of a culture
(~5,000–25,000 cells) per LTC

CRU 0.83 by LDA 2 1.7 By LDA
(5 recipients each to receive 100% of a culture
300 cells, 600 cells, 900 cells) (105–5 × 105 cells) per 4 mice;

50% of the culture
(5 × 104–2.5 × 105) per 4 mice;
25% of the culture
(2.5 × 104–1.25 ×105) per 4 mice

aHuman CD34+CD38– cord-blood cells are cultured in SFM supplemented with 100 ng/mL human FL, 100 ng/mL human SF, 20 ng/mL human
IL-3, 20 ng/mL human IL-6, and 20 ng/mL human G-CSF for 10 d. A minimum of 18 cultures are needed to provide sufficient cells for the assays
described.
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Table 3
Experimental Details to Assess Stem Cell Expansion in Cultures of Murine Sca-1+ Lin– Bone Marrow Cells

Input (d 0) Number of
per 2 mL culture Lin–Sca-1++cells Postulated 10-d Total output per Proportion of culture

Assay (5 cultures)  assayed at d 0 expansion (-fold)  culture (10 d) assayed at d 10

Total cell 500 100–1000 50,000–
500,000

CFC 50–150 300–1000/1.1 mL 40–100 2,000–15,000 0.7–5% of a starting culture
methylcellulose culture equivalent (~ 3,000 cells)
(2–4 replicates) per 1.1 mL methylcellulose

culture ) (2–4 replicates)
LTC-IC 5–10 By LDA with 12 wells 3–15 15–150 By LDA with 12 wells,

By LDA with 12 wells, each containing
each containing 10% (~5000–50000 cells);

3% (~1700–17000 cells);
1% (~500–5000 cells);
0.3% (~170–1700 cells)
of a culture

CRU 5–10 By LDA with 1–10 5–100 By LDA with 6–8 mice/
6–8 recipients at 25, 50, 100, group, each given
and 200 cells 10% (~5000–50000 cells);

3% (~1700–17000 cells);
1% (~500–5000 cells);
0.3% (~170–1700 cells)
of a culture

aMurine Lin–Sca-1+ mouse bone marrow cells are cultured at 500 cells/culture in SFM supplemented with 100 ng/mL human FL, 100 ng/mL human
IL-11, and 50 ng/mL murine SF for 10 d. A minimum of five such cultures are needed to provide enough cells to perform the assays described.

197
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rated), 10–4 M 2-mercaptoethanol (2-ME), 2 mM glutamine, and 10–40 µg/mL
low-density lipoproteins. Combine components and filter-sterilize using a
0.22-µ filter. Store at –20°C for up to 1 y or at 4°C for up to 1 mo. Add low-
density lipoproteins (Sigma, St. Louis, MO) at a final concentration of 10–40 µg/
mL and cytokines just prior to use. SFM (StemSpanTM SFEM) is commercially
available from StemCell Technologies (Vancouver, BC). Other SFM are also
available from other commercial suppliers.

2. Ficoll-Paque (Amersham, Pharmacia, Uppsala, Sweden). Use and store accord-
ing to the manufacturers’ instructions.

3. IMDM/2%FBS: IMDM with 2% fetal bovine serum (FBS). Store at 4oC for up to
1 mo.

4. HF buffer. Phenol red-free Hank’s Balanced Salt Solution (HBSS) containing
2% FBS. Filter-sterilize. Can be stored at 4°C for up to 1 mo.

5. HF/5% HS. HF with 5% heat-inactivated human serum.
6. HF/PI: HF with 2 µg/mL propidium iodide (PI)(Sigma).
7. Anti-human fluorochrome-conjugated antibodies: anti human-CD34~Fluores-

cein-isothiocyanate (FITC), anti-human CD38~PE and FITC- and phycoeryth-
rin-conjugated isotype-control antibodies. Commercial suppliers include
Pharmingen, Becton Dickinson and Immunotech, Beckman Coulter.

8. Recombinant cytokines including human FL, human SF, human IL-3, human IL-
6, and human G-CSF are available from various commercial sources including
StemCell, R&D Systems (Minneapolis, MN), and Peprotech (Rocky Hill, NJ).

9. CFC assays for granulocyte/macrophage (CFU-GM), erythroid burst-forming
cells (BFU-E), and multilineage (CFU-GEMM) progenitors. Human CFC are
assayed in IMDM containing 1.0% methylcellulose, 30% FBS, 1% BSA, 10–4 M
2-ME, 20 ng/mL each of human IL-3, human GM-CSF, human IL-6, and 50 ng/
mL human SF (04435; StemCell).

10. Reagents for LTC-IC assay (see Chapter 8).
11. Reagents for human CRU assay (see Chapter 12).
12. Sterile cultureware including 35-mm tissue-culture dishes and 35-mm Petri dishes

(StemCell). Petri dishes obtained from other sources should be prescreened and
selected for their inability to promote the adherence of fibroblasts.

13. Human CD34+CD38– UCB input cells (see Note 1).

2.2. Suspension Cultures of Adult Murine Lin–Sca-1+

Bone-Marrow Cells

1. SFM. Prepare as described in Subheading 2.1., including addition of LDL at a
final concentration of 10–40 µg/mL and desired cytokines (see step 5) just prior
to use.

2. IMDM/2%FBS. HF and HF/PI. Prepare and store as described in Subheading 2.1.
3. Anti-mouse fluorochrome-conjugated antibodies: Ly6A/Sca-1~PE (clone E13-

161-7), FITC-labeled CD45R/B220 (clone RA3-6B2), Ly6G/Gr-1 (clone RB6-
8C5), CD11b/Mac-1 (clone M1/70), CD5/Ly1(clone 53-7.3, and FITC and
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phycoerythrin-labeled isotype controls. Unlabeled mouse anti-Fc receptor anti-
body (clone 2.4G2) (Pharmingen).

4. Recombinant cytokines including human FL, murine SF, and human IL-11 are
available from various commercial sources, including StemCell, R&D Systems,
and Peprotech.

5. Assays for CFU-GM, BFU-E, and CFU-GEMM: Murine CFC are assayed in
IMDM containing 0.9% methylcellulose, 15% FBS, 10 µg/mL insulin, 200 µg/
mL transferrin, 1% BSA, 10–4 M 2-ME, 2 mM L-glutamine, and 10 ng/mL each
of murine IL-3, murine IL-6, and 50 ng/mL murine SF (03434; StemCell). Cul-
ture according to the manufacturers’ instructions.

6. Reagents for murine LTC-IC assays (see Chapter 8).
7. Reagents for murine CRU assays (see Chapter 12).
8. Sterile cultureware including 96-well flat-bottom culture plates, as described in

Subheading 2.1.
9. Murine lin–Sca-1+ bone-marrow input cells (see Note 1).

3. Methods

3.1. Isolation of Human CD34+CD38– Cells

To decrease the sorting time required to isolate CD34+CD38– cells from
light-density UCB cells, lineage marker-positive (lin+) cells can first be
removed using various bulk-separation strategies, including immunomagnetic
cell separation (see Chapter 3 and ref. 60).

1. Isolate the light-density fraction of the UCB cells (<1.077 g/mL) by centrifuga-
tion on Ficoll-Paque according to manufacturers’ instructions. Wash the UCB
cells twice in HF.

2. Resuspend the light-density UCB cells at ~107 cells/mL, and incubate for 15 min
at 4oC with HF/5% HS. It is not necessary to wash cells prior to the addition of
the fluorochrome-labeled antibodies.

3. Add 105 cells to each of four labeled tubes. Add FITC and phycoerythrin-conju-
gated isotype control antibodies to one tube, anti-CD34~FITC to a second tube,
anti-CD38~PE to a third tube, and HF only to the fourth tube. Place the remain-
ing cells in a fifth tube, and add anti-CD34~FITC and anti-CD38~PE. Incubate
all tubes for 30 min on ice and protect from light.

4. Add HF to all tubes and centrifuge the cells at 300–350 g for 7–10 min. Discard
the supernatants and repeat adding HF/PI to the second wash. Finally, resuspend
the cells in HF for flow-cytometric analysis. Tubes containing fluorochrome-
conjugated isotype control antibodies, anti-CD34~FITC, anti-CD38~PE, and PI
only are used to establish threshold and compensation settings on the FACS in-
strument. Positive staining is defined as the level of fluorescence that exceeds
that of >99% of cells stained with fluorochrome-conjugated isotype control
antibodies.
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5. Collect viable (PI–) cells with a CD34+CD38– phenotype into sterile tubes con-
taining SFM.

3.2. Assessment of Frequencies of CFC, LTC-IC, and CRU in the
Input (and Cultured) Human CD34+CD38– UCB Cells

Remove appropriate cell aliquots and assay for CFC, LTC-IC, and CRU
content, using protocols described in Chapters 7, 8 and 12. Note that it may be
necessary to partially purify the LTC-IC in the cultured population in order to
make their enumeration possible.

3.3. Suspension Cultures of Human CD34+CD38– UCB Cells in
Cytokine-Supplemented SFM

1. Resuspend the purified human CD34+CD38– UCB cells in SFM supplemented
with 100 ng/mL each of human FL and human SF and 20 ng/mL each of human
IL-3, human IL-6, and human G-CSF.

2. Place 500–2000 cell aliquots in total vol of 2.0 mL in sterile 35-mm Petri dishes
and incubate them undisturbed for 10 d in a humidified incubator at 37oC with
5% CO2 in air. The cell density should not be allowed to exceed 1–2 × 106 cells/
mL at any time during the culture period. Prepare sufficient replicate cultures to
allow accurate quantitation of CFC, LTC-IC, and CRU in the cultured-cell sus-
pension present after the 10 d of incubation (see Table 2).

3. At the end of the incubation period, pool the nonadherent cells from all cultures
and place in a sterile 15-mL collection tube. Any adherent cells remaining should
also be harvested by rigorous pipetting or by incubation with 0.25% trypsin/
ethylenediaminetetraacetic acid (EDTA) at room temperature for 4 min. Rinse
the culture dishes once again with IMDM/2% FCS, and wash the combined
nonadherent and adherent cells.

4. Count the cells and assay appropriate aliquots for CFC, LTC-IC, and CRU. An
illustrative experiment is shown in Table 2. Estimates of the numbers of cells to
be used in the assays of the input cell suspension and suggested proportions of
the completed cultures to be used are based on data derived from ref. 17.

3.4. Isolation of Adult Murine Lin–Sca-1+ Bone Marrow Cells

Note that when the input and cultured cells are to be assayed for their CRU
content, the cells must be harvested from a donor mouse genotype which
allows specific discrimination of the progeny in a histocompatible, irradiated,
or immunocompromised recipient (see Chapter 12). To decrease the sorting
time required to isolate lin–Sca-1+ cells from freshly isolated adult mouse bone
marrow cells, it is useful to first remove the lin+ cells by one of several bulk
strategies including immunomagnetic cell separation (see Chapter 3).

1. Sacrifice 5–7 mice (8–12 wk of age) according to procedures approved by the
institution.
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2. Flush the bone marrow cells from the femora into a tube using a sterile 21-gauge
needle attached to a 3-cc syringe containing 1–2 mL of cold, sterile HF. Obtain a
single-cell suspension by gently aspirating the cells once or twice though the
same syringe and needle.

3. Resuspend the cells to ~107/mL in HF supplemented with 3 µg/mL anti-Fc anti-
body (clone 24G2). Incubate the cells on ice for 15 min. It is not necessary to
wash the cells prior to addition of the labeled antibodies.

4. Add 105 cells to each of four labeled FACS tubes. Add FITC and phycoerthrin-
conjugated isotype-control antibodies to a first tube, lin~FITC (anti-Gr-1, anti-
Mac-1, anti-Ly-1, anti-B220) to a second tube, anti-Sca-1~PE to the third tube,
and HF only to the fourth tube. Place the remaining cells in a fifth tube and add
lin~FITC and anti-Sca-1~PE. Incubate all tubes for 30 min on ice and protect
from light.

5. Add HF to all tubes and centrifuge the cells at 300–350 g for 7–10 min. Discard
the supernatants and repeat adding HF/PI to the second wash. Resuspend the
cells in HF for flow-cytometric analysis. Tubes containing fluorochrome-conju-
gated isotype control antibodies, lin~FITC only, anti-Sca-1~PE only, and PI only
are used to establish threshold and compensation settings on the FACS instru-
ment. If appropriate conjugated isotype-control antibodies are unavailable, mini-
mum fluorescence thresholds are established using PI-treated unstained cells.
Positive staining is defined as the level of fluorescence that exceeds that of >99%
of cells stained with conjugated isotype-control antibodies.

6. Viable (PI–) cells with low-to-medium forward scattering and low forward scat-
tering properties and a lin-Sca-1+ phenotype are isolated by FACS into SFM.

3.5. Assessment of the Frequencies of CFC, LTC-IC, and CRU in
the Input (and Cultured) Murine Lin–Sca-1+ Bone Marrow Cells

Remove appropriate cell aliquots and assay for CFC, LTC-IC, and CRU
content, using protocols described in Chapters 7, 8 and 12.

3.6. Suspension Cultures of Murine Lin–Sca-1+ Bone Marrow
Cells in Cytokine-Supplemented SFM

1. Resuspend the murine lin–Sca-1+ bone marrow cells in SFM supplemented with
100 ng/mL each of human FL and human IL-11 and 50 ng/mL of murine SF.

2. Place aliquots of 500–1000 cells in vol of 2 mL into 35-mm Petri dishes and
incubate for 10 d at 33oC in a humidified atmosphere of 5% CO2 in air. The cell
density should not be allowed to exceed ~5 × 105/mL at any time during the 10-
d culture period.

3. At the end of 10 d, pool the nonadherent cells from all cultures and place into a
sterile 15-mL collection tube. Any remaining adherent cells should be harvested
by rigorous pipetting or by incubation with 0.25% trypsin/EDTA at room tem-
perature for 4 min. Rinse the culture dishes again with IMDM/2% FCS, and wash
the combined nonadherent and adherent cells.
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4. Count the cells and assay appropriate aliquots for CFC, LTC-IC and CRU. An
illustrative experiment is shown in Table 3. Estimations of the numbers of cells
to be used in assays of the starting cells and proportions of the completed cultures
to be used are based on data derived from refs. 14 and 15.

3.7. Calculations to Estimate the Expansion of Each Human or
Murine Hematopoietic Cell Population Measured

As illustrated in Tables 2 and 3, it is useful to design experiments and ex-
press results based on the frequency of target cells per defined number of input
cells (e.g., per 1000 CD34+CD38– or lin-Sca-1+ cells ) or per culture. Expan-
sion of the total cell population usually exceeds the changes in numbers of
CFC, LTC-IC, or CRU, and therefore, proportional plating of pooled, harvested
cultures is recommended. Estimations of expansion potential are derived by
relating the content of the target-cell population in the cultured cells to the
content measured in the input-cell population.

Example: Calculation of expansion of murine LTC-IC in cultures of
lin–Sca-1+ bone-marrow cells. Input cells: 500 lin–Sca-1+ cells per culture; fre-
quency of LTC-IC in lin–Sca-1+ cells is 1 per 50. Therefore, the LTC-IC con-
tent of the input cell population is 10 LTC-IC per culture or 10 LTC-IC per 500
lin–Sca-1+ cells. Cultured cells: 7.5 × 104 cells per culture is obtained after a
10-d culture period; LTC-IC LDA analysis shows 1 LTC-IC per 1500 cultured
cells. Therefore, the LTC-IC content of the cultured cells is 50 per culture or
50 per 500 input cells. The estimated total expansion of murine LTC-IC in
these cultures is 50/10=5.

As a final point, it is advisable to consult a qualified statistician to ensure
that appropriate statistical analyses are applied for estimations of ex vivo ex-
pansion of HSC and progenitor populations.

4. Notes
1. The published literature contains numerous strategies not described here for the

isolation of cell suspensions enriched for their content of in vitro long-term re-
populating cells based on the expression of various cell-surface antigens. Many of
these strategies are likely to yield cell subsets suitable for expanding human or
murine CRU under the conditions described here. For example, the isolation of
the lin– CD34+ cells from normal human bone marrow, UCB, mobilized periph-
eral blood (MPB), or fetal liver yields a suspension that is highly enriched in CRU
(17,19,20). Selection of lin–CD34+ subsets expressing Thy-1 (61,62) and/or
AC133 (63,64) further enrich for CRU in a fashion similar to that obtained when
the CD38– subset of CD34+ cells is selected. Recent evidence also indicates that a
proportion of human HSC may be lin–CD34– (65,66). The majority of murine
CRU appears to be contained within the lin–Sca-1+ fraction. Antibodies directed
against murine Thy-1 (67), CD117/c-kit (68,69), and CD34 (70,71) have been
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used to obtain more highly enriched suspensions of LTR cells. Detailed descrip-
tions of the isolation of human and murine HSC are provided in Chapters 1–4.

2. If desired, other parameters including total cell numbers, and the concentrations
of various cytokines, nutrients, and metabolites may be monitored during the
culture period.
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Hematopoietic Development of ES Cells in Culture

Gordon M. Keller, Saiphone Webb, and Marion Kennedy

1. Introduction
Under appropriate culture conditions, ES cells will spontaneously differen-

tiate and generate colonies known as embryoid bodies (EBs) that contain pre-
cursors of multiple lineages, including those of the hematopoietic system (1–7).
Previous studies have demonstrated that the molecular events leading to he-
matopoietic commitment, as well as the kinetics of lineage development within
the EBs, parallel that found in the normal mouse embryo (5). More recent stud-
ies (8–11) have supported these earlier findings and have provided evidence
that hematopoietic development within EBs can be divided into the following
distinct stages: hemangioblast, primitive and early definitive, and multilineage
definitive. These stages most closely correspond to the preblood island, the
early-mid yolk sac, and the late yolk sac-early fetal-liver hematopoietic pro-
grams within the mouse embryo.

Given these well-characterized patterns of development, the in vitro differ-
entiation of ES cells provides a powerful model for studying embryonic he-
matopoiesis, using a number of experimental approaches. EBs provide easy
access to multiple stages of development, enabling the identification, isolation,
and characterization of the earliest committed hematopoietic precursors (8,10).
Differentiation of genetically altered ES cells provides a good assay for defin-
ing the role of a specific gene in the development of the embryonic hematopoi-
etic system. With respect to loss of function studies, in vitro differentiation of
gene-targeted ES cells offers a complementary approach to the analysis of
knock-out mice, as it is quick, inexpensive, and can be used for the analysis of
genes that are essential for embryonic and fetal development (12–15). The ES/
EB system is also well-suited to gain-of-function studies, as the consequences
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of overexpression of specific genes on hematopoietic commitment can be
determined (16,17). The protocols in this Chapter cover all aspects of ES dif-
ferentiation and the generation of specific hematopoietic lineages from the
developing EBs.

2. Materials
2.1. Media

1. Dulbecco’s Modified Eagle Medium (DMEM): (for 1 L)
DMEM powder: Gibco-BRL #12100–046: package for 1 L.
Penicillin/streptomycin (100X): Gibco-BRL #15070–063: 10 ml/L.
HEPES buffer 1 M: Gibco-BRL #15630–080: 25 ml/L.
NaHCO3: 3.025g/L*.
Tissue-culture grade H2O (TC-H2O): make up to 1 L.
Filter-sterilize.
*The amount of NaHCO3 has been adjusted to that of IMDM.

2. Iscove’s Modified Dulbecco’s Medium (IMDM): (for 1 L)
IMDM powder: Gibco-BRL #12200-036: package for 1 L.
Penicillin/streptomycin (100X): Gibco-BRL #15070–063: 10 mL/L.
NaHCO3: 3.025 g/L.
TC-H2O: make up to 1 L.
Filter-sterilize.
IMDM can also be purchased ready-made from a number of different suppliers.

3. 10X Phosphate-Buffered Saline (PBS): (for 1-L stock).
Dissolve the following in approx 800 mL of TC-H2O: NaCl (80 g), KCl (2 g),
Na2HPO4 (14.4 g), KH2PO4 (2.4 g).
Adjust pH to 7.4.
Adjust final volume to 1 L with TC-H2O and filter-sterilize.
Dilute stock 1:10 with sterile TC-H2O for use.

4. DMEM-ES and IMDM-ES Medium:
DMEM or IMDM (85%).
Fetal bovine serum (FCS) pretested for maintenance of ES cells (15%).
Monothioglycerol (1.5 × 10–4M).
Leukemia inhibitory factor (LIF) (10 ng/mL mouse recombinant or conditioned
medium [CM]).

5. IMDM-FCS Medium: IMDM (95%), fetal calf serum (FCS) (5%),
monothioglycerol (1.5 × 10–4M).

6. Macrophage Medium I: IMDM + 1.5 × 10–4M monothioglycerol (80%),
FCS (10%), L-cell CM (10%), IL-3 (1 ng/mL mouse recombinant or CM).

7. Macrophage Medium II: IMDM + 1.5 × 10–4M monothioglycerol (80%),
FCS (10%), L-cell CM (10%).

8. Mast-Cell Medium: IMDM + 1.5 × 10–4M monothioglycerol (90%),
FCS (10%), IL-3 (1 ng/mL mouse recombinant or CM), c-kit ligand (KL) (100
ng/mL mouse recombinant or CM).
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9. Hemangioblast Medium: This medium is used to expand both hematopoietic and
endothelial cells from the blast-cell colonies, and contains the following serum
and cytokines that have been selected to stimulate the growth of these lineages:
FCS (10%), horse serum (HS)(10%), vascular endothelial growth factor (VEGF)
(5 ng/mL), insulin-like growth factor (IGF-1) (10 ng/mL), basic fibroblast growth
factor (bFGF) (10ng/mL), Epo (2 U/mL), KL (100 ng/mL mouse recombinant or
CM), IL-3 (1 ng/mL mouse recombinant or CM), endothelial cell- growth supple-
ment (ECGS) (100 µg/mL), IMDM + MTG (1.5 × 104M); make to 100%.

10. Methylcellulose Stock (2.0%):
a. Weigh a sterile 2-L Erlenmeyer flask, add 450 mL autoclaved TC-H2O, and

bring to a boil on a hotplate.
b. Add 20 g of methylcellulose powder and bring to a boil for 3 min. The mix-

ture must be swirled repeatedly during this step, as it will rise and flow over
the flask as it boils. Swirling the mixture as it begins to rise will prevent this.

c. Allow this mixture to cool to room temperature.
d. While the mixture is cooling, make 500 mL of 2X IMDM with 2X MTG (3.0

× 104M) using the above IMDM recipe with one-half the amount of water.
Filter-sterilize prior to use.

e. When the methylcellulose mixture has cooled to room temperature, add the
2X IMDM and swirl to mix.

f. Weigh the flask and adjust the weight with sterile water. The final weight of
the methylcellulose mix minus the flask should be 1000 g.

g. Allow the methylcellulose to thicken at 4°C overnight, aliquot, and store at
–20°C. Swirl the mixture two times during the first hour of this cooling pe-
riod to prevent separation. The methylcellulose must be frozen before it can
be used.

2.2. Conditioned Media (CM)

L-Cell CM: Medium conditioned by L929 cells provides a good source of
M-CSF for the growth of large numbers of EB-derived macrophages. CM is
prepared as follows:

a. Seed L929 cells into a flask containing IMDM with 10% FCS. We routinely use
NUNC triple flasks (NUNC #132867) that hold 150 mL of medium.

b. Harvest the supernatant shortly after the cells have reached confluence, and add
fresh medium to the cells.

c. Harvest supernatant again following 72–96 h of conditioning, and repeat proce-
dure 3–4 times, as long as the cells remain healthy.

d. Pool, filter (0.2 µm), and test CM. The CM should be tested for its ability to
stimulate EB-derived macrophage colonies in methylcellulose assays. A good
CM should have maximal activity at 10% or less. When tested, CM should be
aliquoted and stored frozen at –20°C.
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IL-3 Conditioned Medium: For many experiments CM from cell lines engi-
neered to express IL-3 can be used. We routinely use CM from X63 AG8–653
myeloma cells transfected with a vector expressing IL-3 (18). IL-3 CM from
these cells is generated as follows:

a. Cells are initially grown in IMDM-FCS and G418 (1 mg/mL) for 3–4 d to select
and maintain those containing the expression vector. Following this selection
step, cell numbers are expanded in IMDM-FCS without G418 in T75 flasks.
When the cells have reached sufficient density (1 × 105/mL-2 × 105/mL), the
contents of three T75 flasks are pooled and passaged to a NUNC triple flask with
150 mL IMDM-FCS for the generation of the CM.

b. CM is harvested as it acidifies, prior to significant cell death. The contents of the
NUNC triple flasks are poured into 200-mL (NUNC conical) tubes, and the cells
are pelleted by low-speed centrifugation. Because many of the cells are slightly
adherent, they will remain in the flask and can be used for conditioning the next
batch of medium. Following centrifugation, harvest and filter-sterilize the super-
natant. One-half of the cell pellet is returned to the original triple flask with 150
mL of new medium, and the conditioning step is repeated. At this stage, condi-
tioning takes approx 48–72 h.

c. Medium can be changed 5–6 times using the same cell population.
d. When conditioning is complete, test the pooled harvests for activity. Testing

should include the stimulation of proliferation of an IL-3-dependent cell line, as
well as the growth of colonies in methylcellulose. Most batches of X63 AG8–
653 CM show maximum activity in these assays below a final concentration of
1%. When tested, CM should be aliquoted and stored frozen at –20°C.

KL and LIF-CM: We use medium conditioned by Chinese hamster ovary
(CHO) cells transfected with either a KL or LIF expression vector (provided
by Genetics Institute, Cambridge MA) as a source of KL and LIF for most
experiments. This CM is produced by the same protocol used for the genera-
tion of L-cell CM. KL-CM can be tested for its ability to stimulate the growth
of mast cells in liquid culture or mast cell colonies in methylcellulose cultures.
LIF-CM is tested for its ability to maintain feeder-independent ES cells in an
undifferentiated state through 4–5 passages. Most batches of CHO-KL and
CHO-LIF-CM show optimal activity at a final concentration of 1%. When
tested, CM should be aliquoted and stored frozen at –20°C.

D4T Endothelial-Cell-CM: Medium conditioned by the embryonic endot-
helial cell line D4T is used together with VEGF to support the growth of EB-
derived hemangioblast colonies (8,10). D4T-CM is produced as follows:

a. D4T cells are grown on gelatinized flasks in IMDM with 10% FCS (selected for
hemangioblast growth) and ECGS (50 mg/mL).
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b. When the cells reach confluency, replace medium and allow new medium to con-
dition for 72 h.

c. Conditioning can be repeated 4–5 times with the same cell population.
d. Filter and test conditioned medium. D4T-CM should be tested for its ability to

stimulate EB-derived blast-cell colonies in cultures containing VEGF. Most
batches of D4T-CM are used between 15–25%. When tested, CM should be
aliquoted and stored frozen at –20°C.

2.3. Reagents and Cytokines

1. Trypsin-EDTA: Trypsin (1.25 g, trypsin 1:250: Sigma T-4799).
0.5 M ethylenediaminetetraacetic acid (EDTA) (1.08 mL).
PBS (500 mL).
Warm to dissolve, filter-sterilize, aliquot, and store at –20•C.

2. Collagenase: Dissolve 1.0 g of collagenase (Sigma C0130) in 320 mL PBS.
Filter-sterilize (use prefilter; may need to use more than one filtration apparatus).
Add 80 mL FCS.
Aliquot and store frozen at –20°C. One cycle of freeze-thaw is acceptable.

3. DNase: Make a stock of 1 mg/mL (DNase I: Calbiochem #260912) in TC-H2O.
Aliquot in 1-mL amounts and store frozen at –20°C.
Use aliquots once and discard excess.

4. Collagenase/DNase: Add DNase at a final concentration of 10 µg/mL to collage-
nase just prior to EB dissociation.

5. Gelatin: Prepare a 0.1% solution of gelatin (Sigma #G 1890) in 1X PBS, dis-
solve, and sterilize by autoclaving.

6. Gelatinized flasks and dishes: Gelatinization is accomplished by covering the
surface of a dish or flask (e.g., 2.0 mL for a T25 flask) with the gelatin solution
for 20 min at room temperature. Dishes and flasks can be prepared in advance
and stored with the gelatin solution at 4°C for up to 1 wk. Remove excess gelatin
solution prior to use.

7. Ascorbic Acid (AA): Prepare a stock solution of 5 mg/mL (L-ascorbic acid:
Sigma A-4544) in cold TC-H2O, filter-sterilize, aliquot and store at –20°C. Use
once and discard excess.

8. Monothioglycerol (MTG): The amounts of MTG (SIGMA #M6145) indicated
are the recommended concentrations. However, it is important to test each new
batch of MTG, as there is variability between them. MTG should be aliquoted
(1.0 mL) and stored frozen (–20°C). When aliquots are thawed, they can be used
for several experiments and then discarded. Aliquoting of MTG is strongly rec-
ommended, as it minimizes the amount of oxidation caused by repeated opening
of the stock bottle.

9. L-Glutamine: Gibco-BRL #25030–081.
10. Transferrin (TRANS): Boehringer Mannheim #652202.
11. Protein-Free Hybridoma Medium (PFHM-II): Gibco-BRL #12040–093.
12. Methylcellulose (MeC): It is important to test different batches of methylcellulose

(FLUKA #64630) for their ability to support the growth of hematopoietic cells.
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13. Fetal Bovine Plasma-Derived Serum; Platelet-Poor (PDS): Antech, Tyler, TX:
Request Keller lab protocol serum.

14. Penicillin/Streptomycin (Pen/Strep): Gibco-BRL #15070–063.
15. Matrigel: Becton Dickinson #40230 (growth factor reduced). The stock bottle of

Matrigel is thawed slowly on ice, diluted 1:1 with IMDM, aliquoted (0.5 mL) and
stored frozen (–20°C).

16. Endothelial Cell Growth Supplement (ECGS): Collaborative Biomedical Prod-
ucts, Becton Dickinson #40006B.

17. Recommended Culture Dishes:
a. For EB generation: 60 × 15mm Petri dish (5 mL) VWR#25384-060.
b. For hematopoietic colony assays: 35 × 10 mm Petri dish: FALCON #1008.

18. Cytokines: Cytokines can be purchased from a number of different suppliers. We
use the following from R&D Systems:
G-CSF: #414-CS TPO: #488-TO
GM-CSF: #415-ML EPO: #287-TC
M-CSF: #416-ML KL: #455-MC
VEGF: #293-VE LIF: #449-L
IL-3: #403-ML bFGF: #233-FB
IL-6: #406-ML IGF-1: #291-G1
IL-11: #418-ML

3. Methods
The method used for ES differentiation in our lab, outlined in Fig. 1, in-

volves three different stages: preparation of ES cells for differentiation, the
generation of EBs from ES cells, and the isolation of hematopoietic cells from
EBs. For ES cell differentiation to be efficient and reproducible, it is important
to begin with healthy, well-maintained ES cells and to accumulate a set of
tested proven reagents. Each aspect of the ES cell-differentiation protocol is
discussed in Subheading 3.1. In addition to the differentiation protocols, we
have also provided some standard protocols for the growth and maintenance of
undifferentiated ES cells. More detailed information on different aspects of ES
cells—including growth, maintenance, and derivation—can be found
elsewhere (19).

3.1. Growth and Maintenance of ES Cells

ES cells are routinely maintained on irradiated or mitomycin C-treated pri-
mary mouse embryonic or STO fibroblasts in medium containing LIF (DMEM-
ES) (19). Although LIF is not necessary for maintaining ES cells on feeder
cells, it is essential for the growth of feeder-independent ES cells (20,21). For
the sake of convenience, we use the same media for the growth of all ES cells.
Maintenance of ES cells on feeder cells is important for preserving their poten-
tial to contribute to the germ line following injection into host blastocysts. ES
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cells used only for in vitro differentiation can be maintained in the absence of
feeders in medium supplemented with LIF, although prolonged growth (>3 wk)
in these conditions is not recommended. ES cells divide rapidly, and therefore
cultures should be monitored daily and the cells passaged frequently, usually
every 2 d. When passaging ES cells, it is important to dissociate cell clusters
well with trypsin to ensure a good single-cell suspension. Passaging of undis-
sociated cell clusters results in the development of large aggregates of ES cells
that can begin to undergo spontaneous differentiation.

1. To passage cells from a confluent T25 flask, remove the DMEM-ES medium,
add 1.5 mL trypsin-EDTA, and incubate at 37°C for 3 min. It is important to use
high-strength trypsin to ensure that the dissociation is complete in less than 5
min. Long periods of trypsinization can be detrimental to the cells.

2. Following this short incubation, the cells can be easily dissociated by gently shak-
ing the flask and/or by pipetting. In some instances, relatively dense cultures
require an additional minute of incubation.

3. When the cells have been dissociated, add 3.5 mL of DMEM-ES medium to di-
lute and inactivate the trypsin. For normal maintenance, approx 10% of these
cells are passaged to a new flask with DMEM-ES medium and fresh feeder cells.
During this dilution, aliquots of the trypsinized suspension can be passaged di-
rectly to the new flask without centrifugation. If a significantly larger volume is
passaged to the new flask, it is advisable to first pellet the cells by low-speed
centrifugation to remove the trypsin.

3.2. Preparation of ES Cells for In Vitro Differentiation

Prior to differentiation, it is advisable to remove the ES cells from the feeder
cells—which, when present in excess numbers—can affect the development of
EBs. Feeders can be removed either by selective adhesion to tissue-culture
plastic or by subcloning the ES cells directly onto a gelatinized culture vessel.
Because the adhesion procedure is fast and easy, it is the recommended first
approach for most ES cell lines.

3.2.1. Depletion of Feeder Cells by Adherence

1. Trypsinize the ES cells and feeder cells, centrifuge the suspension, and resus-
pend the pellet in an appropriate volume for cell counting.

2. Seed the ES and feeder cells into a 100 × 15 mm tissue-culture-grade dish in
DMEM-ES medium at an approximate concentration of 1 × 106 cells/mL in a
total of 7–10 mL.

3. Culture at 37°C for 1.5–2.0 h, during which time the feeders, but not the ES cells,
will adhere to the dish.

4. Remove the nonadherent ES cell-enriched fraction and transfer it to a gelatinized
flask in DMEM-ES medium.
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5. The adherence procedure is successful if greater then 75% of the cells in the
culture have the morphology of ES cells. Further passaging can usually eliminate
the remaining feeder cells. However, excessive passaging in the absence of feeder
cells is not recommended. If significant numbers of feeder cells are present in the
culture following the first adherence step, it should be repeated. The entire pro-
cess of depleting feeder cells should not require more than five passages. When
the ES population is relatively free of feeder cells, large numbers of aliquots
should be frozen for the differentiation experiments. Additional vials of ES cells
can be frozen from the first few passages in the absence of feeder cells. It is
important to accumulate an adequate stock of gelatin-adapted cells for a particu-
lar ES cell line so that the feeder-cell depletion step does not have to be con-
stantly repeated. Feeder-independent ES cells should not be carried longer than
2–3 wk in culture. At this stage, they should be discarded, and a new vial thawed.

Some ES cells undergo some spontaneous differentiation when removed from
feeder cells and maintained on gelatinized flasks. This is not of concern if the
number of differentiated cells is less that 10% of the population. However, if
significant numbers of differentiated cells persist with repeated passaging, the
ES line should be subcloned.

3.2.2. Subcloning of ES Cells

Subcloning can be used to separate ES cells from differentiating progeny or
to remove ES cells from feeder cells.

1. Dissociate the cells with trypsin as in Subheading 3.2.1., step 1 and culture in a
gelatinized 100 × 15 mm tissue-culture-grade dish in DMEM-ES medium at con-
centrations ranging from 3 × 103 to 1 × 105 per dish. The goal of this step is to
achieve a cell density in which single, well-dispersed ES-cell colonies will de-
velop over a 2–3 d culture period.

2. When colonies have reached a reasonable size (200–500 cells), they can be picked
directly from the liquid culture with a finely drawn 10-µL glass micropipet (VWR
#53432–728). Choose clones with a three-dimensional appearance, free of sur-
rounding differentiating cells or feeder cells.

3. Individual clones are placed in microtiter wells containing 50 µL of PBS. Add
100 µL of prewarmed trypsin-EDTA to each well and incubate for 3 min at 37°C.
Stop the reaction by adding 50 µL of FCS to the well, and disperse the colony by
gentle pipetting.

4. Transfer the cells from each clone into one well of a gelatinized 24–well plate
containing DMEM-ES medium. It is not necessary to wash the cells during this
passage. The medium should be changed frequently, and the growth of clones
monitored daily. When the cells have reached 75% confluence, the contents of a
well can be passaged to a gelatinized T25 flask. Most clones will reach this stage
within 3–4 d. An aliquot of the T25 flask can be frozen at the time of passaging.
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Fig. 1. Protocol for ES cell differentiation.
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To ensure that the subcloning is successful, select approx 24–48 clones per
ES cell line. When the clones have been expanded and aliquots frozen, each
should be tested for its capacity to generate EBs.

3.3. Generation of EB from ES Cells

The generation of healthy, robust embryoid bodies (EBs) is an important
first step in the differentiation of ES cells to the hematopoietic lineage. The
two variables that impact EB development most dramatically are the state of
the ES cells and the lot of FCS used for differentiation. Selection of appropri-
ate FCS for differentiation is discussed in Subheading 3.5.

1. Twenty-four to 48 h prior to the initiation of EB generation, passage ES cells into
IMDM-ES media in a T25 gelatinized flask. This step is designed to reduce pos-
sible stress from moving cells directly from DMEM-ES medium to IMDM me-
dium, which is used in all differentiation cultures. ES cells are not maintained for
extended periods of time in IMDM-ES medium, as they grow faster and the re-
sulting clusters are considerably flatter then those maintained in DMEM-ES
medium.

2. Following 1–2 d of culture in IMDM-ES medium, harvest the ES cells by
trypsinization, wash 2 times in IMDM-FCS, and do a viable cell count. You
should expect to recover between 2 × 106 and 8 × 106 cells from a single T25
flask, and cell viability should be near 100%.

3. To generate EBs, ES cells are cultured in the absence of LIF and under condi-
tions that prevent them from adhering to the surface of the culture dish. This can
be achieved by culturing the cells either in methylcellulose-containing medium
or in liquid cultures in Petri-grade dishes. Testing different brands of Petri-grade
dishes is sometimes required to select those which display the least adhesiveness
for the developing EBs. Methylcellulose is recommended for long-term cultures
(>9 d), as EBs tend to become more adherent with time. Liquid is more conve-
nient for shorter-term cultures (2–9 d), because it is easier to harvest the EBs
from these conditions.

4. The components of the differentiation culture will vary depending upon the stage
of hematopoietic development to be studied. Table 1 summarizes the culture
conditions used to generate EBs representative of the three stages of hematopoi-
etic development; hemangioblast, primitive, and early-definitive and multilineage
definitive.

5. Liquid cultures are usually carried out in a volume of 5 mL per 60 × 15mm Petri-
grade dishes or in a vol of 10 mL per 100 × 15 mm dish. Methylcellulose cultures
can be done in 100 × 15 mm, 60 × 15 mm or 35 × 15 mm Petri-grade dishes, using
vol of 10, 5, and 1.5 mL of culture mix respectively. Table 1 provides an esti-
mate of the number of CCE ES cells that should be plated to obtain reasonable
numbers of EB-derived cells at different time-points. When differentiated in me-
thylcellulose cultures, the efficiency of EB formation for CCE cells is 20–50%.
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The number of input CCE ES cells recommended in Table 1 should yield 2.5 ×
106 to 5 × 106 per 5-mL plated. It is important to titrate the number of input cells
for each ES cell line to be used in the differentiation assay, as the efficiency of
EB formation varies considerably between cell lines. If the efficiency of EB for-
mation is very low (<1% EB formation in methylcellulose or a recovery of less
than 1 × 106 cells per 1 × 105 input ES cells in liquid), the ES cell line should be
subcloned (see Subheading 3.2.2.). Cytokines (KL, IL-3, and IL-11) are added
to late-stage cultures (9–14 d) to maintain the precursor content of the EBs (see
Table 1). In addition, long-term differentiation cultures should be fed as indi-
cated in Table 1. Cytokines are not required for the initiation of hematopoiesis in
EBs during the first 6 d of differentiation.

3.4. Isolation of Hematopoietic Cells from EB

Developing hematopoietic precursors within the EBs can be identified and
studied using several different approaches. Standard colony-forming cell (CFC)
assays can be used for a quantitative assessment of precursor development. For
this type of analysis, EB-derived cells are cultured in methylcellulose-contain-
ing medium supplemented with hematopoietic cytokines. Precursor numbers
and developmental potential are determined from the number and type of he-
matopoietic colonies that develop. Colony assays are useful for quantification
and characterization of precursors, but do not provide large numbers of lin-
eage-specific hematopoietic cells for further molecular and biochemical stud-
ies. Large numbers of cells for such studies can be generated from the mast cell
and macrophage lineages.

3.4.1. Harvesting EBs

1. EBs generated in liquid cultures are transferred to a 50-mL tube and allowed to
settle by gravity for approx 10 min. This step separates the EBs from the dead
cells that did not participate in EB formation. A maximum of eight 60 × 15 dishes
(40 mL) can be harvested into each tube. When the majority of EBs have settled
into a pellet, the supernatant can be removed and the EBs dissociated (see Sub-
heading 3.4.2.). It is not necessary to wash the EBs prior to dissociation.

2. EBs grown in methylcellulose cultures should be loosened with a cell scraper, as
some adhesive cells can develop over a period of time. The methylcellulose is
next diluted with an equal volume of IMDM-FCS to convert the entire culture to a
liquid consistency that can be removed with a pipet. The contents of the differentia-
tion cultures are transferred to a 50-mL tube with additional IMDM-FCS to fur-
ther dilute the methylcellulose. A maximum of four dishes can be harvested into
a 50-mL tube. Older EBs (10 or more days) are less compact than younger ones,
and often have hematopoietic cell populations growing out of them. To prevent
loss of these maturing populations, the cells and EBs are collected by
centrifugation.
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3.4.2. Dissociation of EBs

EBs differentiated for 7 d or less can be easily dissociated with trypsin,
whereas those differentiated 9 d or longer require collagenase treatment.

3.4.2.1. TRYPSIN TREATMENT OF EBS (2–7 DAYS)

1. Add 3 mL of trypsin to the EB pellet, incubate for 3–5 min in a 37°C-water bath,
and then stop the reaction with the addition of 1 mL of FCS. Dissociate the EBs
by passaging them 2 times through a 5-mL syringe with a 20-gauge needle.

2. Following the dissociation procedure, add 5–6 mL of IMDM-FCS, centrifuge at
1000–1400 rpm, and resuspend the pellet in an appropriate volume for cell count-
ing and distribution. Using the CCE ES cell line, EB cell yields should range
between 5 × 105–1 × 106 cells per mL from a 60 × 15 mm dish. Cells should be
>95% viable after this treatment.

3.4.2.2. COLLAGENASE TREATMENT OF EBS (>9 DAYS)

1. Resuspend the EB pellet collected from one or two 60 × 15 mm dishes in 5 mL of
collagenase-DNase solution and incubate at 370C for 1–2 h. The suspension
should be vortexed every 30 min.

2. Dissociate the EBs by passing them through a 20-gauge needle 4 times. Centri-
fuge the dissociated cells, and resuspend the pellet in IMDM-FCS. A 60 ×
15-mm culture of d 12 CCE-derived EBs should yield between 4.0 × 105 and 8.0
× 105 cells per mL with >90% viability.

3.4.3. Methylcellulose Colony-Forming Assay

The procedure for assaying EB-derived precursors in methylcellulose is
identical to that used for precursors from fetal liver and adult bone marrow.
Cells are mixed into the methylcellulose-containing medium with specific he-
matopoietic cytokines, and aliquots are plated into 35 ×10 mm Petri-grade
dishes, which are incubated at 37°C for various periods of time. Colonies that
develop from the hematopoietic precursors are scored between 5–10 d follow-
ing the initiation of culture. The types of precursors present will depend on the
age of the EBs. The changing precursor populations provide the basis for de-
fining the three different stages of EB hematopoietic development. The earliest
stage, the hemangioblast stage, contains the VEGF-responsive blast-CFC able
to generate both endothelial and hematopoietic progeny (Table 2). EBs at the
next stage, the primitive and early-definitive stage, contain primitive erythroid
(Ep), definitive erythroid (Ed), macrophage (Mac), bipotential Ed/Mac
bipotential Ed/megakaryocyte (Ed/Mega), and multipotential precursors. The
multilineage definitive stage EBs contain Ed, bipotential Ed/mast cell (mast),
Mast, bipotential Ed/Mega, Mega, bipotential Ed/Mac, Mac, neutrophil (Neut),
bipotential Mac/Neut (GM), and multipotential precursors. Few, if any, Ep pre-

干细胞之家www.stemcell8.cn ←点击进入

http://www.stemcell8.cn


Hematopoietic Development of ES Cells 221

cursors are found in the multilineage definitive stage of development. These
various populations are representative of populations that develop in the em-
bryonic yolk sac and fetal liver of the normal mouse embryo. Conditions that
support the growth of specific lineage-restricted precursors as well as those
that support the growth of all precursors from EBs at these various stages of
development are outlined in Table 2.

3.4.3.1. THE HEMANGIOBLAST

Recent studies have demonstrated that precursors with the potential to gen-
erate both hematopoietic and endothelial lineages develop within the EBs prior
to the onset of any other hematopoietic programs (10). These bipotential pre-
cursors, also referred to as hemangioblasts, represent a transient population

Table 1
Conditions for the Generation of EBs with Different Populations
of Hematopoietic Precursors

Multilineage
Hemangioblast Primitive and early definitive

stage definitive stage stageb

Culture Components d 3.0–3.5 d 5–7 d 9–d 14
MeC Stock (50%) a +/–a +/–a +
FCS 15% + + +
Glutamine (2 mM) + + +
TRANS (300 ug/mL) + + +
MTG (4 × 10–4M final) + + +
AA (50 ug/mL) + + +
PFHM-II (5%) – + +
Cytokines – – +
   KL (100 ng/mL or CM) – – +
   IL–3 (1 ng/mLor CM) – – +
   IL–11 (5 ng/mL) – – +
  IMDM (to 100%) + + +

Cell Input and Yield
Input for CCE ES cells/mL 7500–10,000 500–1500 300–500
Yield/ml 0.5 × 106– 0.5 × 106– 0.5 × 106–

1.0 × 106 1.0 × 106 1.0 × 106

aDay 3–7 EBs can be generated in either methylcellulose or liquid cultures. Methylcellulose
is recommended for later-stage cultures.

b For the generation of d 12–14 EBs, the methylcellulose cultures should be fed with 2 mL of
fresh methylcellulose mix on d 9 or 10. Add the feeding mix in small amounts over the surface of
the existing culture.
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that develops between d 3.0 and d 3.25 of differentiation, and persists for 12–
18 h. These times can vary by 3–6 h, depending on the batch of FCS and on the
ES cell line used. The EB-derived hemangioblasts grow in response to VEGF
and generate colonies consisting of cells with undifferentiated blast-cell mor-
phology. Consequently, we have referred to these hemangioblast-derived colo-
nies as blast-cell colonies. Growth of blast-cell colonies is enhanced by the
addition of CM from an embryonic endothelial-cell line, D4T (8). Although
this effect is most pronounced in sparse cultures, growth-promoting effects can
be observed at most cell densities, and therefore we routinely include D4T-CM
in all of our hemangioblast assays. It is possible that CM from other endothe-
lial or stromal-cell lines can be used in place of D4T-CM, although we have
not carried out extensive comparisons.

1. To generate colonies from hemangioblasts, plate varying numbers of cells
(3.0 × 104/mL to 1.5 × 105/mL) from d 3.0–3.5 EBs in the appropriate methyl-
cellulose mixture (Table 2).

2. Colonies develop from the hemangioblasts within 3–4 d of culture and can be
recognized as loose clusters of cells that are easily distinguished from the com-
pact secondary embryoid bodies (see ref. 8). Blast-cell colonies and secondary
EBs are the only colonies present in these replated cultures.

3. The potential of the hemangioblast-derived colonies is best assayed by plating
them in microtiter wells precoated with a thin layer of Matrigel, and in medium
containing cytokines that support the growth of both the hematopoietic and en-
dothelial lineages (hemangioblast medium). To coat the wells with Matrigel, add
5 uL to each and spread it over the surface with the tip of an Eppendorf pipet.
This step should be carried out on ice. When the required number of wells have
been treated, allow the microtiter plate to incubate on ice for 10–15 min. Follow-
ing this step, aspirate the excess Matrigel from each well and incubate the plate at
37°C for an additional 15 min. The plate is now ready to use. Under these culture
conditions, individual blast-cell colonies will generate both adherent and
nonadherent cell populations which can distinguished within 24 h of culture. The
nonadherent cells contain hematopoietic precursors that can easily be harvested
by pipetting and assayed in methylcellulose cultures for colony-forming poten-
tial, using the cytokine mix designated for the growth of all precursors (see Table
2). The adherent population contains cells that express endothelial markers (10),
including PECAM-1 (22), flk-1 (23,24), flt-1 (25), and TIE-2 (26).

3.4.3.2. PRIMITIVE ERYTHROID PRECURSORS

Primitive erythroid precursors develop within EBs shortly after the
hemangioblasts, and can be detected as early as d 4.0 of differentiation. Their
number increases dramatically over the next 2–3 d and can represent 1–2% of
the total EB population by d 6–7 of differentiation (5). Beyond this stage, their
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number declines sharply to almost undetectable levels by d 10–12 of differen-
tiation. Ep precursors require only Epo for growth and generate relatively small
(<100 cells) brilliant red colonies (see ref. 15). We have not identified any
other cytokines that will stimulate the growth of these colonies. Ep colonies
have several specific growth requirements that differ from other types of he-
matopoietic colonies. First, they require platelet-poor plasma-derived serum
(PDS) for growth, as they do not develop well in most batches of normal FCS.
Second, their growth and development is enhanced significantly by the addi-
tion of PFMH-II (5%) to the methylcellulose cultures. The active component
within PFMH-II is currently unknown. The identification of a colony as primi-
tive erythroid can be confirmed by morphological assessment of the cells and
by analysis of the globin expression patterns. Primitive erythrocytes are large
and nucleated, and express embryonic globins (27–29). We have found βH1
expression to be the best molecular marker for primitive erythrocytes (8).

3.4.3.3. DEFINITIVE HEMATOPOIETIC PRECURSORS

All precursors, other than primitive erythroid, are considered members of
the definitive hematopoietic system. Precursors of the macrophage and
definitive erythroid lineages develop shortly after the onset of primitive eryth-
ropoiesis, and persist within EBs for several weeks.

The earliest definitive erythroid precursors that develop within the EBs
(d 5–6 of differentiation) are the equivalent of BFU-E and require both c-kit
ligand (KL) and Epo for growth (5). The colonies that develop from these pre-
cursors are easily distinguished from Ep colonies, because they are consider-
ably larger and contain small cells that express β major but no βH1 globin
(8,15). If Tpo is included in the cultures, many of these definitive colonies will
also develop megakaryocytes. Precursors that generate these bilineage colo-
nies are more frequent in d 6 EBs than in those differentiated for longer periods
of time.

Macrophage colonies develop best in response to a combination of M-CSF
and IL-3. These colonies are easily identified based on growth characteristics,
cell morphology, and expression of macrophage-specific genes such as c-fms.
A subpopulation of macrophage colonies also contain a definitive erythroid
component (Ed/MAC colonies). Mast cell precursors develop within the EBs
between d 6–8, whereas those of the neutrophil lineage are delayed and are not
consistently detectable until d 12–14 of differentiation. As with the megakaryo-
cyte lineage, the earliest mast cells often develop in colonies together with Ed

cells. Mast-cell restricted precursors that generate pure mast-cell colonies are
not found in high numbers until d 10–12 of differentiation. Megakaryocyte,
mast-cell, and neutrophil colonies are easily identified by their size and shape,
and by the morphology of the cells within them. Standard histochemical analy-
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sis can be used to confirm that the cells within the colonies represent the re-
spective lineages.

The development of bilineage Ed/Mac, Ed/Mega, and Ed/Mast colonies sug-
gests that precursors with these restricted potentials exist. Although we have
not formally demonstrated the clonal origin of these bilineage colonies, we
have indicated the presence of these restricted precursors in Table 2. The pat-
terns of lineage development described here are highly reproducible for a given
ES cell line and set of reagents. Although there can be some difference in the
onset of hematopoiesis within the EBs, there is little variation in kinetics of
lineage development.

3.4.4. Liquid Expansion Cultures

Large numbers of ES cell-derived mast cells and macrophages can be easily
generated in liquid cultures for molecular biology and biochemical analysis.

3.4.4.1. MAST CELLS

1. Harvest d 6 EBs as described in Subheading 3.4.
2. Pellet the cells by centrifugation, wash once with IMDM-FCS, and then culture

in 6-well dishes in mast-cell medium at a concentration of 1.0 × 106–2.0 × 106

cells per mL in a final vol of 3–4 mL. Both adherent fibroblasts/endothelial cells
and nonadherent hematopoietic precursors will develop rapidly in these cultures.

3. 24 h following the initiation of the cultures, transfer the nonadherent cells to new
plates with fresh mast-cell medium. For this initial transfer, move the contents of
one well to a new well without diluting the number of cells. Adherent cells will
likely develop in these secondary cultures as well, and when significant numbers
are present (>50% confluent), passage the nonadherent population again. The
extent of adherent cell growth should diminish significantly by the third passage.

4. The cultures will undergo a crisis over the next 4–7 d as many of the hematopoi-
etic lineages begin to die. Mast cells will persist and continue to expand during
this phase of the culture.

5. Replace approx one half of the media every 2–3 d. This is done by carefully
aspirating old medium from the side of the well and replacing with new medium.

6. When the mast cells begin to grow and dominate the cultures, they can be pas-
saged and their numbers expanded. Mast cells grow best at a reasonably high
density, and therefore a dilution of approx 1:3 is recommended when passaging.
Mast cells can be maintained in culture for 6–8 weeks with media changes every
2–3 d.

3.4.4.2. MACROPHAGES

1. Harvest d 6 EB cells as described in Subheading 3.4.
2. Pellet the cells by centrifugation, wash once with IMDM-FCS and culture at 1 ×

106 per mL in 100 × 15 mm tissue-culture-grade dish in a final vol of 10 mL of
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Table 2
Growth of Hematopoietic Precursors from Different Stages of EB Development

EB age D 3.0–3.5 D 5–7 D 9.0–14
Precursor Hemangio- ED, Mac, Mega, ED/Mega,

content blast EP, ED,ED/Mega, Mega, ED/Mac, Mac, Mast, ED/Mast, Neut/Mac,
ES cells Multipotential   Neut, Multipotential

Growth of
defined lineage- Hemangio- All
specific precursors blast EryP EryD Mac Mega precursors Mast All precursors

Culture
components

MeC Stock (50% + + + + + + +
PDS (10%)a + + + + + + + Same as

or d 5–7 mix
FCS (10%)a + – + + + + +

Glutamine (1%) + + + + + + +
PFHM-II (5%) – + + + + + +

TRANS (300 ug/mL) + – – – – – –
MTG (4 × 10–4M) + – – – – – –
AA (25 ug/mL) b + – – – – – –
VEGF (5 ng/mL) + – – – – – –
D4T CM (20%) + – – – – – –
Epo (2 u/mL) – + + – – + –

KL (100 ng/mL)c – – + – – + +
IL-3 (1 ng/mL)c – – – + + + +

M-CSF (5 ng/mL) – – – + – + –
Tpo (5 ng/mL) – – + – + + –

IL-11 (5 ng/mL) – – – – + + –
G-CSF (30 ng/mL) – – – – + –
GM-CSF (3 ng/mL) – – – – – + –
IL-6 (5 ng/mL) – – – – – + –

Approx # of 3 × 104 – 1.5 × 105 3 × 104 – 1.5 × 105 7.5 × 104 – 1.5 × 105

EB cells plated
per mL

aEither PDS or FCS can be used for the growth of colonies from most hematopoietic precursors. PDS is required for the growth of colonies from
primitive erythroid precursors. bAdd ascorbic acid to the mix last. cConditioned medium can be used in place of these recombinant cytokines.
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macrophage medium 1. Macrophage precursors develop initially as nonadherent
cell clusters in these cultures.

3. Forty-eight h later, harvest the nonadherent clusters and pellet by centrifugation.
4. Resuspend the pellet in macrophage medium 2, and culture in 100 × 15 mm tis-

sue-culture-grade dishes. Culture the contents of one dish in each new dish
5. Macrophages will grow and begin to adhere to the dish within the next 2–3 d.

Cultures should be fed every 2–3 d and can be harvested 5–7 d later. As mature
macrophages are very adherent, combinations of trypsinization and cell scraping
are often required to harvest them from the culture dishes. More than 90% of the
cells should be of the macrophage lineage as determined morphology and by the
expression of lineage-specific markers such as F4/80 (30).

3.5. Serum Selection

Serum is the most critical component of the differentiation culture, and there-
fore considerable time and effort is required to select appropriate batches.

3.5.1. Growth of ES Cells

Pretested serum for ES cell growth is available from several different com-
panies. Alternatively, various lots can be tested for their ability to maintain ES
growth. To select an appropriate serum, passage the ES cells 4–5 times in the
various test lots and monitor the cultures for cell viability, growth, and mainte-
nance of cells with an undifferentiated morphology. It is easiest to test serum
on feeder-cell-depleted ES-cell populations.

3.5.2. Generation of EBs

The lot of serum selected for growth of ES cells is often not the best for EB
generation. Serum for differentiation should be selected based on its ability to
support the efficient development of EBs and on the hematopoietic potential of
the EBs that develop. To assess efficiency of EB development, EB numbers
can be counted if tested in methylcellulose, or total cell numbers from the dif-
ferentiation cultures can be evaluated if tested in liquid. Hematopoietic poten-
tial is determined by assaying EBs at different stages of development for the
desired precursor populations. Serum selection for the hemangioblast stage is
most difficult, given the highly sensitive and transient nature of this popula-
tion. In our experience, a given lot of serum that supports the efficient develop-
ment of the hemangioblast will often support the development of primitive and
definitive precursors in later-stage EBs. However, the reverse is not always
true, as some sera will support the efficient development of hematopoietic pre-
cursors in d 5–14 Ebs, but are not optimal for the early stages of development.
Therefore, the serum test should be set-up based on the types of precursors to
be studied.
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Table 3
Troubleshooting

Problem Cause Solution

Large cell aggregates in ES Incomplete cell dissociation Trypsinize for a longer period of
cell maintenance culture during trypsinization  time and/or replace trypsin

Persistence of Unstable ES cell line Subclone ES cell line
differentiated cells in Insufficient amount of LIF in media Titrate LIF concentration
feeder-cell-depleted cultures

Low numbers of EBs in Suboptimal serum Select new lot of serum
differentiation cultures Suboptimal ES cells Subclone ES cell line

Suboptimal ES cell concentration Titrate ES cell number

 Adherent EBs Adherent petri dishes Select a new brand of Petri dishes
Suboptimal serum Select a new lot of serum
 Overcrowded cultures Titrate ES cell number

Low numbers of Suboptimal serum for EB differentiation Select a new lot of serum
hematopoietic precursors in EBs
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3.5.3. Generation of Hematopoietic Cells from EBs

For the methylcellulose colony assay, serum should be selected based on
two criteria: the ability to support the growth of large numbers of colonies, and
the ability to support the growth and maturation of cells within the colonies.
With respect to maturation, the most sensitive cells are those of the primitive
erythroid lineage. As indicated above, we have found that PDS best supports
the development of these colonies (5). PDS will also support the growth of
other colonies and therefore we use it routinely for all our colony assays. Selec-
ted lots of normal FCS will support the development of colonies from all defin-
itive lineages, and may be used in place of PDS. Hemangioblast-derived
colonies will grow in either pretested lots of PDS or FCS. This serum should
be selected based on numbers of blast-cell colonies that develop and on the
potential of the colonies to generate both hematopoietic and endothelial
progeny.
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Genetic Modification of Murine Hematopoietic
Stem Cells by Retroviruses
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and R. Keith Humphries

1. Introduction
Among the currently available methods for gene transfer, recombinant mu-

rine retroviruses remain the best established method for achieving stable inte-
gration of a transgene with high efficiency. Pioneering work by a number of
groups has demonstrated the feasibility of using this method for gene transfer
to primitive, multipotential long-term repopulating hematopoietic stem cells
(HSC) (1–4). In the case of the hematopoietic system, it is required that the
introduced gene integrates into the genome of HSC in order to be expressed in
multiple lineages over an extended period of time. However, HSC are found at
low frequency, and are normally in a quiescent or slow cycling state. Both
factors represent challenges to successful retroviral gene transfer. The former
places a premium on high titer, and the latter dictates methods to trigger HSC
cycling during the infection, since stable integration of murine retroviruses
requires cell division of the target cell and breakdown of the nuclear membrane
(5,6). In general, titers greater than 1 × 105 U/mL allow some degree of gene
transfer for HSC, but 1 × 106 or higher are a reasonable goal for achieving
useful efficiencies of at least 20%. For activation of HSC, most protocols in-
voke a combination of in vivo and in vitro stimulation. The former is most
easily and routinely achieved by administration of cytotoxic agents like 5-fluo-
rouracil (5-FU) 4 d prior to bone-marrow harvest. This procedure removes a
large proportion of actively cycling, more differentiated cells, thus achieving a
degree of enrichment of HSC and CFU-S. It also triggers cycling of these cells
(7,8). Many groups have established the importance of cytokine stimulation in
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vitro, usually involving a combination of exposure to growth factors for
24–48 h prior to virus exposure (prestimulation period) and throughout the
subsequent period of virus infection (9,10). These cytokines are critical to both
maintain/trigger cycling and promote survival of HSC during the infection pro-
cedure.

The protocol described in this Chapter represents a robust approach for
retroviral gene transfer to HSC. Numerous variations can be successfully em-
ployed, including alternatives to in vivo treatment with 5-FU such as in vivo
administration of growth factors (11), various growth-factor combinations for
HSC stimulations, various viral packaging systems, and other methods to in-
crease cell-virus encounters, including flowthrough systems (12). This proto-
col should provide a framework for initial forays into the use of this powerful
method for genetic manipulation of hematopoietic cells.

2. Materials

2.1. Generation of Retroviral Producer Cells

1. Retroviral vector: The marker gene that is incorporated into the retroviral vector
influences the way that retroviral producer cells are generated. Numerous genes
whose expression can be identified by fluorescence-activated cell-sorting (FACS)
analysis, such as CD24 (13), CD8 (14), or the low-affinity nerve-growth-factor
(15) have been used. More recently, green fluorescent protein (GFP) has been
used as an intracellular marker gene (16,17). All these markers are expressed by
the infected cells as early as 24–48 h postretroviral infection, and the transduc-
tion efficiency can be determined by FACS. This short selection period is crucial
to minimize the loss of HSC during the in vitro culture period. Alternatively, the
NeoR gene conferring resistance to the cytotoxic drug G418 (or any other resis-
tance marker gene, such as for puromycin or hygromycin) is a useful marker in
retroviral vectors that are primarily used for in vitro experiments in which drug
selection can be readily employed.

2. Ca3(PO4)2 transfection kit (e.g., Pharmacia).
3. Amphotropic-packaging-cell line capable of high-level transient virus produc-

tion (see Note 1): Phoenix-ampho (18).
4. Ecotropic-packaging-cell line for long-term virus production: GP+E86 (19).
5. Dulbecco’s modified Eagle medium (DMEM) supplemented with 10% fetal

calf serum (FCS) and penicillin/streptomycin (by StemCell Technologies, or
Gibco-BRL).

6. Selection medium: DMEM supplemented with:
a. HXM: hypoxanthine (15 mg/mL, Sigma), xanthine (250 mg/mL, Sigma),

mycophenolic acid (25 mg/mL, Sigma).
b. G418 (1 mg/mL, Gibco-BRL).

7. Sterile-filter: 0.45 µm, low-protein binding (Gelman Acrodisc).
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8. Protamine sulfate or polybrene (both from Sigma): prepare stock solution at 5
mg/mL, final concentration: 5 µg/mL.

2.2. Retroviral Titer Assay
1. NIH-3T3 cells.
2. Retroviral supernatant (frozen or fresh).
3. Medium supplemented with the appropriate drug for selection (e.g., G418 for

vectors carrying the NeoR gene).
4. Methylene blue staining solution: 0.2g methylene blue in 100 mL methanol.
5. FACS buffer: phosphate-buffered saline (PBS) 2% FCS, 0.5 µg/mL propidium

iodide (PI) (Sigma)
6. Protamine sulfate or polybrene (both from Sigma): 5 µg/mL (final concentration).

2.3. Bone-Marrow Infection

1. Donor and recipient mice: It is convenient to employ histocompatible donor-
recipient pairs that differ by readily detectable markers such as the surface anti-
gen Ly5.1/5.2, hemoglobin variants or glucose phosphate isomerase (GPI) to
enable ready determination of the degree of reconstitution with donor-derived
cells.

2. For supernatant infection: retroviral supernatant (frozen or fresh).
3. For cocultivation: tissue-culture dishes with ~90 % confluent ecotropic producer

cells, irradiated in situ.
4. Cytokines for bone-marrow culture (final concentration): m IL-3: 6 ng/mL;

h IL-6: 10 ng/mL; m steel factor (SF): 100 ng/mL. Since repeated thawing and
freezing of concentrated cytokine solutions is detrimental to their activity, pre-
pare concentrated stock solution in medium without FCS, and store aliquots at –
20°C.

5. Fibronectin (Sigma) or fibronectin fragment CH-296 (Takara).
6. Methylcellulose for colony-forming cells (CFC) assays (StemCell Technologies).
7. Protamine sulfate or polybrene (both from Sigma): prepare stock solution at 5

mg/mL, final concentration: 5 µg/mL.
8. 5-fluorouracil (5-FU).

3. Methods

3.1. Retroviral Producer Cells

Generating stable retroviral producer cells is a multi-step process. For appli-
cation to murine target cells, first generate amphotropic retrovirus containing
supernatant by transfection of Phoenix-Ampho cells, which are optimized for
high-level transient virus packaging (18). This supernatant is used to infect an
ecotropic-packaging-cell line optimized for long-term stable virus production
(e.g., GP+E86) (19). To increase titers expose ecotropic-packaging-cells many
times with the amphotropic supernatant. Transduced cells are subsequently
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selected, either by drug selection or by FACS sorting. Once the integrity of the
proviral copy has been confirmed by Southern blot analysis and a high-titer
clone has been identified, supernatant is collected to infect the final target cells,
such as bone-marrow cells.

Alternatively, if only small amounts of retroviral supernatant are needed,
transient transfection of Phoenix-Eco (18) or BOSC cells (20) might yield
enough supernatant to directly infect murine bone-marrow cells. However, the
titer from stable producer cells are usually higher, and there are less batch-to-
batch variations (see Note 2).

Clonal drift resulting in loss of packaging function may cause producer cells
to give lower titers when cultured over extended periods of time. It is therefore
advisable to freeze a number of aliquots of these cells, which can then be
thawed in regular intervals, as soon as possible.

3.1.1. Generation of Retroviral Producer Cells

1. The retroviral vector plasmid DNA is introduced into Phoenix-Ampho cells by
CaPO4 transfection. Standard protocols as published in Current Protocols in
Molecular Biology are used. Further useful details are described by Dr. Gary
Nolan, whose lab generated the Phoenix-Eco and -Ampho packaging-cell-lines,
on his web page (www-leland.stanford.edu/group/nolan).

2. The supernatant is collected 24–48 h posttransfection and filtered through 0.45
µm low-protein binding filter.

3. Ecotropic packaging cells are plated at a low density in 6-cm tissue-culture dishes
1 d prior to use (1 × 105 cells/dish).

4. The medium is removed from the ecotropic packaging cells and replaced by
retroviral supernatant harvested from the transient transfection. For convenience,
supernatant from Phoenix-Ampho transfections can be stored frozen (–80°C) prior
to use, although some reduction in titer (up to 50%) can be expected.

5. Protamine sulfate is added to the dishes to a final concentration of 5 µg/mL.
6. Because of the short half-life of retroviruses of 5–8 h (21), the media should be

replaced after 8 h, either by fresh medium or by new retroviral supernatant.
7. The packaging cells can be infected multiple times by retroviral supernatant at

8–12 h intervals. This procedure increases the chances of multiple retroviral inte-
grations, which in turn leads to higher titers. If necessary, the cells should be split
to maintain them in exponential growth phase.

8. After 5–10 infection cycles, the retroviral producer cells are selected on the basis
of the expression of the marker gene. In the case of a surface marker, FACS can
be used to assess transduction efficiency and to sort transduced cells. In the case
of the neo-resistance marker, G418 is added to the media (see Note 3).

9. The selected producer cells are expanded and analyzed as follows:
a. Southern blot analysis: To demonstrate the integrity of the proviral copies. If

additional rearranged forms are observed, cloning may enable the isolation of
producers with only the full-length form.
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b. Titer assay (see Subheading 3.2.): To determine the amount of infectious
particles in the culture supernatant. The infected NIH-3T3 cells should also
be analyzed by Southern blot to confirm transmission of the full-length provi-
rus to the target cells.

3.1.2. Cloning and Selection of Retroviral Producer Clones

Once a retroviral producer-cell line has been generated, clones should be
established as soon as possible, either by limiting-dilution analysis (LDA)
under drug selection or by single-cell deposition of transduced cells by FACS.
Cloning of retroviral producer cells serves two purposes. First, retroviral vec-
tors may integrate not only in full-length proviral form, but also in rearranged
subgenomic forms. Retroviral producer cells that carry only the full-length
form can be separated by cloning from those that carry subgenomic forms.
However, cloning is only advised if the full-length band is the most prominent
one—otherwise, the chances to find a clone with only the full-length integra-
tion are very low. In this case, it may be faster to repeat the procedure, starting
with generating fresh transient retroviral supernatant. Changes in the vector
design may ultimately be the only recourse if generation of the full-length virus
remains problematic.

Second, cloning allows the identification of highest-titer clones, because
considerable variation occurs as a result of the integration site and number of
proviral integrations. Thus, from all the clones with only the full-length provi-
rus, viral supernatant are generated and titered, while a Southern blot analysis
of the clones is simultaneously performed to determine the proviral copy num-
ber. Based on these analyses, retroviral producer-cell clones can be identified
that are stable and produce high-titer supernatant.

3.1.3. Collection of Viral Supernatant

1. Expand viral producer cells and plate 5–10 × 105 cells/10-cm tissue-culture-grade
dish.

2. Change medium at 90–95% confluency: 8–10 mL fresh medium.
3. Collect supernatant after 12–36 h and filter supernatant through 0.45-µm low-

protein-binding filter. The optimal time at which the supernatant should be har-
vested must be determined for each vector. Although some groups report the
collection of viral supernatant at 32°C in order to slow down cell growth and
increase viral production (22), we have not observed significant differences in
titers of supernatant collected at 32°C or 37°C.

4. Store aliquots in cryotubes at –80°C.
5. Use one aliquot to determine retroviral titer.
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3.2. Retroviral Titer Assay

The marker gene of the retroviral vector defines how the titer of the viral
supernatant is determined. Although any marker gene is expressed within
24–48 h of retroviral infection, transduction efficiency can only be measured
immediately if the marker gene can be identified by FACS. In the case of drug-
resistance markers, the selection period lasts 1–2 wk.

Accordingly, the titer assays for these two types of retroviral vectors exhibit
two main differences. First, the expression/selection period lasts 2 or 14 d for
FACS- or G418-selectable vectors, respectively. Second, supernatants that are
titered by FACS are diluted only up to 100-fold, whereas when titered by drug
selection, the supernatants are diluted from 103- to 106-fold to facilitate colony
scoring.

In an attempt to increase titers, simplified retroviral vectors have been de-
signed that have no selection marker. To determine titers of such viruses, RNA-
based methods have been successfully applied (23).

3.2.1. Titration by FACS Analysis (GFP-Vectors)

1. Plate 0.5–2 × 105 NIH-3T3 cells per well of a 6 well plate 1 d prior to the assay.
Prepare 3–4 wells for each supernatant to be titered.

2. Obtain fresh viral supernatant or thaw a frozen aliquot.
3. Prewarm 10% FCS medium to 37°C.
4. Harvest NIH-3T3 cells from two wells and determine number of cells per well at

the time of infection.
5. Prepare serial dilutions of viral supernatant (total volume: 500 µL):

neat: 500 µL supernatant +  0 µL medium
1/3: 166 µL supernatant + 334 µL medium
1/10: 50 µL supernatant + 450 µL medium
1/33: 16 µL supernatant + 486 µL medium

6. Remove medium from NIH-3T3 cells and replace by dilutions of viral supernatant.
7. Add protamine sulfate to each well: 5 µg/mL final concentration. Alternatively,

polybrene (Sigma) can be used at the same concentration.
8. Add 2–3mL prewarmed medium to each well 3–4 h postinfection.
9. Incubate for 2 d at 37°C and 5% CO2 for maximal GFP expression in infected

NIH-3T3 cells.
10. Trypsinize NIH-3T3 cells and wash once with PBS 2% FCS.
11. Resuspend cell pellet in 400–500 µL FACS buffer.
12. Determine % GFP-positive NIH-3T3 cells by FACS.
13. Calculate titer as follows:

% GFP+ cells × NIH-3T3 cells/well (d 0) × 2 (only 500 µL supernatant was used
in the test) × 1/dilution = U/mL.
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3.2.2. Titration by Drug Selection (Neo-Vectors)

1. Plate 1 × 105 NIH-3T3 cells per 6-cm tissue-culture dish 1 d before the assay. Six
dishes per viral supernatant should to be prepared.

2. Infect NIH-3T3 cells with dilutions of viral supernatants. Because viral particles
are not very stable at room temperature, set all other components first, and add
freshly harvested or thawed viral supernatant to the tubes as a last step:
a. label 6-mL tubes (control = no virus, neat virus, and viral dilutions of 10–3,

10–4, and 10–5,10–6). Dilutions of 10–3 to 10–5 cover the usual range of titers to
be expected (104 to 106).

b. prepare serial dilutions of viral supernatant in a total volume of 1 mL.
c. all the dilutions should contain protamine sulfate at 5 µg/mL.

3. Remove media from NIH-3T3 cells and immediately add diluted viral supernatant.
4. Incubate for 4 h, then add 4 mL more media.
5. After 2 d, add G418 to all plates at final concentration of 1 mg/mL or as previously

determined to yield no background growth of nontransfected NIH-3T3 cells.
6. Culture NIH-3T3 cells for 2 wk under G418 selection. Change media every 2–3

d, but do not split cells.
7. After 10–14 d, fix cells onto dish and stain G418-resistant colonies with methyl-

ene blue:
a. remove media from dish.
b. carefully rinse dish with PBS.
c. add methylene blue solution to cover dish (2–3 mL for 6-cm dish).
d. leave 10 min at RT.
e. remove methylene blue solution (can be reused), and wash 2 × with dH2O.
f. allow dishes to dry.

8. Count colonies and calculate titer as follows: number of colonies × 1/dilution =
virions/mL.

3.3. Bone-Marrow Infection

Stable integration of murine retroviral vectors requires cell division of the
target cells. The HSC, however, is quiescent or cycling very slowly. Therefore,
to activate HSC into cell cycling, bone-marrow donor mice are injected with 5-
FU. Bone marrow harvested from 5-FU-treated mice contains a higher fre-
quency of cycling HSC susceptible to retroviral infection, and decreased
proportion of more mature cell types (see Note 4). To minimize loss of HSC
function in vitro, a cytokine cocktail containing IL-3, IL-6, and SF is added to
the bone-marrow culture medium during the entire culture period (see Note 5).

The infection protocol consists of a 2-d prestimulation and a 2-d infection
period. If there is a FACS-selectable marker incorporated into the vector, the
bone-marrow cells are cultured for an additional 2 d to allow the expression of
the marker gene.
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3.3.1. Infection by Cocultivation (see Note 6)

1. Day 0: inject donor mice intravenously, with 5-FU (150 mg/kg).
2. Day 4: flush bone marrow with 27-gauge needles and 12-mL syringe and me-

dium containing 2% FCS. Expected cell yield: 2–5 × 106 leukocytes per mouse (2
femurs and 2 tibias), which is about 10-fold lower than a bone-marrow harvest
from untreated normal mice. If bone-marrow cells are harvested earlier (2–3 d
after injection of 5-FU), the cell yield is higher, and the frequency of cycling
HSC is lower.

3. Prestimulate bone-marrow cells at 3–5 × 105 cells/mL (15% FCS medium plus
cytokines) at 37°C/ 5% CO2. Use Petri dishes to minimize adherence of cultured
bone-marrow cells.

4. Split and plate producer cells into new tissue-culture dishes so that they are about
90% confluent at d 6.

5. Day 5: change medium of the viral producer cells.
6. Day 6: harvest bone-marrow cells (scrape plates with cell lifter), count, and re-

suspend cells in 15% FCS medium at 3–5 × 105 cells/mL (expect two- to fivefold
reduction of cells during prestimulation period).

7. Add cytokines and protamine sulfate.
8. Irradiate culture dishes with viral producer cells with 40 Gy.
9. Remove media from viral producer plate(s) and gently add bone-marrow cells to

irradiated producer cells. Do not place more than 5 × 106 bone-marrow cells into
a 10-cm dish.

10. Leave a small amount of bone-marrow cells uninfected, and culture on irradiated
parental packaging cells (mock control).

11. Day 8: remove bone-marrow cells from producer cells. Be careful not to disrupt
adherent producers. Recover as many bone-marrow cells as possible by carefully
adding medium 2% FCS dropwise to packaging cells (3–5 times). Combine all
bone-marrow cells and pellet (expect one- to twofold reduction of cell number).
When using drug-selectable marker (e.g., neo):

12. Inject total bone-marrow cells intravenously into recipient mice that have been
lethally irradiated with 9 Gy 2–24 h earlier. Transplant >1 × 106 cells for long-
term repopulating assays (LTRA) and 5–10 × 103 cells for CFU-S assays.

13. Plate bone-marrow cells into methyl cellulose (at 103 to 104 cells/dish) +/– G418
to determine gene-transfer efficiency to progenitors.
When using FACS-selectable marker (e.g., GFP):

14. Place cells back into culture (media 15% FCS plus cytokines) at 1–3 × 105 cells/
mL for 2 d more to allow expression of marker gene. Expect cell numbers to
increase two- to tenfold during this culture period.

15. Day 10: determine gene-transfer efficiency by FACS analysis.
16. Sort transduced cells (if desired) prior to IV injection into recipient mice that

have been lethally irradiated with 9 Gy 2–24 h earlier. Transplant 3–5 × 105

FACS-selected cells or >1 × 106 unsorted cells for LTRA and 5–10 × 103 cells for
CFU-S assays.
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3.3.2. Infection by Retroviral SN (see Note 7)

Bone-marrow harvest and prestimulation are performed as described in Sub-
heading 3.3.1. Continue the infection protocol as follows:

1. Day 6: coat Petri dishes with 3–5 µg/cm2 fibronectin (FN), diluted in PBS (10-cm
dish: 51 cm2, 6-cm dish: 21 cm2).

2. Dry for several hours in sterile hood.
3. Incubate fibronectin-coated Petri dishes with 3–4 mL of viral supernatant for

20min–1 h at 4°C. This process increases the number of viral particles that bind
to the fibronectin and come in contact with the bone-marrow cells.

4. In the meantime, harvest bone-marrow cells with cell lifter and count (expect
two- to fivefold reduction of cell number).

5. Pellet bone-marrow cells and resuspend in viral supernatant, 3–5 × 105 cells/mL.
(see Note 8).

6. Add cytokines and protamine sulfate.
7. Remove viral supernatant from fibronectin-coated Petri dishes and replace by

bone-marrow cell suspension.
8. Day 7: replace media with fresh viral supernatant and add cytokines and prota-

mine sulfate.
9. Day 8: harvest bone-marrow cells with cell lifter, pellet, and count (expect one-

to twofold reduction of cell number). Finish infection protocol as mentioned in
Subheading 3.3.1.

4. Notes
1. The two packaging-cell-lines described here (Phoenix-Ampho and GP+E86) have

been used in our laboratory most successfully. However, there are many more
packaging-cell-lines available, such as Cre (28) that can be successfully employed.

2. The titers of retroviral supernatant from stable ecotropic producer clones are
highly dependent on the vector. Supernatants derived from simple vectors with a
cDNA driven off the proviral LTR promoter can reach titers of 1 × 106 U/mL or
higher. More complex vectors with multiple transcription initiation sites and/or
genomic form of the gene of interest usually yield lower titers. Multiple clones
may need to be screened to identify those with usable titers of >1 × 105 U/mL.

3. The incorporation of a FACS-selectable marker into retroviral vectors allows pu-
rification of transduced cells as early as 24–48 h postinfection. We have shown
that sorting eliminates the bias against HSC (30). In the case of complex vectors,
which can achieve only low transduction efficiencies, this allows one to conduct
experiments with cells that are 100% transduced.

4. Beside 5-FU treated bone-marrow cell, alternative sources for HSC have been
described. Sorted Sca-1+lin- stem cells have also been used (27). Although fetal
liver cells have a high content of cycling stem cells, after retroviral transduction
relatively high cells numbers must be transplanted.
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5. The cytokines described here for the in vitro culture of 5-FU-treated mouse bone-
marrow cells have been found to be highly effective for induction of cell cycle and
preservation of HSC function. However, this is an evolving field of research with new
combinations continuously reported (24,25). HSC from other hematopoietic sources,
such as fetal liver or unmanipulated bone marrow, may require cytokine cocktails of
different composition and concentrations. Alternatively, the use of stromal cells in
supporting HSC maintenance is also actively investigated (26).

6. Cocultivation of bone-marrow cells and retroviral producer cells that have been irra-
diated or growth-arrested with mitomycin C usually leads to a higher transduction
efficiency than supernatant infection, mainly because the producer cells continuously
release viral particles into the culture media. However, the HSC recovery is compro-
mised, because HSC are often strongly attach to the producer cells.

7. The advantage of supernatant infections is that the quality of different batches of
retroviral supernatant can be tested in advance, which provides better control over
the infection condition. Since there is no contact of the bone-marrow cells with
the producer cells, all the cells can be recovered at the end of the infection period
from the culture dish. However, the transduction efficiency is limited by the short
half-life of retroviruses in culture of 5–7 h (12). This problem can be partially
overcome by changing the viral supernatant during the infection period. The use
of fibronectin in supernatant infection was pioneered by Hanenberg et al. (29).
Our protocol is based on this study.

8. There is a strong correlation between the titer of the retroviral supernatant and the
transduction efficiency of 5-FU-treated bone-marrow cells. The higher the titer,
the higher the percentage of transduced cells. Supernatants with ~ 2 × 105 U/mL
transduce only about 10–20%, while supernatant with > 1 × 106 U/mL should
transduce >50% of the bone-marrow cells based on the percentage of GFP-posi-
tive cells 2 d postinfection. Supernatants with titers <1 × 105 U/mL yield very low
transduction rates, and are generally usable only for cell lines that can be selected
and expanded in vitro.
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Retroviral Transduction of FACS-Purified
Hematopoietic Stem Cells

Claudiu V. Cotta, C. Scott Swindle, Irving L. Weissman,
and Christopher A. Klug

1. Introduction
Since the mid-1980s, murine retroviral vectors have been used extensively

by a number of investigators to clonally mark and genetically modify primitive
hematopoietic stem cells (HSC) (1,2). During this period, both vectors and
packaging systems used to generate virus have undergone considerable modi-
fication. This has led to increased production of high-titer, replication-defec-
tive retrovirus that is more resistant to gene inactivation following integration
into hematopoietic cells. Current approaches to murine HSC transduction have
become increasingly more standardized, although there remain numerous varia-
tions on a theme (see Chapter 15). This “classical” method utilizes precondi-
tioned bone-marrow cells (typically from 5-fluorouracil [5-FU]-treated
animals) and coculture of these cells with virus-producing packaging cells in
the presence of exogenous cytokines. This approach generally yields high pro-
portions of transduced cells that can repopulate lethally irradiated recipient
mice for long periods of time, indicating that self-renewal activity is main-
tained—at least to some extent—in conditions that promote stem-cell cycling.
With this approach, it is difficult to re-isolate transduced cells from packaging
cells and from nontransduced bone marrow, which would be desirable in some
clinically relevant cases.

The ability to transduce pure populations of HSC that have been isolated
using the fluorescence-activated cell sorter (FACS) has certain advantages that
can be weighed against the disadvantage of the generally lower transduction
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rates resulting from the use of viral supernatants instead of coculture. Trans-
duced cells can readily be repurified from nontransduced cells by using a se-
lectable marker expressed from the integrated proviral vector (3–5). These cells
are then transplanted into lethally irradiated mice for analysis. This approach
has the advantages of high multiplicity of infection (MOI), (generally from
10–100), the elimination of transduction of bone-marrow cells that contribute
to the “noise” of a genetic assay, and the advantage of being able to immedi-
ately assay conditions that enhance stem-cell transduction. References are
made to other chapters discussing retroviral transduction of HSC to avoid rep-
etition of fully covered topics.

2. Materials

2.1. Isolation of Murine HSC from Bone Marrow

See Chapter 2 for more complete protocol.

1. Staining media (SM): Hank’s Balanced Salt Solution (HBSS) (Gibco-BRL, Cat.
#14025–092) supplemented with 2% heat-inactivated donor calf or fetal calf se-
rum (FCS). Phosphate-buffered saline (PBS) supplemented with 2% serum is
also acceptable.

2. 25-gauge needle and 10-cc syringe for flushing marrow.
3. 10-cm Petri dishes (Corning 25025 or comparable dish).
4. Razor blade.
5. Monoclonal antibodies (MAbs) to stem-cell antigens (E13-161-7, anti-Sca-1 con-

jugated to Texas red; 19XE5, anti-Thy-1.1 conjugated with fluorescein-5-
isothiocyanate (FITC); 2B8, anti-c-kit conjugated to allophycocyanin (APC);
3C11, anti-c-kit conjugated with biotin) and to antigens present on more mature
blood cell lineages (6B2, anti-B220; M1/70, anti-Mac-1; 8C5, anti-Gr-1; Ter-
119, anti-erythrocyte-specific antigen; KT31.1, anti-CD3; 53–7.3, anti-CD5; GK-
1.5, anti-CD4; and 53–6.7, anti-CD8). All of the lineage antibodies are direct
conjugates with phycoerythrin and are commercially available through
Pharmingen. An anti-Fc-receptor blocking antibody (2.4G2) is unconjugated and
available through Pharmingen, as are the other antibodies, although the exact
conjugates that are marketed may vary. Adaptation of the antibody combination
described here may be required because of the available conjugates and the re-
straints of the flow-cytometer laser configuration that is used for the sorting (see
Chapter 2).

6. Ammonium chloride/potassium bicarbonate (ACK) solution for red-cell lysis:
8.3 g of ammonium chloride and 1.0 g potassium bicarbonate in 1 L of ddH2O.
Filter or autoclave.

7. 50-mL conical tubes.
8. Nylon filters (Falcon #2350).
9. 96-well flat-bottom tissue-culture plates (Costar #3596 or equivalent).

干细胞之家www.stemcell8.cn ←点击进入

http://www.stemcell8.cn


Retroviral Transduction of HSC 245

10. Stem-cell media (DMEM, high glucose; Gibco-BRL, Cat. #11965–092). Media
is supplemented with 10% heat-inactivated FCS tested for growth and mainte-
nance of embryonic stem (ES) cells (Gibco-BRL, Cat. #16141–079), penicillin
(100 IU/mL)-streptomycin (100 mg/mL), 1× nonessential amino acids, 1× so-
dium pyruvate (1 mM), and 50 µM beta-mercaptoethanol (B-ME). Other syn-
thetic or serum-free media (SFM) should also work well although these have not
been tested by our laboratory.

 11. Streptaridin microbeads (Miltenyi Biotech, #130-048-101).
 12. Minimax columns (Miltenyi Biotech, #130-042-201).

2.2. Cytokine Prestimulation of Sorted HSC

1. Cytokines: IL-6 (5 ng/mL, R&D Systems), stem cell factor (SCF) (50 ng/mL,
R&D Systems), and leukemia inhibitory factor (LIF) (1×, ESGRO, Chemicon,
Cat. #ESG1107). Flk-2 ligand (50 ng/mL) can also be used without detrimental
effects on HSC transduction or reconstitution.

2. Stem-cell media (see above).
3. Tissue-culture incubator set at 5% CO2.

2.3. Generation of Retrovirus by Transient Transfection

1. Phoenix or BOSC23 (6) retroviral packaging-cell-line (see Garry Nolan web site
at Stanford University for information on Material Transfer Agreements and pro-
curement of the cells from American Type Culture Collection (ATCC)—
www.stanford.edu/group/nolan/). Other systems for retroviral packaging are also
available (see www.imgenex.com).

2. 2 M CaCl2 (Sigma, C-5080).
3. Sterile water.
4. 2× HBS (pH 7.05): Dissolve 8.0 g NaCl, 6.5 g HEPES (sodium salt, Sigma, H-

1016), 105 mg sodium phosphate (dibasic, Sigma, S-0876) in 400 mL of water.
Adjust the pH to precisely 7.05; then bring the volume to 500 mL. Filter-sterilize
and aliquot to 50 mL conical tubes for freezing. Working stocks are stable for at
least a few months, in our experience.

5. 6-cm tissue-culture dishes (Corning 25010).
6. 5-mL sterile polystyrene Falcon tubes (Falcon #2058).
7. Plasmid DNA purified by CsCl2 gradient or kits available from a number of com-

mercial sources, such as Qiagen or BioRad.
8. 0.1 M chloroquine diphosphate (2000× stock, Sigma, C-6628).

2.4. Hematopoietic Stem Cell Transduction Using
Viral Supernatant

1. Filtered viral supernatant (from a frozen stock stored at –80°C) or fresh.
2. 100× stock of polybrene (hexadimethrine bromide, Sigma, H-9268). 100×

polybrene is 400 µg/mL in water.
3. Retronectin (recombinant C-terminal fragment of fibronectin—CH-296,

BioWhittaker Cat. #T100A).
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3. Methods

3.1. Isolation of Murine HSC from Adult Bone Marrow

To facilitate the analysis of retrovirally transduced HSC following trans-
plantation into lethally irradiated recipient mice, bone marrow should be ob-
tained from inbred strains that are congenic at a particular locus like Ly-5,
which is expressed in all hematopoietic progeny except for red blood cells
(RBC)(C57B/6 strains congenic at the Ly-5 locus are available from sources
such as Jackson Laboratories). Transduced cells of one Ly-5 type are then trans-
planted into a lethally irradiated congenic animal of the other Ly-5 type. There
are commercially available MAbs for both Ly-5 alleles (Pharmingen, as well
as other sources), which makes it possible to monitor donor reconstitution in
the transplant recipient. As an alternative to the Ly-5 system, HSC from the
bone marrow of male mice can be transduced and transplanted into female
mice to differentially mark donor cells from recipient cells.

The protocol described in steps 1–11 is a slight variation from that described
by Morrison (see Chapter 2), and was developed in the laboratory of Dr. Irving
Weissman by Dr. Sam Cheshier and Dr. Jos Domen (submitted manuscript).
We have included a few additional details that are relevant for retroviral trans-
duction of FACS-purified stem cells. One can expect to obtain from 500–2000
cells of the long-term reconstituting HSC phenotype (LT-HSC) from the four
long bones of a 6–10-wk-old animal using most positive selection approaches.
Other marker systems have been used to enrich or purify HSC, and would also
be appropriate.

1. Flush the marrow from the tibias and femurs of 5–12-wk-old animals using cold
staining media (SM) and a 25-gauge needle. Once the cells have been collected
in a 10-cm tissue-culture dish, make a single-cell suspension of the marrow by
repeatedly drawing and expelling the cells into the dish using the syringe. Filter
the homogenous cell suspension through a nylon screen into a 15-mL or 50-mL
conical tube. For all steps in the procedure, the cells should be kept on ice.

2. Spin the cells in a tabletop microfuge at 1000 rpm (about 300g) for 5–10 min.
3. Completely aspirate the media and add 1 mL of ACK solution per mouse equiva-

lent of bone-marrow cells. Incubate the cells on ice for 4–5 min; then fill the
remaining volume of the tube with SM and pellet the cells by centrifugation.
Aspirate and repeat the wash step with SM (see Note 1). ACK will lysis RBC and
leave the white blood cells (WBC) intact.

4. Resuspend the cell pellet in SM (use 500 µL of SM per mouse equivalent of bone
marrow, see Note 2). Filter the resuspended cells through a nylon screen.

5. Block Fc-receptor binding of mouse antibody by staining the cells with
unconjugated 2.4G2 (Pharmingen) for 20 min on ice. Wash the cells by filling
the conical tube with SM, and then centrifuge at 200–300g for 10 min.
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6. Stain the cells with anti-c-kit (biotin-conjugated 3C11) antibody for 20–25 min
at 4°C. Wash as described above.

7. Resuspend the cell pellet in 100 µL of SM per mouse equivalent of bone marrow,
and then add 20 µL of streptavidin microbeads (Miltenyi Biotech) per mouse
equivalent of bone marrow (see Note 3). Stain for 20–25 min at 4°C. Sca-1 biotin
can be used in place of c-kit. If this is done, stem cells should be isolated accord-
ing to the protocol described in Chapter 2.

8. During the magnetic bead staining, begin to degas about 50 mL of SM on ice.
9. After staining with streptavidin microbeads, wash the cells with degassed SM.

Repeat the wash and then resuspend the cell pellet in 500 µL of degassed SM per
Miltenyi column to be used. Generally, use one MiniMACS column (Miltenyi)
for every two mouse equivalents of bone marrow. The number of columns used
will be determined by the total number of cells that are expected to be bound by
magnetic beads (see manufacturer’s instructions). Filter the cells through a nylon
screen before adding them to the column.

10. Attach the column to the magnet. The columns should be equilibrated by adding
500 µL of degassed SM before loading the cells. After the column has ceased to
drip, load the cells in a 500-µL vol to the equilibrated column. Once all of the cell
suspension has entered the column, wash the column with 800 µL of SM. After
washing, elute the bound fraction of cells by removing the column from the mag-
net and plunging 700–800 µL of SM into a new tube.

11. Spin the eluted cells, and then resuspend the pellet in the directly conjugated
antibodies to lineage markers and to stem-cell surface antigens (see Note 4).
Make up the antibody cocktail in 100–200 µL of SM per column used to enrich
the cells (the column capacity is about 107 cells). Stain for 20 min at 4°C. Wash
and resuspend the cells in SM containing propidium iodide (PI) to mark dead
cells during cell sorting (see Note 5 for details about cell sorting). If only three-
color sorting is possible, the antibody combination of Sca-1 (FITC), c-kit (Apc)
and Lin (PE) works well and results in greater recovery.

3.2. In Vitro Stimulation of HSC Cell Cycle Using Cytokines

A number of cytokine combinations have been used to maintain the LT-
HSC phenotype in short-term liquid culture and would probably be appropriate
for retroviral transduction. The cytokines used here will induce cell division of
LT-HSC within 32–40 h. Cell division is necessary for nuclear entry and inte-
gration of murine retroviral vectors into the genome (7,8).

1. Do the re-sort of LT-HSC directly into one well of a 96-well tissue-culture dish
containing 200 µL of stem-cell media supplemented with cytokines (see Sub-
heading 2.). Incubate the plate for 22–24 h in a humidified incubator at 37°C at
5% CO2 (see Note 6).
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3.3. Generation of Retrovirus by Transient Transfection

Retroviral production by transient transfection is useful when the retrovirus
carries a gene that may have detrimental effects on the growth of the retroviral
packaging cell line. This method also provides a more rapid means of produc-
ing virus that can be of sufficient titer to transduce purified stem cells (we have
found that viral titers below 3 × 105 infectious units (IU)/mL are not suitable
for stem-cell transduction—ideal titers are 1 × 106 IU/mL or greater). In gen-
eral, stable production of retrovirus (see Chapter 15) can generate somewhat
higher titers on a more consistent basis, although it is more time-intensive.
Stable retroviral production also allows one to do co-culture experiments,
which lead to higher transduction efficiencies because the stem cells are in
direct contact with the viral producer cells. Additional information about
retroviral packaging cells and retroviral vectors can be found on the Nolan web
site (see Subheading 2.3., step 1) or in refs. 9–11.

1. The day before transfection, plate 2 × 106 retroviral producer cells (BOSC 23 or
Phoenix-Eco) onto a 6-cm tissue-culture dish in a vol of 3 mL. The cells should
be about 60–70% confluent the following day, just prior to transfection.

2. Prewarm stem-cell media without cytokines to 37°C. Just prior to transfection,
change the media on the retroviral producer cells to stem-cell media supple-
mented with 50 µM chloroquine diphosphate. Because the retroviral producer
cells are loosely adherent on the dish, care must be taken whenever the media is
changed. Incubate the dish at 37°C for 10 min.

3. To a 5-mL sterile Falcon tube, add the following in order:
a. 430 µL of sterile water.
b. 10–15 µg of plasmid DNA (see Note 7).
c. 61 µL of 2 M CaCl2. (the water and DNA should reach a total vol of 439 µL).

Mix the solution by gentle vortexing.
4. Using a P1000 pipetman, vigorously expel 500 µL of 2X HEPES-buffered saline

(HBS) (pH 7.05) to the solution. Gently vortex the tube for about 10 s. As an
alternative to “splashing” the HBS into the tube, the HBS can be added while
gently bubbling air into the mixture. The HBS should be titrated over a narrow
pH range (6.95–7.1) to obtain optimal co-precipitation of DNA.

5. Add the 1 mL of DNA/Ca3(PO4)2 precipitate dropwise to the dish containing the
retroviral producer cells. Incubate the dish at 37°C for 7–8 h.

6. Gently change the media on the producer cells by aspirating the chloroquine-
containing media and adding 3 mL of fresh, prewarmed stem-cell media (without
cytokines) to the side of the dish; avoid dislodging the producer cells.

7. Incubate the cells for an additional 12–16 h; then replace the 3 mL of media with
2 mL of fresh media. Incubate the cells for 24 h and then harvest the retrovirus-
containing supernatant (see Note 8).

8. Filter the supernatant from the retroviral producer cells through a 0.45-micron,
low-protein-binding syringe filter into a 15-mL conical tube. Freeze the superna-
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tant in 300–500 µL aliquots in cryotubes on dry ice. Titer an aliquot of the frozen
supernatant, using NIH-3T3 cells. Titer the virus according to the procedure de-
scribed in Chapter 15.

9. Check the transfection efficiency of the viral producer cells by trypsinizing the
cells after the supernatant has been collected. If a GFP-containing virus (or other
virus with a FACS-selectable marker) was used, assay transfection efficiency by
flow cytometry. One should expect to see greater than 50% transfection effi-
ciency. A transfection efficiency of 80–100% is not uncommon.

3.4. Retroviral Transduction of Murine LT-HSC

Optimal transduction of purified LT-HSC is obtained with a combined used
of retronectin (12) and “spinoculation” (13,14). Re-sorting of transduced cells
is done about 24 h following transduction if FACS-selectable markers are in-
corporated into the retrovirus.

1. Prior to transducing the stem cells, coat the well of a 96-well tissue-culture dish
with 50 µg/mL (in PBS) retronectin as described in Chapter 17. A similar proce-
dure is also described in Chapter 15.

2. Carefully pipet off the media from the cultured stem-cell well so that less than
50 µL of media remains on the cells. Be careful not to disturb the stem cells at the
bottom of the well.

3. Resuspend the stem cells in the remaining volume, and measure the volume us-
ing a pipetman. Transfer the cells to the retronectin-coated well along with the
following:
a) 140 µL of freshly thawed and prewarmed viral supernatant.
b) 6 µL of cytokine cocktail (2 µL each of IL-6, Stl, and LIF from 100X stocks).
c) 2 µL of 100X polybrene (final concentration=4 µg/mL).
d) stem-cell media without cytokines to make up 200 µL.

4. Spin the 96-well plate at 700–800g for 1–2 h at room temperature in a tabletop
centrifuge equipped with 96-well plate carriages.

5. Remove the plate and place it in a tissue-culture incubator overnight (after the
spin, 150 µL of supernatant can be removed and replaced with another 150-µL
aliquot of virus, polybrene, and cytokines).

6. About 8 h prior to re-sorting the transduced HSC, replace 150 µL of the media with
fresh, prewarmed stem-cell media and cytokines (use 1.5 µL of each 100X stock).

7. Re-sort HSC based on green fluorescent protein (GFP) fluorescence or cell-sur-
face marker expression, and transplant into recipient animals (see Note 9).

4. Notes
1. We and others (in the Weissman laboratory) have found no detrimental effect of

ACK treatment on stem cell reconstitution or on the ability to retrovirally-trans-
duce HSC after cell sorting. Because ACK tends to cause some of the cells to
clump, filtration is necessary before proceeding to additional staining steps.
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2. The number of bone-marrow cells obtained from the four long bones in one mouse
should be between 5 ×107 and 1 × 108 cells, depending on the age of the animal
and how extensively the bones were flushed. If cell numbers differ significantly
from this, the volume of SM added to the ACK-lysed cells should be adjusted.

3. The streptavidin microbeads can be titrated using whole bone-marrow cells for
optimal staining and retention of cells in the MiniMACS column (Miltenyi
Biotech). We have noted some variability in the enrichment step that could be due
to the antibody used for positive selection, the amount of microbeads used or the
particular microbead or column lot used.

4. All antibodies should be titrated for optimal staining before use.
5. LT-HSC should be sorted once and then re-sorted for purity. Purity after the first

sort depends largely on the sort mode set on the flow cytometer and the extent of
column enrichment. One can typically expect the first sort purity to range be-
tween 25–75% when a four-color sort is done. Cell purity following the second
sort is greater than 98%. To minimize cell losses, the first sort is done into a 96-
well tissue-culture plate containing 100 µL of cold SM. The second sort is done
into stem-cell media supplemented with cytokines.

6. Optimal transduction efficiencies are obtained when cells are prestimulated for
22–30 h. The timing of transduction is intended to target cells with retrovirus
when they are in the G1 phase of the cell cycle. Cells in middle to late S phase
have progressed too far into the cycle to permit entry, reverse transcription, and
integration of a retroviral complex before mitosis (8), thus reducing transduction
efficiencies. A minimal cell number for transduction would be about 3000 cells.
Ideally, transduction of 10,000–20,000 LT-HSC cells per construct works best,
but this number is often difficult to obtain unless large amounts of bone marrow
are used for HSC isolation.

7. More DNA may need to be used if a plasmid is exceptionally large, in order to
attain molar equivalents between different constructs. Use of 10 µg of plasmid
works well with plasmid sizes of approx 6 kb. Using more DNA in the transfec-
tion will increase the transfection efficiency somewhat, but will not lead to sig-
nificantly higher viral titers.

8. Optimal viral production occurs 18–36 h following the initiation of the transfec-
tion procedure. Titers are about 20–30% lower when collection is done between
24–48 h posttransfection, which is often more convenient.

9. Re-sorting cells after a 24-h transduction protocol does not compromise the abil-
ity to quantitatively recover nearly all of the transduced cells. Leaving cells longer
before re-sorting to allow maximal reporter-gene-expression yields brighter sig-
nals, but no significant increase in the absolute number of positive cells, suggest-
ing that most of the retroviral integration occurs early in the transduction protocol.
One should expect 10–40% transduction efficiency using this approach. Signifi-
cant variability resulting from the health of the cells following the original cell
sort and the titer of the virus that is being used in the experiment may be observed.
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Vectors that contain internal ribosome entry sites to obtain expression of the GFP
reporter typically have lower titers (approx two- to threefold in our studies) than
vectors without an internal ribosomal entry site (IRES) sequence.
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Retroviral-Mediated Transduction and Clonal
Integration Analysis of Human Hematopoietic
Stem and Progenitor Cells

Mo A. Dao and Jan A. Nolta

1. Introduction
This chapter provides information on the methods used to introduce genes

into human hematopoietic stem and progenitor cells, using Moloney Murine
Leukemia (MoMuLV)-based retroviral vectors. MoMuLV-based vectors have
the ability to efficiently transfer genes into mammalian cells, leading to perma-
nent integration of a single copy of the gene of interest into the cellular chro-
mosomes. The technique of single-colony inverse [polymerase chain reaction
(PCR) can be used to track individual descendants of MoMuLV-vector-trans-
duced hematopoietic stem cells (HSC), by capitalizing upon the unique restric-
tion patterns generated by the random integration events (1,2). Methods to
adapt the inverse PCR technology to the use of other vector systems, such as
lentiviral or adeno-associated virus (AAV) vectors, are currently under devel-
opment. These techniques will be necessary to determine the efficacy of the
newer vector systems in transducing individual human HSC that have the ca-
pacity to generate both lymphoid and myeloid progeny, as has been demon-
strated in rare occurrences using MoMuLV-based vectors (2).

The major drawback in the use of MoMuLV-based retroviral vectors is that
they require target-cell division for successful integration into the host-cell
DNA (3,4). The most primitive human HSC are deeply quiescent, and thus less
frequently transduced than committed progenitor cells, which can be readily
induced by cytokines to enter the cell cycle. Because retroviral vectors require
target-cell proliferation for successful gene insertion, efforts have been directed
toward identifying conditions that will induce active cycling of the hematopoi-
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etic cells (see Table 1). Following the demonstration by Suda, Suda, and
Ogawa (5) that the combination of interleukin-3 (IL-3) and interleukin-6 (IL-
6) promoted the entry of quiescent murine hematopoietic progenitor cells into
the active cell cycle, we and others determined that culturing human marrow
cells in IL-3 and IL-6 greatly increased the percentages of clonogenic progeni-
tor cells (CFU-C) which can be transduced with retroviral vectors (6,7). Subse-
quently, we and others have shown that additional cytokines—including
granulocytes-colony-stimulating factor (G-CSF), IL-1 , PIXY 321, leukemia
inhibitory factor (LIF), stem-cell factor (SCF), IL-11, bFGF, TPO and flt-3
ligand—can enhance the extent of transduction into hematopoietic progenitors
(8–12). The presence of an underlying marrow stromal-cell layer or a fragment
of fibronectin greatly enhances both survival and transduction of committed
and more primitive hematopoietic progenitors (13–18). However, in contrast
to the relative ease of transduction of committed progenitors, the more primi-
tive, reconstituting HSC have proven to be much more difficult to transduce, a
probable result of their quiescence.

The inability to efficiently transduce pluripotent stem cells has been a major
barrier to successful implementation of gene therapy for the number of dis-
eases that are potentially amenable to treatment. The major goal for gene
therapy of genetic diseases involving hematopoietic cells is transduction of
long-lived pluripotent stem cells, so that a permanent source of genetically
corrected hematopoietic cells can be created. Currently, many groups are at-
tempting to solve the problem of human stem-cell transduction by examining
alternative cytokines, alternative vector envelopes (Gibbon Ape leukemia vi-
rus or Vesicular Stomatitis Virus G protein), and alternative vectors (adeno-
associated virus or HIV-based vectors) (19–25).

The presence of an irradiated stromal or fibronectin layer during retroviral-
mediated transduction greatly enhances the extent of gene transfer. Stromal
cells and their extracellular matrix act to bind and colocalize the hematopoietic
cells and the retroviral vector particles (26–28). The use of a stromal mono-
layer during transduction can be replaced by plates coated with the carboxyl
terminal fragment of fibronectin, sold as “retronectin” by Takara Shuzo, Otsu,
Japan, and marketed through BioWhittaker in the US. The retronectin-coated
plates allow transduction efficiencies that are comparable to stromal support,
and maintain the primitive nature of the HSC as well as stromal support (13).
While stem and progenitor cells from umbilical cord blood (UCB) can be main-
tained with good viability in suspension culture, the multipotency of human
bone marrow-derived stem cells is severely compromised following 48–72 h
without a stromal or fibronectin support matrix. Such cells can only sustain
short-term hematopoiesis in murine xenograft assays (11,13,17).
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Our studies have focused on developing the methods described in this chap-
ter, which allow transduction of a portion of the primitive human HSC while
maintaining engraftment capacity. Recently, we determined that transduction
in medium with low serum, antibodies to neutralize the negative regulator
TGFβ, and the cytokines IL-3, IL-6, SCF, and Flt3 ligand (FL), results in good
levels of transduction of primitive, reconstituting cells on fibronectin support,
as measured in a long-term xenograft system (29). The addition of anti-sense
oligonucleotides to the negative cell-cycle regulator p27 kip-1 further augments
gene transfer by increasing the rate of induction of the primitive cells into the
cycle, and allows successful transduction to be done in a 24-h ex vivo period.

Table 1
Components of Transduction and Their Function

Component Function

COOH terminal fragment Colocalization of retroviral vector particle and
of fibronectin (RetronectinTM) target-cell (15,16,27,28). Replaces the function

of stromal support (13,17).

IL-3, IL-6, SCF, FL Cytokines to maintain viability, and to stimu
late cell division, once stem and progenitor
cells exit the Go phase of the cell cycle.

Serum-free medium (SFM) Ex-vivo 15 (BioWhittaker) or others (41,42) are
defined media that contain the constituents
necessary for cell survival. SFM contain far
lower levels of TGF and other inhibitory
cytokines and chemokines than serum-contain-
ing media.

Anti-TGFβ antibody Neutralizes TGFβ in the transduction
medium. TGFβ is inhibitory to hematopoietic
progenitor cell-cycle entry (44–46).TGF in-
creases levels of the cDK inhibitor p15 INK4B

in human progenitors, preventing exit from
quiescence (29).

Anti-p27 kip-1 Reduces levels of the CDK inhibitor p27 kip-1,
oligonucleotides which maintains primitive hematopoietic cells

in a quiescent state (29).

Transduction conditions. The function of each component of the transduction system is ex-
plained in Table 1. The new advances in the past several years are the use of a fibronectin matrix
(the recombinant retronectinTM molecule, available from Takara Shuzo, Otsu, Japan), cytokines
including Flt3 ligand (FL), serum-free rather than serum-containing media, and additives to re-
duce levels of the CDK inhibitors p15 and p27, which prevent cell-cycle entry.
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This decrease in the duration of ex vivo culture results in enhanced multilineage
engraftment levels, with levels of transduction of the primitive, reconstituting
cells ranging from 15–30% (29). The techniques used to achieve this goal are
fully described in this chapter.

To accomplish retroviral-mediated transduction in a 48-h period, with main-
tenance of engrafting cells, the steps shown in Fig. 1 are employed. CD34+

cells are isolated from human bone marrow, mobilized peripheral blood (MPB),
or UCB, using the method of choice (Dynal Dynabeads (Oslo, Norway),
MiniMACS from Miltenyi Biotec (Auburn, CA), StemStep (StemCell Tech-

Fig. 1.  A sample of human hematopoietic cells is obtained from bone marrow,
UCB, or M PB). The RBC are removed by ficoll-density gradient centrifugation. The
CD34+ progenitors are enriched by immunomagnetic separation, and plated in me-
dium containing the cytokines IL-3, IL-6, SCF, and FL. Plates coated with the COOH
terminal domain of fibronectin (retronectin) are used to colocalize retroviral vector
particles and target cells during the transduction. Sterile filtered supernatant from
retroviral vector-producing fibroblasts is added at 24 h intervals for 2 d. The example
shown uses the LN retroviral vector, which carries the Neo gene and encodes resis-
tance to the selective agent G418. Following transduction, cells are plated in a methyl-
cellulose-based colony-forming (CFU) assay, used to initiate long-term bone-marrow
culture or transplanted into immune-deficient mice.
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nologies, Inc., Vancouver, Canada), or fluorescence-activated cell-sorting
(FACS) acquisition to isolate subsets of the CD34 population (see refs.
30–32). CD34+ cells are plated on retronectin-coated flasks or wells at a den-
sity of 105 cells/mL in SFM with the cytokines IL-3, IL-6, SCF, and FL ligand
present at twice the desired final concentration. Cytokines are maintained
throughout transductions at concentrations of 50 ng/mL rh IL-6, 10 ng/mL rH
IL-3, 50 ng/mL SCF, and 50 ng/mL Flt3 ligand. Neutralizing antibodies to
TGFβ are added to a final concentration of 5 ug/mL. Anti-sense oligonucle-
otides to the cDK inhibitor p27 kip-1 can be added at this stage to enhance trans-
duction of the most primitive human hematopoietic cells (29). An equal volume
of filtered retroviral supernatant containing 10% fetal calf serum (FCS) is then
added to each flask, bringing the final serum concentration to 5%-a level we
have determined to be optimal for recruiting human hematopoietic progenitors
into the S phase of the cell cycle (Dao and Nolta, Blood 92; 521a, 1998).

Approximately 24 h after addition of the first aliquot of supernatant,
nonadherent cells are collected, pelleted, and resuspended in 5 mL supernatant
from vector-producing fibroblasts with an equal volume of transduction me-
dium, and returned to the original flask. The transduction medium used on d 2
is the same as that used initially. Following the second addition of supernatant,
the cells are incubated for an additional 24 h, then collected for FACS or
colony-forming assays (depending on the marker gene used), to initiate long-
term cultures (LTC), or to transplant into immune-deficient mice.

The most important considerations for achieving adequate levels of gene
transfer using the protocols provided in this chapter are the vector titer, incuba-
tion parameters and media, and the condition of the target cells. Supernatant
collected from vector-producing fibroblasts must have a titer of at least 5 × 106

infectious U/mL. If the titer is lower, higher-titer clones should be rederived
from the initial pool of packaging cells. The retronectin-coated plates can par-
tially circumvent this problem, but titers of at least 1 × 106 are still required.
The incubator must be at the appropriate CO2 and temperature (32–37°C, never
above). The CO2 level is especially critical to achieving good transduction.
The conformation of the retroviral receptors is easily altered by changes in pH,
and CO2 levels higher than 5.0% will abolish transduction. The media described
in this unit are appropriate for transduction, as are commercially available
media from StemCell Technologies. Many components must be screened to
avoid nonspecific toxicity to hematopoietic cells. Progenitor cells must be
healthy and dividing to allow integration of retroviral vectors. Processing
samples as soon as possible after harvest is recommended. There is a progres-
sive loss of the most primitive cells in stored samples. Cytokines must be
present to sustain viability, either added to the media as recombinant factors,
or produced by accessory cells or stroma (see Table 1).
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2. Materials

2.1. Coating Flasks with Retronectin

1. Retronectin (Takara Shuzo, Otsu, Japan: marketed through BioWhittaker in the US).
2. 2% bovine serum albumin (BSA) solution in PBS (StemCell Technologies, Inc.).
3. 25-cm2 culture flasks with 0.2-um vented filter cap (Costar, Cambridge, MA).
4. 1× PBS (Gibco-BRL).

2.2. Cell Preparation

1. Human bone marrow, MPB, or UCB, treated with anticoagulant (see Note 1).
2. Tabletop centrifuge; protocols require a maximal speed of 730g with 15 and

50-mL tube adaptors.
3. 15- and 50-mL polypropylene centrifuge tubes.
4. Ficoll-Paque, code #17-0840-03 (Pharmacia Biotech, Uppsala, Sweden).
5. Trypan blue vital dye solution (Gibco-BRL).
6. Hemocytometer with coverslip and microscope for counting cells.
7. CD34+ cell immunoselection system (Dynal Dynabeads), MiniMACS from

Miltenyi Biotec, or StemSep from Stem-Cell Technologies, Inc.

2.3. Transduction

1. Retroviral vector supernatant, prepared as directed in Subheading 3.4.
2. 37°C, 5% CO2 incubator-checked by fyrite weekly.
3. 37°C water bath.
4. Ex vivo 15 (BioWhittaker) or other SFM for hematopoietic cells (see Note 2)

supplemented with cytokines (2× final concentration): 20 ng/mL Interleukin 3
(Biosource International, Camarillo, CA), 100 ng/mL Interleukin 6 (IL-6) (R&D
Systems), 100 ng/mL SCF (R&D Systems), 100 ng/mL Flt3 ligand (R&D
Systems).

5. Anti-TGFβ neutralizing antibody (R&D systems, cat. # AB-100-NA).
optional: anti-p27kip-1 oligonucleotides (see Note 3).

6. Cell-dissociation buffer (Gibco-BRL).

2.4. Maintenance of Vector-Producing Fibroblasts and Collection
of Cell-Free Supernatant

1. Vector-producing fibroblasts: PG13/LN (carries the Neo gene) is available from
ATCC (CRL#10685).

2. 75-cm2 culture flasks with 0.2-µm vented filter cap (Costar).
3. 10-mL syringes and syringe filters for retroviral supernatant (0.45-m pore-size filter;

Uniflo-25 with calcium acetate membrane, Schleicher & Schuell, Keene, NH).
4. D10HG medium for growth of vector-producing fibroblasts: 450 mL Dulbecco’s

modified Eagle’s medium with high glucose (Gibco-BRL), 50 mL heat-inacti-
vated FCS (any vendor, screened for optimal growth of hematopoietic cells [see
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Note 4], or purchased prescreened from StemCell Technologies, Inc.), 5 µL
L-glutamine (200 mM stock, Gibco-BRL), 2.5 mL Pen/Strep (stock=10,000
U/mL penicillin and 10,000 ug/mL streptomycin, Gibco-BRL).

5. Trypsin/ethylenediaminetetraacetic acid (EDTA) (Gibco-BRL).

2.5. Immunomagnetic Selection Using Dynal Dynabeads System

1. 15-mL polypropylene centrifuge tubes.
2. Anti-CD34 antibody (anti-HPCA-1 from Becton Dickinson, Cat. #347660, or

Purified anti-CD34 from Ancell, Bayport, MN, cat. # 183-020).
3. Goat-anti-mouse IgG magnetic beads and MPC-1 magnetic device for

immunoselection (Dynal/Dynabeads).
4. PBS (Gibco-BRL).
5. Heat-inactivated fetal calf serum (any vendor, screened for optimal growth of

hematopoietic cells [see Note 4], or purchased prescreened from StemCell Tech-
nologies, Inc).

2.6. Preparation of Individual CFU for PCR: Whole-Cell Lysates

1. Colony-forming unit (CFU) plates with growing colonies to be analyzed.
2. Microfuge tubes.
3. Tabletop microfuge.
4. plugged pipet tips: 200-µL vol.
5. 1× PBS (Gibco-BRL).
6. Red-blood-cell (RBC) lysis buffer: 0.32 M sucrose, 10 mM Tris-HCl (pH 7.5), 5

mM MgCl2, 1% Triton-X-100 (all from Sigma). Store at room temperature.
7. Whole-cell lysis buffer: 50 mM KCL,10 mM Tris-HCl (pH 8.3),1.5 mM MgCl2,

0.1 mg/mL gelatin, 0.45% NP40, 0.45%Tween-20 (all from Sigma). Store in
1-mL aliquots at –20°C.

8. 56°C water bath and hot plate for boiling water.

2.7. Individual Colony Clonal Integration Analysis by Inverse PCR

1. CFU plates with growing colonies to be analyzed.
2. Microfuge tubes.
3. Tabletop microfuge.
4. Plugged pipet tips: 200-µL volume.
5. Proteinase K (Sigma, 10 mg/mL stock in H2O).
6. 56°C water bath.
7. Proteinase K buffer: 0.01 M Tris-HCl (pH 7.40), 0.15 M NaCl, 0.01 M EDTA

(pH 8.0), 0.01% sodium dodecyl sulfate (SDS) with 10 µg proteinase K (Sigma).
8. Phenol/CHCl3/isoamyl alcohol (25:24:1 mixture) (Sigma).
9. Glycogen (Boehringer Mannheim).

10. 10 M NH4Ac (Sigma).
11. Absolute ethanol (any vendor).
12. Spermidine (0.1 M, Sigma).
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13. React 2 buffer (Gibco-BRL, Grand Island, NY).
14. Taq1 restriction enzyme (Gibco-BRL).
15. T4 ligase and buffer (Gibco-BRL).
16. 12°C water bath.
17. Primers INVa: (5'AGGAACTGCTTACCACA), INVb: (5'CTGTTCCTTGGGA-

GGGT), INVc: (5'TCCTGACCTTGATCTGA) and INVd: (5'CTGAGTGA-
TTGACTACC).

18. PCR buffer and Mg++ (Perkin Elmer).
19. LE agarose (Seakem).
20. Nu-Sieve agarose (FMC).
21. Nylon membrane (Hybond-N+, Amersham, Arlington Heights, IL).
22. 32pγATP end-labeled oligonucleotide probe (5' GGCAAGCTAGCTTAAGT).
23. Hybridization buffer.
24. Spin-X column (Costar).
25. Circum Vent thermal cycle sequencing kit (New England Biolabs).

3. Methods

3.1. Coating Flasks with Retronectin

Prior to starting the cell-processing steps described in Subheading 3.2., be-
gin coating flasks with the fibronectin fragment retronectin to facilitate trans-
duction. When planning the number of flasks to be coated in a given
experiment, always include a “sham transduced” flask in addition to those that
will receive supernatant containing each retroviral vector to be tested. The sham
flask will receive medium alone when the other flasks receive viral superna-
tant, and will provide a baseline control for subsequent assays of gene expres-
sion from the transduced vectors.

1. Resuspend the lyophilized retronectin protein in PBS to a concentration of 50 µg/
mL. This solution can be frozen once and stored at –20°C (avoid repeated freeze-
thaws), or kept at 4°C for up to 1 mo without a significant loss of activity.

2. Add 2 mL of the fibronectin suspension to one well of a six-well plate or a
35-mm2 Petri dish, or 5 mL to a 25 cm2 (T-25) flask, laying flat. The transduction
methods listed below in Subheadings 3.2. and 3.3. are for the T-25 flasks. If
smaller plates are used, adjust volumes accordingly. Tissue-culture treated plates
can be used if they are fully coated with fibronectin (do not use a concentration
lower than 50 µg/mL for coating). Allow the fibronectin fragments to bind to the
plates for at least 1 h at room temperature. If processing cells simultaneously,
leave the retronectin solution on the plates until only 30 min of the
immunoselection procedure remains, then begin blocking.

3. When the cell-processing and sorting procedure detailed in Subheading 3.2. near
the final steps (with approximately 30 min remaining), remove the fibronectin
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from the plate and block with 2% BSA in PBS. Add 2 mL of the BSA solution
and incubate at room temperature for 30 min.

4. Remove the BSA blocker, and rinse the plate very gently with PBS, by flushing
from the edge. Immediately add the cells to be transduced, in the appropriate
medium*, and the supernatant, as described in Subheading 3.3. Do not let the
plates dry out.

3.2. Cell Preparation

1. Obtain marrow, cord blood, or MPB-cell sample. Dilute bone marrow or blood
with an equal volume of PBS.

2. Gently layer 25 mL of the diluted cell suspension over an equal volume of ficoll
in a 50 mL polypropylene centrifuge tube, avoiding mixture of the layers.

3. Centrifuge tubes at 730g for 15 min, with the centrifuge brake turned off.
4. Remove two-thirds of the yellow serum layer from the top and discard. The mono-

nuclear cell fraction will be observed as an opaque layer (often referred to as the
“buffy coat”), floating in the center of the tube.

5. Remove the buffy-coat layer, being careful not to collect more than 5 mL of the
ficoll with it, and transfer it to a fresh 50-mL tube.

6. Add (Hank’s Balanced Salt Solution (HBSS) or PBS to the mononuclear cells to
fill the 50-mL tube, and mix. Centrifuge for 5 min at 1400 RPM.† This procedure
washes the cells and dilutes out the ficoll that was removed with the mononuclear
cell layer.

7. Discard supernatant, and tap the bottom of the tube to dislodge cells from the
tight cell pellet, where they can clump together.§ If the cells are from a cord
blood or MPB sample, proceed to step 8 in this protocol. If the cells were isolated
from bone marrow, they will contain live stromal elements that express the CD34
cell-surface determinant. Stromal cells must be removed by adherence prior to
sorting and transduction, because if they are present in transduction flasks, they
will be transduced by retroviral vectors during frequent divisions. Transduced
stromal cells will then contaminate and invalidate subsequent assays. Therefore,
for marrow samples, refer to Note 5 before continuing with the next step.

8. Resuspend the cell pellet in 1 mL cold PBS. Take a cell count using Trypan blue

*The cytokines SCF and, to a lesser degree, IL-3, are required to activate the a4b1 and a5b1
integrins on the surface of the target hematopoietic progenitor, which bind to the FN CS-1 do-
main and RGD sequence, respectively (33). Therefore at least SCF must be included in the trans-
duction medium, to achieve effective colocalization of retrovirus and target cell.

†All centrifugations from this step onward are to be done at 1400 rpm for 5 min, with the
centrifuge brake on.

§Following centrifugation, never leave the cells in a compact pellet, because of the enhanced
potential for clumping. This occurs as a result of extruded DNA from cells that have ruptured.
The inclusion of 20 U/mL RNase-free DNase during the ficoll and sorting procedures can allevi-
ate this problem, and will not injure the intact cells. If clumps of cells do occur, they must be
removed from the cell suspension prior to proceeding with any immunoselection process, as they
will nonspecifically trap immunomagnetic beads.
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exclusion: Dilute 20 µL of the cell suspension with an equal volume of Trypan
blue solution. Apply to the hemocytometer and count the cells contained within
one of the four large squares, in duplicate. Calculate the cell concentration; the
count from one large square × dilution factor of 2 × 104 (factor for area under
coverslip*) = cells per mL in the original solution.

9. Bring the cell suspension up to the concentration recommended by the
immunoselection kit of choice, in the appropriate buffer. For detailed techniques
to perform the isolation using the Dynal Dynabeads method (which works well,
with >95% CD34 purity, for bone marrow and MPB samples) refer to
Subheading 3.5.

10. After immunoselection, immediately resuspend the CD34+ cells in 1 mL of buffer
or medium with serum, and take a count to obtain the percent yield. Typically,
the CD34+ population will be 1% of the bone marrow, so 4 × 107 cells in the total
mononuclear cell fraction should yield approx 4 × 105 CD34+ progenitors.

3.3. Transduction

1. Bring the CD34+ cell suspension up to 5 mL per retronectin-coated transduction
flask in ex vivo 15 medium with IL-3 (20 ng/mL), IL-6 (100 ng/mL), SCF (100
ng/mL), Flt3 ligand (100 ng/mL), and anti-TGF neutralizing antibody (5 µg/
mL)*. As few as 1 × 104 CD34+ progenitors, and as many as 2 × 106 per 25-cm2

flask can be transduced with similar levels of gene transfer.
*For increased levels of transduction of primitive, reconstituting human hemato-
poietic cells, anti-sense oligonucleotides to the cell-cycle inhibitor p27 kip-1 can
be added at this step. See Note 3 for details.

2. Place the flasks containing the hematopoietic cells into the incubator while thaw-
ing or filtering supernatant, so that the pH of the medium will be optimal when
the retroviral vector is introduced. It is essential that medium is warm, pH is
neutral, and that the CO2 in the incubator is 4.5–5.0 (not higher!), or retroviral
receptor conformation will be altered and retrovirus will not bind.

3. Thaw retroviral supernatant (which has been sterile-filtered and stored at –70°C
(see Subheading 3.4.) as quickly as possible, in a 37°C water bath. Do not let the
water bath water touch the top of the tube, and rinse the tube with 70% ETOH
prior to taking it into the tissue-culture hood. Immediately add 5 mL of the thawed
supernatant to the appropriate flask, which already contains the CD34+ progeni-
tors on retronectin (Note: It is important that the supernatant be warmed to at
least room temperature before adding to the CD34+ cells). Return the flask to the
incubator as quickly as possible, and leave it there overnight.

4. After 24 h, carefully collect the supernatant from the transduction flask, and
refeed the adherent layer 5 mL prewarmed (to room temperature, at least, or 37°C
maximum) Ex vivo 15 with cytokines. Put the flask back into the incubator.

*Never use a chipped hemocytometer coverslip. Accurate weight of the coverslip
 is essential to obtaining an accurate count.
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5. Spin down the nonadherent cells which will be floating in the removed superna-
tant. Discard the spent medium and supernatant. Resuspend pellet by tapping
tube with finger, so cells will not clump.

6. Add 5 mL retroviral supernatant, which has just been thawed and warmed to
37°C. Resuspend cells in the supernatant and return them to the transduction
flask. Return flask to the incubator immediately.

7. Incubate an additional 24 h. Cells are now ready to harvest (using cell-dissocia-
tion buffer as recommended by the manufacturer) from the transduction flask for
CFU plating to determine the efficiency of transduction. The level of gene trans-
fer into individual colony-forming cells (CFC) is accomplished by growth in
Geneticin (G418, see Note 6 for tips) for the neo gene, other selective agents
(taxol or colchicine for the mdr gene), FACS analysis for eGFP or cell-surface
markers, or single-colony PCR, as described in Subheading 3.6., for vectors that
lack markers.

The use of single-colony inverse PCR will allow determination of the num-
ber of different human hematopoietic progenitors that were transduced, by
identifying the unique proviral integration sites. Subheading 3.7. has details
on this procedure.

3.4. Maintenance of Vector-Producing Fibroblasts and Collection
of Cell-Free Supernatant

Grow vector-producing fibroblasts (VPF) in 75-cm2 flasks in 15 mL D10HG
(see reagent list), keeping them subconfluent by trypsinization when they reach
80% confluency. Freeze down early passage vials to bank as “seed stocks.” If
they are grown for weeks at a time in vitro, they must be reselected to ensure
that they have retained the vector and packaging plasmids. The selection meth-
ods appropriate for each cell line can be obtained from ATCC.

Trypsinize the vector-producing fibroblasts and plate at a concentration of
one million cells per 75-cm2 flask. Lay the flask down flat, and grow the cells
in 15 mL D10HG (see Subheading 2.) at 37°C for 1–2 d, until almost confluent.
Replace the medium in each flask with prewarmed D10HG*. Transfer to a
32°C incubator for production of supernatant. Retroviral particles are more
stable at the lower temperature, but the VPF will not grow as quickly. Collect
supernatant 48 h later. Discard confluent monolayers of VPF. Filter superna-
tant through a 0.45-µm pore-size syringe filter (Uniflo-25 with calcium acetate
membrane, Schleicher & Schuell, Keene, NH), to remove VPF which may have
lifted into the medium. Store supernatant in polypropylene tubes at –70°C in 5-
mL aliquots until needed for transduction.

* The adhesive capacity of immortalized cell lines is diminished. Addition of cold medium, or
growing in medium depleted of nutrients, causes VPF to lift from the plates.
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3.5. Immunomagnetic Selection Using the Dynal Dynabeads
Technique

1. After ficolling and counting (Subheading 3.3., steps 1–8), bring the cell suspen-
sion up to 1 × 107 cells per 1 mL cold 1× PBS, in a 15-mL polypropylene tube.*
Add sterile anti-CD34 antibody at a concentration of 5 µg per mL cell suspen-
sion. (New antibodies may need to be titrated to find the optimal concentration).
Incubate the cells with antibody on a slowly rotating platform in a 4°C cold room
for 30 min.

2. Centrifuge the cells at 1400 rpm and remove the supernatant, containing PBS and
antibody. Resuspend the pellet in 12 mL of cold PBS/5% FCS to wash and block
nonspecific sites. Centrifuge again. Remove the supernatant from the pellet. Wash
one more time in the same solution, to remove excess, unbound antibody. Centri-
fuge and remove supernatant.

3. Resuspend the cell pellet in cold 1× PBS at a concentration of 1 × 107 cells/mL.
Add 10 µL of the magnetic bead suspension per mL: goat anti-mouse-conjugated
magnetic beads (Dynal, Oslo, Norway). Return the tube to the rotating platform
in the cold room for another 30–60 min.

4. Bring the volume up to 7 mL with cold 1× PBS. Place the tube in the magnet
device (MPC-1, Dynal). Leave it there for 2 min, to allow the beads and attached
CD34+ cells to line up on the side of the tube closest to the magnet. Carefully
remove the PBS and transfer to a tube labeled “CD34–cells.” Remove the tube
from the magnetic holder and rewash the CD34+ cells and beads with 7 mL cold
1× PBS. Place the tube back into the magnetic holder for 2 min, and discard the
PBS fraction, which contains very few cells, in the second wash.

If desired, the magnetic beads can be removed using chymopapain
(chymodactin, Baxter), or detach-a bead (Dynal) . However, we would recom-
mend leaving the beads on the cells, if possible, to obtain maximal yields and
viability. They drop off naturally after 1–2 d of culture, and do not hamper
transduction, growth of CFUs, or engraftment in immune-deficient mice
(1,2,11,13,17,34–38). If FACS will be done to test transfer of cell-surface
markers, the Dynal beads must be removed, or the MiniMACS or Stem Sep
systems can be used for sorting. The latter two systems use smaller magnetic
beads that do not interfere with FACS sorting.

*If small numbers of cells are used (less than 1 × 107 total) perform the antibody-binding and
Dynabeads-binding steps in 1 mL PBS, in a 15-mL tube standing upright on ice. Tap the tube to
mix gently at 10-min intervals during the binding steps. Wash steps and concentrations will
remain the same.
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3.6. Preparation of Individual CFU Colonies for PCR:
Whole-Cell Lysates

The standard methods for plating of colony-forming assays are described in
Chapter 7 in this volume. For analysis of the extent of gene transfer by PCR,
single, well-isolated colonies are plucked from CFU dishes using a clean mi-
cropipet tip for each colony.* Cells are soaked 1 h at room temperature in 1 mL
PBS to dissolve the methylcellulose, then divided into two portions. The first
portion of each sample may be used to generate cytospin slides for immunohis-
tochemical analyses or Wright/Giemsa staining. The second portion is used to
detect the presence of integrated vector sequences by PCR. The sample may be
directly lysed as described below, or DNA can be extracted as described in
Subheading 3.7. Although the whole-cell lysis procedure is quicker and more
convenient, PCR from extracted DNA gives more reproducible results. In the
whole-cell lysate, ionic strength will vary depending on cell number in the
original colony, and can affect the outcome of the PCR, which is highly sensi-
tive to cation concentration.

1. Pull single colonies from the methylcellulose medium (MCM) in a vol of 20–40
µL, using a plugged pipet tip, under direct visualization with a phase-inversion
microscope. Single CFU deposited by ACDU in a 96-well plate in MCM may be
flushed out with PBS, and provide more convincing isolation of each colony,
without the possibility of cross-contamination by neighboring CFU.† Choose
colonies containing at least 200 cells for plucking. Keep a record of the colonies
that contained erythrocytes: they will need a different buffer (see step 4).

2. Once the colony is in the pipet tip, flush it thoroughly into 1 mL 1 × PBS in a
microfuge tube. Let the tube sit on the benchtop for 1 h to allow all of the meth-
ylcellulose to dissolve from the cells, or they will not form a firm pellet when
centrifuged. This treatment does not lead to DNA degradation if cells are intact.

3. Centrifuge tubes for 5 min in a microfuge at 3,000 rpm. A tiny triangular pellet
should be visible. Remove medium and PBS carefully. Spin the tubes again
briefly, to bring down the residual droplets of PBS, and remove them. It is ac-
ceptable to leave up to 10 µL PBS on the pellet, to avoid the loss of cells. Pellets
prepared by this method may be stored at –20°C, or may be lysed directly.

4. If colonies contained developing erythroblasts (BFU-E or CFU-MIX) they will

* Care must be taken to pluck well-isolated colonies, to avoid inclusion of cells from neigh-
boring CFU. Cross-contamination between colonies could lead to overestimation of the extent of
gene transfer. To verify that each CFU has arisen from a hematopoietic progenitor bearing a
unique proviral integrant, use the inverse PCR technique described in Subheading 3.7.

† If plating individual cells in 96–well plates for isolation of individual clones from methyl-
cellulose medium, make sure that the outer rows of wells are filled with water to provide extra
humidity. The methylcellulose medium dries out easily.

干细胞之家www.stemcell8.cn ←点击进入

http://www.stemcell8.cn


266 Dao and Nolta

need to be lysed to remove hemoglobin prior to preparation of the PCR lysate.*
RBC lysis buffer (200 uL; recipe in Subheading 2.6.) is added to the pellet, and
cells are mixed with the pipet tip. Spin for 2 min in a tabletop microfuge (1643g).
If the pellet is still red, repeat the lysis procedure. When the pellet is white, wash
once with 1× PBS and proceed to step 5.

5. Resuspend colony pellets in 20 µL whole-cell lysis buffer (for standard PCR) or
200 µL proteinase K digestion buffer for DNA extraction and subsequent inverse
PCR (see Subheading 3.7.). To the 20 µL whole-cell lysis buffer (for recipe, see
Subheading 2.) add 2 µL proteinase K (Sigma, 10 mg/mL stock in H2O). Incu-
bate tubes at 56°C for 1 h. For large colonies, an additional 2 µL proteinage. K
should be added after 30 min, and digestion continued.

6. Boil lysates for 10 min to inactivate the proteinase K. Do not forget this step!
Proteinase K will otherwise digest the Taq polymerase in the PCR buffer. Whole-
cell lysates may be stored at –20°C until used in PCR reactions.

7. 1–2 µL of the lysate will be adequate to detect the presence of most cDNAs
carried in Moloney-based retroviral vectors by standard PCR methods.

3.7. Individual Colony Clonal Integration Analysis by Inverse PCR

The Inverse PCR method has been adapted from Rill and Brenner (39). Cel-
lular genomic DNA containing integrated vector provirus is digested with the
restriction enzyme Taq1 (Gibco, BRL) chosen because it cuts frequently (1/44,
or once every 256 bases on average) and does not cut within the LTR them-
selves, but just inside of the vector from each LTR. Each LTR is then on a
restriction fragment of unique size, determined by the distance to the nearest
Taq1 recognition site in the genomic DNA flanking the provirus. The LTR-
containing fragments are then self-ligated to form closed circles. PCR amplifi-
cation using primer pairs complementary to the LTR directed in opposite
directions around the closed circle will produce a PCR product of characteris-
tic size for each integration site. Thus, the progeny of each transduced cell,
which will contain the same clonotypic vector integrant, will show the same
pattern of PCR products with this method. Each vector integrant will yield two
PCR products, one from each LTR. The technique given in detail in steps 1–12
below is a modification of one that has been previously published (1,2).

1. Collect individual, well-isolated CFU, and pellet cells as described in Subhead-
ing 3.6., steps 1–3.

2. Lyse Individual CFU samples containing 100–1,000 cells in 200 µL proteinase K
buffer (0.01 M Tris-HCl (pH 7.40), 0.15 M NaCl, 0.01 M EDTA (pH 8.0), 0.01%
SDS) with 10 µg proteinase K (Sigma) for 2 h at 56°C.

*The lysis of RBC must be done, and hemoglobin removed, because the porphyrin rings will
bind the magnesium in the PCR reaction buffer, and no amplification of the sample will occur.
Hemoglobin must therefore be washed out of the sample to avoid false-negative results.
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3. Perform one extraction with 200 µL buffered phenol/ CHCL3/IAA (25:24:1) mixture.
4. Precipitate the aqueous phase by addition of 2 µg glycogen (Boehringer

Mannheim), 18 µL 10 M NH4Ac, 500 µL absolute ethanol, and incubate at –20°C
for at least 2 h, or in a dry ice/ethanol bath for 10 min.

5. Centrifuge the DNA for 5 min in a microfuge at 3650g. Remove the ethanol
supernatant, and rinse in 70% ETOH. Dry on the benchtop* for 1–2 h.

6. Resuspend the dried DNA pellets in 25 µL 1X TE buffer. Add 10 uL of the
sample to 3 µL spermidine (0.1 M, Sigma), 10 µL React 2 buffer (Gibco-BRL,
Grand Island, NY), 2 µL (10 U) Taq1 restriction enzyme (Gibco-BRL), and 75
uL H20 for 2 h at 65°C. An additional 2 µL Taq1 is added after the first hour of
incubation.

7. Ligate an 8-µL sample of the cut DNA by addition of 2 µL 5× T4 ligase buffer
and 1 µL T4 ligase (Gibco-BRL) at 12–15°C for 2 h. Prior to addition of ligase,
the samples are heated to 56°C for 14 min, then cooled on the benchtop for 15
min. Ligase is added, and the samples are placed into the 12° water bath.

8. Following ligation, the first round of amplification of 2 µL of the circularized
DNA uses the primers INVa: (5'AGGAACTGCTTACCACA) and INVb:
(5'CTGTTCCTTGG-GAGGGT) in 0.5× Perkin Elmer PCR buffer† at a final
Mg++ concentration of 1.25 mM. The first cycle is: 95° denaturation for 5 min,
50° annealing for 2 min, and 72° extension for 4 min. The subsequent 29 cycles
are identical, except that the denaturation time is reduced to 1 min.

9. Perform the second round of nested PCR using 2 µL of the round 1 amplified
product with primers INVc: (5'TCCTGACCTTGATCTGA) and INVd:
(5'CTGAGTGATTGACTACC), using the same reaction conditions and cycles.

10. Electrophorese the resulting PCR products on a 2% gel (1% Seakem LE agarose
and 1% Nu-Sieve, FMC), transfer to nylon membrane (Hybond-N+, Amersham),
and hybridize with a 32p ATP end-labeled oligonucleotide probe
(5' GGCAAGCTAGCTTAAGT) specific for LTR sequences.

11. To verify identity of clonal patterns (bands having the same apparent mol wt,
excise the corresponding inverse PCR product bands from a 1% agarose gel, chop
finely with a sterile scalpel, and recover the amplified DNA from the agarose by
centrifugation through a Spin-X column (Costar) twice for 5 min.

12. Precipitate the DNA, resuspend in 8 µL 1X TE buffer, and sequence with the
Circum Vent thermal cycle sequencing kit (New England Biolabs) using the in-
verse PCR primer INVc (1,2).

4. Notes
1. Sources of hematopoietic cells for transduction: An excellent source of human

marrow cells is the screens used to remove bony spicules from the bone marrow

* Caution: Do not use a vacuum to dry the pellets; it reduces the efficiency of cutting with the
Taq1 restriction enzyme, which is the most critical parameter for this protocol. If the genomic
DNA is incompletely digested, multiple bands will result.

† The use of “half-strength” PCR buffer decreases background in this reaction.
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aspirate after harvest for allogeneic transplantation. The material trapped on the
filters is often discarded as waste, but contains both stem cells and marrow stro-
mal cells. In the operating room, the filters can be put into a 50-mL centrifuge
tube containing sterile cell-culture medium (e.g., Iscove’s modified Dulbecco’s
medium (IMDM) with 20% heat-inactivated FCS) and the cells released by either
vigorous shaking of the closed tube or by vigorously washing the filter with me-
dium using a 20-cc syringe. The filter washes are plated in several 75-cm2 flasks
for 2–6 h to allow adherence of stromal elements, and to permit the hematopoietic
cells to dissociate from the bony fragments. The nonadherent cell fraction which
contained the hematopoietic cells can then be collected and processed by centrifu-
gation on a ficoll gradient as described in Subheading 3.2.
Other good sources of hematopoietic stem and progenitor cells are mobilized pe-
ripheral blood (MPB) cells or umbilical cord-blood cells (UCBC). UCBC can be
obtained following delivery of neonates by gravity drainage of the placenta from
the cut end of the umbilical cord. The cord blood can be collected into either
sterile 50-mL centrifuge tubes or a sterile basin with either heparin (to achieve a
concentration of at least 10 U/mL) or with CPD-A anticoagulant (citrate-phos-
phate-dextrose solution, Sigma cat. # C-7165, add 10 mL solution per 40 mL
blood). Typical yields may range from 50–150 mL of UCBC. If none of these
sources of hematopoietic cells are available, marrow may be obtained using the
standard clinical procedure of marrow aspiration from the posterior iliac crest of
volunteers, or purchased from the Northwest Tissue Center, Seattle, WA.

2. While we have exclusively used the medium Ex-Vivo 15 in our recent studies,
other sources of serum-free medium have been used successfully, and are de-
scribed in the literature. The main constituents to be added to a standard medium
(such IMDM, which is particularly good for hematopoietic cells) are insulin, BSA,
transferrin, low-density lipoproteins, glutamine, and β-ME. An excellent version
of serum-free medium assembled from these ingredients was described by
Lansdorp and Dragowska (40), and its use was further examined by Petzer et al.
(41). Another good SFM for hematopoietic cells is StemSpanTM serum-free ex-
pansion medium, available from StemCell Technologies, Vancouver, BC, Canada.
The viability of hematopoietic progenitors is improved, and transduction is en-
hanced, if 50% fresh medium is added with each transduction cycle. This tech-
nique is used because the retroviral supernatant is depleted of sugars and amino
acids. Although diluting the supernatant with fresh medium decreases by half the
titer of virus added to the flask if high-titer supernatant (>5 × 106 infectious par-
ticles per mL) is used, the extent of transduction of colony-forming progenitors
on retronectin will be approx 30–50% using the methods in this chapter (13,29).

3. We recently demonstrated that primitive hematopoietic stem and progenitor cells,
induced into cell-cycle entry by the combination of anti-TGF antibody and anti-
p27 oligonucleotides, were transduced by retroviral vectors in a 24–h period, and
retained the ability to durably engraft immune deficient mice with multilineage
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development. We determined that the optimal method for achieving entry of the
oligonucleotide into primary hematopoietic progenitors was to use a concentration
of 50 µM, without use of lipofectants. This method resulted in specific reduction
of p27 levels without affecting other pathways, such as  mitrogen activated pro-
tein kinase (MAPK) phosphorylation, in response to cytokines (29). C-5 propyne
modified phosphorothioate oligonucleotides (ON), synthesized by Operon
(Alameda, CA) were used at a final concentration of 50 µM in SFM (Ex-Vivo 15,
BioWhittaker). The sequence for the anti-sense ON (anti-p27) was 5'-qgC GUC
UGC UCC AcagF-3', and the scrambled, or mis-sense ON was 5'qgC AUC CCC
UGU Gca gF-3', as previously described (42).

4. Many of the reagents used in human marrow culture can display nonspecific tox-
icity for hematopoietic cells, although they may be acceptable for growth of other
cell types. Therefore, even tissue-culture-grade ingredients should be screened.
Seemingly minor cell culture medium components (e.g., BSA) or environmental
factors (e.g., incubator CO2) can drastically affect cell growth and gene transduc-
tion. The screening of reagents requires a set of components which are already
known to work, with each new individual component tested as single substitu-
tions. Because of the sensitivity of marrow cells to contaminants, vendors and
catalog numbers of products routinely used are provided in the reagents list. The
commercial availability of media and individual cell-culture components from
StemCell Technologies allows new labs to undertake hematopoietic cell culture
by providing pre-tested reagents. This is accomplished by making a batch of me-
thylcellulose medium, which lacks the component to be tested, then adding differ-
ent samples to be screened into the appropriate volume of the stock solution to
achieve the desired final concentration. As an example, to screen different lots of
FBS, aliquots containing 7 mL of methylcellulose medium lacking serum are pre-
pared. To each, an individual 3-mL aliquot of sterile, heat-inactivated serum to be
tested is added. Samples are mixed well, then dispensed in duplicate or quadrupli-
cate into 1-mL gridded culture dishes. The same number of purified CD34+ pro-
genitors is added to each plate and mixed well. Following 14 d growth, CFU are
enumerated, and the lot of FCS that had supported growth of the largest number
of mixed lineage colonies is chosen for purchase. Similar screening procedures
are done for the methylcellulose stocks, BSA, and geneticin (G418). To screen
samples of G418, hematopoietic progenitors that have been transduced by a vec-
tor carrying the neo gene must be used, in comparison to nontransduced (Sham)
cells. The lot of geneticin that permits maximal CFU formation from the trans-
duced cell population while providing complete killing of the nontransduced cells
should be chosen for purchase.

5. Stromal elements should be removed from bone-marrow aspirates, since the liv-
ing stromal monolayer will be easily transduced by retroviral vectors (35), and
can invalidate subsequent CFU, FACS, or long-term culture (LTC) assays. Resus-
pend the cell pellet from Subheading 3.2., step 7, in IMDM with 20% FCS, at a
concentration of 1 × 106 cells/mL, in 75-cm2 flasks (tissue-culture-treated, 15 mL
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cell suspension per flask). Place the flask into the incubator and allow stromal
cells to adhere for 2 h. At the end of the adherence period, remove the nonadherent
hematopoietic cells, and place them into a 50-mL centrifuge tube. Flush the flask
several times with 1× PBS and add all flushings to the 50-mL tube. The stromal
elements and mature monocyte/macrophages will adhere more strongly to the
flask in 2 h than the hematopoietic stem and progenitor cells, and thus will remain
with the flask, which can then be used to initiate stromal monolayers as described.
Centrifuge the tubes containing the stromal-cell-depleted mononuclear cells for 5
min at 400g. Remove the supernatant, then tap the bottom of the tube immediately
to disloge the cells from the tight pellet, to avoid clumping. Wash the mononuclear
cells in 25 mL cold 1 × PBS, centrifuge at 400g for 5 min, and discard the super-
natant. Resuspend in 1 mL cold PBS and count an aliquot by Trypan blue exclu-
sion, as described in Subheading 3.2., step 8. Proceed with the cell separation
steps, as described in Subheading 3.2.

6. Twenty-four hours after transfer of the neo gene into hematopoietic progenitors,
the extent of transduction can be assessed by measuring the percentage of colony-
forming progenitors resistant to the selective agent G418 (0.9 mg/mL: each lot
should be screened for effective killing of nontransduced cells and lack of non-
specific toxicity) (see Note 4). For each sample, four replicate CFU plates are
made and G418 (0.9 mg/mL active compound) is added to two of these, as de-
scribed. 5 × 104 cells per plate are used when assaying unseparated bone-marrow
mononuclear cell preparations and 500 and 1000 cells are used when assaying
CD34+ cells (reduce to 250 and 500 cells per plate when working with UCB
CD34+ cells). These plating densities were determined empirically to yield 50–
100 colonies per plate, which is the upper limit that produces distinct, individual
colonies. The numbers of total and G418-resistant progenitor-derived colonies
are counted after 14 d. In all experiments, sham-transduced marrow, which does
not contain the neo gene, should be plated for comparison, and should be com-
pletely inhibited from colony formation by the concentration of G418 that is used.
To prepare geneticin (G418) for selection of transduced cells:
1. Dilute 1 M HEPES buffer (Sigma) 1:10 in H20 to generate a 100 mM stock.
2. Calculate the total mg of active protein purchased: the purity (mg active/g

weight) will be listed in the acompanying data sheet.
3. Dilute in 100 mM HEPES buffer to make a 50 mg/mL stock (active concen

tration).
4. Adjust pH to 7.30 (use approx 1 drop 10 N NaOH per mL, and the pH will

increase steadily).*
5. Make small aliquots and store at –20°C. Avoid repeated freeze-thaw cycles.

Stable at 4°C for at least 2 mo after thawing.
6. For hematopoietic cell selection, use at a concentration of 0.9 mg/mL active drug.

* Be sure that the electrode on the pH meter has been soaked in H20 and rinsed extremely well
to remove potentially toxic contaminants.

干细胞之家www.stemcell8.cn ←点击进入

http://www.stemcell8.cn


Retroviral-Mediated Transduction 271

References
1. Dao, M. A., Yu, X. J., and Nolta, J. A. (1997) Clonal diversity of primitive human

hematopoietic progenitors following retroviral marking and long-term engraft-
ment in immune-deficient mice. Exp. Hematol. 25, 1357–1366.

2. Nolta, J. A., Dao, M. A., Wells, S., Smogorzewska, E. M., and Kohn, D. B. (1996)
Transduction of pluripotent human hematopoietic stem cells demonstrated by
clonal analysis after engraftment in immune-deficient mice. Proc. Natl. Acad.
Sci. USA 93, 2414–2419.

3. Lewis, P. F. and Emerman, M. (1994) Passage through mitosis is required for
oncoretroviruses but not for the human immunodeficiency virus. J. Virol. 68,
510–516.

4. Miller, D. G., Adam, M. A., and Miller, A. D. (1990) Gene transfer by retrovirus
vectors occurs only in cells that are actively replicating at the time of infection
(published erratum appears in Mol Cell Biol 1992 Jan;12(1):433). Mol. Cell Biol.
10, 4239–4242.

5. Suda, T., Suda, J., and Ogawa, M. (1983) Proliferative kinetics and differentiation
of murine blast cell colonies in culture: evidence for variable G0 periods and con-
stant doubling rates of early pluripotent hemopoietic progenitors. J. Cell Physiol.
117, 308–318.

6. Bodine, D. M., Karlsson, S., and Nienhuis, A. W. (1989) Combination of
interleukins 3 and 6 preserves stem cell function in culture and enhances
retrovirus-mediated gene transfer into hematopoietic stem cells. Proc. Natl. Acad.
Sci. USA 86, 8897–8901.

7. Nolta, J. A. and Kohn, D. B. (1990) Comparison of the effects of growth factors
on retroviral vector-mediated gene transfer and the proliferative status of human
hematopoietic progenitor cells. Hum. Gene Ther. 1, 257–268.

8. Luskey, B. D., Rosenblatt, M., Zsebo, K., and Williams, D. A. (1992) Stem cell
factor, interleukin-3, and interleukin-6 promote retroviral- mediated gene transfer
into murine hematopoietic stem cells. Blood 80, 396–402.

9. Fletcher, F. A., Moore, K. A., Ashkenazi, M., De Vries, P., Overbeek, P. A., Wil-
liams, D. E., et al. (1991) Leukemia inhibitory factor improves survival of
retroviral vector-infected hematopoietic stem cells in vitro, allowing efficient
long-term expression of vector-encoded human adenosine deaminase in vivo. J.
Exp. Med. 174, 837.

10. Dilber, M. S., Bjorkstrand, B., Li, K. J., Smith, C. I., Xanthopoulos, K. G., and
Gahrton, G. (1994) Basic fibroblast growth factor increases retroviral-mediated
gene transfer into human hematopoietic peripheral blood progenitor cells. Exp.
Hematol. 22, 1129–1133.

11. Dao, M. A., Hannum, C. H., Kohn, D. B., and Nolta, J. A. (1997) FLT3 ligand
preserves the ability of human CD34+ progenitors to sustain long-term hemato-
poiesis in immune-deficient mice after ex vivo retroviral-mediated transduction.
Blood 89, 446–456.

12. Nolta, J. A., Crooks, G. M., Overell, R. W., Williams, D. E., and Kohn, D. B.
(1992) Retroviral vector-mediated gene transfer into primitive human hematopoi-

干细胞之家www.stemcell8.cn ←点击进入

http://www.stemcell8.cn


272 Dao and Nolta

etic progenitor cells: effects of mast cell growth factor (MGF) combined with
other cytokines. Exp. Hematol. 20, 1065–1071.

13. Dao, M. A., Hashino, K., Kato, I., and Nolta, J. A. (1998) Adhesion to fibronectin
maintains regenerative capacity during Ex vivo culture and transduction of hu-
man hematopoietic stem and progenitor cells (In Process Citation). Blood 92,
4612–4621.

14. Moore, K. A., Deisseroth, A. B., Reading, C. L., Williams, D. E., and Belmont, J.
W. (1992) Stromal support enhances cell-free retroviral vector transduction of
human bone marrow long-term culture-initiating cells. Blood 79, 1393–1399.

15. Moritz, T., Patel, V. P., and Williams, D. A. (1994) Bone marrow extracellular
matrix molecules improve gene transfer into human hematopoietic cells via
retroviral vectors. J. Clin. Investig. 93, 1451–1457.

16. Moritz, T., Dutt, P., Xiao, X., Carstanjen, D., Vik, T., Hanenberg, H., et al. (1996)
Fibronectin improves transduction of reconstituting hematopoietic stem cells by
retroviral vectors: evidence of direct viral binding to chymotryptic carboxy-ter-
minal fragments. Blood 88, 855–862.

17. Nolta, J. A., Smogorzewska, E. M., and Kohn, D. B. (1995) Analysis of optimal
conditions for retroviral-mediated transduction of primitive human hematopoietic
cells. Blood 86, 101–110.

18. Wells, S., Malik, P., Pensiero, M., Kohn, D. B., and Nolta, J. A. (1995) The pres-
ence of an autologous marrow stromal cell layer increases glucocerebrosidase
gene transduction of long-term culture initiating cells (LTCICs) from the bone
marrow of a patient with Gaucher disease. Gene Ther. 2, 512–520.

19. Yang, Y., Vanin, E. F., Whitt, M. A., Fornerod, M., Zwart, R., Schneiderman, R.
D., et al. (1995) Inducible, high-level production of infectious murine leukemia
retroviral vector particles pseudotyped with vesicular stomatitis virus G envelope
protein. Hum. Gene Ther. 6, 1203–1213.

20. Burns, J. C., Friedmann, T., Driever, W., Burrascano, M., and Yee, J. K. (1993)
Vesicular stomatitis virus G glycoprotein pseudotyped retroviral vectors: concen-
tration to very high titer and efficient gene transfer into mammalian and
nonmammalian cells. Proc. Natl. Acad. Sci. USA 90, 8033–8037.

21. Miller, A. D., Garcia, J. V., von Suhr, N., Lynch, C. M., Wilson, C., and Eiden, M.
V. (1991) Construction and properties of retrovirus packaging cells based on gib-
bon ape leukemia virus. J. Virol. 65, 2220–2224.

22. Miller, J. L., Donahue, R. E., Sellers, S. E., Samulski, R. J., Young, N. S., and
Nienhuis, A. W. (1994) Recombinant adeno-associated virus (rAAV)-mediated
expression of a human gamma-globin gene in human progenitor-derived eryth-
roid cells [published erratum appears in Proc. Natl. Acad. Sci. USA 1995 Jan
17;92(2):646]. Proc. Natl. Acad. Sci. USA 91, 10,183–10,187.

23. Naldini, L., Blomer, U., Gallay, P., Ory ,D., Mulligan, R., Gage, F. H., et al.
(1996) In vivo gene delivery and stable transduction of nondividing cells by a
lentiviral vector (see comments). Science 272, 263–267.

24. Podsakoff, G., Wong, Jr., K. K., and Chatterjee, S. (1994) Efficient gene transfer
into nondividing cells by adeno-associated virus-based vectors. J. Virol. 68,
5656–5666.

干细胞之家www.stemcell8.cn ←点击进入

http://www.stemcell8.cn


Retroviral-Mediated Transduction 273

25. Walsh, C. E., Liu, J. M., Xiao, X., Young, N. S., Nienhuis, A. W., and Samulski,
R. J. (1992) Regulated high level expression of a human gamma-globin gene in-
troduced into erythroid cells by an adeno-associated virus vector. Proc. Natl.
Acad. Sci. USA 89, 7257–7261.

26. Dutt, P., Hanenberg, H., Vik, T., Williams, D. A., and Yoder, M. C. (1997)
A recombinant human fibronectin fragment facilitates retroviral mediated
gene transfer into human hematopoietic progenitor cells. Biochem. Mol. Biol. Int.
42, 909–1017.

27. Hanenberg, H., Xiao, X. L., Dilloo, D., Hashino, K., Kato, I., and Williams, D. A.
(1996) Colocalization of retrovirus and target cells on specific fibronectin frag-
ments increases genetic transduction of mammalian cells. Nat. Med. 2, 876-882.

28. Hanenberg, H., Hashino, K., Konishi, H., Hock, R. A., Kato, I., and Williams, D.
A. (1997) Optimization of fibronectin-assisted retroviral gene transfer into hu-
man CD34+ hematopoietic cells. Hum. Gene Ther. 8, 2193–2206.

29. Dao, M. A., Taylor, N., and Nolta, J. A. (1998) Reduction in levels of the cyclin-
dependent kinase inhibitor p27(kip-1) coupled with transforming growth factor
beta neutralization induces cell-cycle entry and increases retroviral transduction
of primitive human hematopoietic cells. Proc. Natl. Acad. Sci. USA 95,
13,006–13,011.

30. Olweus, J., Lund-Johansen, F., and Terstappen, L. W. (1994) Expression of cell
surface markers during differentiation of CD34+, CD38-/lo fetal and adult bone
marrow cells. Immunomethods 5, 179–188.

31. Hao, Q. L., Thiemann, F. T., Petersen, D., Smogorzewska, E. M., and Crooks, G.
M. (1996) Extended long-term culture reveals a highly quiescent and primitive
human hematopoietic progenitor population. Blood 88, 3306–3313.

32. Hao, Q. L., Smogorzewska, E. M., Barsky, L. W., and Crooks, G. M. (1998) In
vitro identification of single CD34+CD38- cells with both lymphoid and myeloid
potential. Blood 91, 4145–4151.

33. Levesque, J. P., Leavesley, D. I., Niutta, S., Vadas, M., and Simmons, P. J. (1995)
Cytokines increase human hemopoietic cell adhesiveness by activation of very
late antigen (VLA)-4 and VLA-5 integrins. J. Exp. Med. 181, 1805–1815.

34. Nolta, J. A., Hanley, M. B., and Kohn, D. B. (1994) Sustained human hemato-
poiesis in immunodeficient mice by cotransplantation of marrow stroma express-
ing human interleukin-3: analysis of gene transduction of long-lived progenitors.
Blood 83, 3041–3050.

35. Dao, M. A., Pepper, K. A., and Nolta, J. A. (1997) Long-term cytokine production
from engineered primary human stromal cells influences human hematopoiesis in
an in vivo xenograft model. Stem Cells 15, 443–451.

36. Dao, M. A. and Nolta, J. A. (1997) Inclusion of IL-3 during retrovirally-mediated
transduction on stromal support does not increase the extent of gene transfer into
long-term engrafting human hematopoietic progenitors. Cytokines Cell Mol. Ther.
3, 81–89.

37. Dao, M. A., Shah, A. J., Crooks, G. M., and Nolta, J. A. (1998) Engraftment and
retroviral marking of CD34+ and CD34+CD38- human hematopoietic progeni-
tors assessed in immune-deficient mice. Blood 91, 1243–1252.

干细胞之家www.stemcell8.cn ←点击进入

http://www.stemcell8.cn


274 Dao and Nolta

38. Dao, M. A. and Nolta, J. A. (1998) Use of the bnx/hu xenograft model of human
hematopoiesis to optimize methods for retroviral-mediated stem cell transduction
(Review) (In Process Citation). Int. J. Mol. Med. 1, 257–264.

39. Rill, D. R., Santana, V. M., Roberts, W. M., Nilson, T., Bowman, L. C., Krance,
R. A., et al. (1994) Direct demonstration that autologous bone marrow transplan-
tation for solid tumors can return a multiplicity of tumorigenic cells. Blood 84,
380–383.

40. Lansdorp, P. M. and Dragowska, W. (1992) Long-term erythropoiesis from con-
stant numbers of CD34+ cells in serum-free cultures initiated with highly purified
progenitor cells from human bone marrow. J. Exp. Med. 175, 1501–1509.

41. Petzer, A. L., Hogge, D. E., Landsdorp, P. M., Reid, D. S., and Eaves, C. J. (1996)
Self-renewal of primitive human hematopoietic cells (long-term-culture-initiat-
ing cells) in vitro and their expansion in defined medium. Proc. Natl. Acad. Sci.
USA 93, 1470–1474.

42. St. Croix, B., Florenes, V. A., Rak, J. W., Flanagan, M., Bhattacharya, N.,
Slingerland, J. M., et al. (1996) Impact of the cyclin-dependent kinase inhibitor
p27Kip1 on resistance of tumor cells to anticancer agents. Nat. Med. 2,
1204–1210.

43. Eaves, C. J., Cashman, J. D., Kay, R. J., Dougherty, G. J., Otsuka, T., Gaboury, L.
A., et al. (1991) Mechanisms that regulate the cell cycle status of very primitive
hematopoietic cells in long-term human marrow cultures. II. Analysis of positive
and negative regulators produced by stromal cells within the adherent layer. Blood
78, 110–117.

44. Li, M. L., Cardoso, A. A., Sansilvestri, P., Hatzfeld, A., Brown, E. L., Sookdeo,
H., et al. 1994. Additive effects of steel factor and antisense TGF-beta 1
oligodeoxynucleotide on CD34+ hematopoietic progenitor cells. Leukemia 8,
441–445.

45. Cardoso, A. A., Li, M. L., Batard, P., Hatzfeld, A., Brown, E. L., Levesque, J. P.,
et al. 1993. Release from quiescence of CD34+ CD38- human umbilical cord
blood cells reveals their potentiality to engraft adults. Proc. Natl. Acad. Sci. USA
90, 8707–8711.

干细胞之家www.stemcell8.cn ←点击进入

http://www.stemcell8.cn


HIV-Based Vectors 275

275

From: Methods in Molecular Medicine, vol. 63: Hematopoietic Stem Cell Protocols
Edited by: C. A. Klug and C. T. Jordan  © Humana Press Inc., Totowa, NJ

18

Production of Lentiviral Vector Supernatants
and Transduction of Cellular Targets

Richard E. Sutton

1. Introduction
Lentiviral vectors based upon human immunodeficiency  type I (HIV) are

increasingly being used to transduce nondividing or terminally differentiated
cells, despite the fact HIV is a known, lethal pathogen. This is because
lentiviruses contain multiple gene products that allow infection of cells inde-
pendent of mitosis. Typically, plasmid DNA is transiently transfected into a
producer-cell line, and viral supernatant is harvested a few days later. The
supernatant can be used as is to transduce targets of choice, or it can be concen-
trated up to 1000-fold by ultracentrifugation and then used on difficult targets,
such as hematopoietic stem cells (HSC). The ease of production permits any
modern molecular biology laboratory to produce reasonable amounts of repli-
cation-defective virus for research purposes. The entire process is illustrated
schematically in Figure 1 and typically takes a week, depending upon the
nature of the transgene.

2. Materials
1. Source of recombinant DNA (plasmid or appropriate E. coli host carrying recom-

binant clone).
2. Luria broth (LB) or other simple bacterial medium (e.g., terrific broth) and anti-

biotic stock (usually sodium salt of ampicillin at 100 mg/mL in water).
3. CsCl aqueous solutions (1.84 g/mL and 1.64 g/mL final density) and 5 mg/mL

ethidium bromide (protected from light).
4. NaCl-saturated isoamyl alcohol (prepared by adding isoamyl alcohol to 5 M NaCl

and enough solid NaCl to form a three-phase solution).
5. 10 mM ethylenediaminetetraacetic acid (EDTA), 25 mM Tris-HCl, pH 8.0, 40
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mM glucose (solution I); 0.2 N NaOH, 1% (w/v) sodium dodecyl sulfate (SDS)
(solution II); and 3 M potassium acetate, 2M acetic acid (solution III).

6. Isopropanol and 70% ethanol.
7. 293T and HOS cells, both maintained in Dulbecco’s modified Eagle’s medium

(DMEM) with 10% fetal calf serum (FCS) and 100 U/mL of penicillin and 100
mg/mL streptomycin (DMEM complete) at 37°C in a water-jacketed 5% CO2

Fig. 1. Production of pseudotyped particles. At top are the three plasmids pHIV-
PV, pHIV-TV, and the VSV G expression plasmid. A tri-transfection of 293T cells is
performed by the calcium-phosphate technique. After 2–3 d, the supernatant is har-
vested (pseudotyped particles shown), and used to transduce targets. The TV becomes
integrated in the host genome (note duplication of the ∆U3); and the transgene product
is transcribed (bent arrow) and elaborated in the cytoplasm (light gray circles).
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incubator. Most tissue-culture reagents are available from Gibco-BRL (Life
Technologies).

8. 0.25 M CaCl2, 2X HEPES-buffered saline (2X HBS; 0.28 M NaCl, 50 mM
HEPES, and 1.5 mM phosphate buffer, pH 7.05), and 1 mM chloroquine.

9. 10% (v/v) dimethyl sulfoxide (DMSO) in phosphate-buffered saline (PBS), Ca2+

and Mg2+-free.
10. X-gal. 100 mg/mL in dimethylformamide (store at –20°C in the dark).
11. X-gal staining solution: 3 mM potassium ferricyanide, 3 mM potassium ferrocya-

nide, and 0.8 mg/mL x-gal in PBS.
12. Fix solution: 0.3% (v/v) formaldehyde-0.4% (v/v) glutaraldehyde (prepared in

PBS).
13. 0.1 M ferricyanide and 0.1 M ferrrocyanide (store at 4°C).
14. Polybrene (Sigma), 4 mg/mL in water (1000× concentrate), stored at 4°C.
15. HIV p24 antigen detection kit enzyme-linked immunosorbent assay (ELISA),

from Coulter or other commercial suppliers).

3. Methods

3.1. General Safety Considerations

HIV is a known human pathogen, and infection is almost uniformly fatal. It
is the etiologic agent of acquired immunodeficiency syndrome, or AIDS. In-
fection by HIV leads to an inexorable decline in CD4+ T helper cells, although
this can slowed by the use of highly active anti-retroviral therapy. Because of
this, proper care must be exercised when working with HIV in the laboratory,
even when it is only in vector form. Most investigators follow National Insti-
tute of Health/Centers for Disease Control (NIH/CDC) guidelines, which
suggest using a BL2 facility but follow BL3 technique whenever possible
(www.niehs.nih.gov/odhsb/manual/home.htm).

The following are some of the commonly accepted practices used in work-
ing with HIV vectors. All individuals should undergo bloodborne pathogen
training that meets Occupational Health and Safety Administration (OSHA)
standards. Prior to project initiation, personnel serum is collected and banked
for future HIV serology. Periodically, serum is tested to confirm absence of
HIV seroconversion. Accidental exposures to infectious material should be re-
ported immediately to allow appropriate measures such as prophylaxis to be
taken. If an investigator develops an illness that is consistent with acute HIV
seroconversion, this should also be reported.

All contaminated plasticware is decontaminated with 10% bleach prior to
placement in red biohazard bags. All surface spills inside the biosafety cabinet
are cleansed with 70% ethanol or 10% bleach. The trap of the biosafety
cabinet’s aspirator apparatus should contain enough bleach so that its concen-
tration does not fall below 10%. The only glassware used should be media
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Fig. 2. HIV-based vectors. At top is a schematic of T-tropic HIV isolate NL4–3,
with gene products indicated, along with the long terminal repeats (LTRs, light gray
boxes), Rev-response-element (RRE) and packaging sequence (Ψ). Gene products re-
quired for virus production and transduction of target cells are in dark grey. The pack-
aging vector (PV) is driven by a cytomegalovirus (CMV) immediate early enhancer/
promoter, and it has deletions in Vif, Vpr, Vpu, and Env (delimited lines) and the pack-
aging sequence (∆Ψ). The RRE is intact, and the 3' LTR has been replaced with a
cellular polyadenylation signal (polyA). The transfer vector (TV) has a deletion in the
3' LTR (∆U3) so that it is self-inactivating. Ψ and the RRE are both intact, and an
internal promoter (CMV) drives the transgene reporter (GFP or LacZ indicated). Gene
products are not entirely to scale.

bottles. No open aerosol solution is generated, and percutaneous exposure is
minimized by absence of sharps and minimal glassware and by the use of per-
sonal protective clothing, gloves, and biosafety eyewear. After each tissue cul-
ture (TC) session, biohazard bags are autoclaved. Any viral or cell lysates are
treated with nonionic or ionic detergents at a concentration of at least 0.1%
prior to open handling. Sealed carriers may be used during centrifugation. Bio-
hazard signs should be posted on the outside of the tissue-culture area, on the
biosafety cabinet, and the incubator in use. Spills outside the biosafety cabinet
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should be cleaned up with absorbent towels and 10% bleach. Large spills or
equipment contamination should be reported to the institutional biosafety
officer.

3.2. Preparation of Plasmids

Currently, there are multiple HIV-based lentiviral vectors available from
several different academic laboratories, including the author’s (1,3,5,8,9). The
actual construction of these vectors is beyond the scope of this chapter. Clone
construction and identity, however, can be confirmed by restriction-enzyme
DNA digests and agarose-gel electrophoresis, chain-terminating (dideoxy)
DNA sequencing, or Southern blotting. Many are split-coding, so that the ac-
tual transfer vector contains only long terminal repeats (LTRs), RNA packag-
ing sequence, Rev-response-element, and transgene driven by an internal
promoter (see Fig. 2). The packaging vector typically has a heterologous pro-
moter (e.g., the cytomegalovirus immediate-early enhancer promoter) driving
the structural, enzymatic, and regulatory viral genes. The accessory genes of
HIV (Vif, Vpr, Vpu, and Nef) are dispensable for making high-titer pseudotyped
particles. The envelope used for most studies is vesicular stomatitis virus G
(VSVG) protein, expressed from a viral promoter. However, HIV appears to
be remarkably flexible in terms of other envelopes that can be incorporated
into infectious viral particles (4,6).

1. Plasmid DNA is propagated in a non-recombinogenic E. coli host (e.g., HB101)
and purified using standard molecular biology techniques. A suitable volume of
sterile LB (500–1000 mL) is supplemented with 100 mg/mL ampicillin and in-
oculated with the appropriate E. coli recombinant clone. Bacteria are grown to
saturation overnight by shaking (200–300 rpm) at 37°C.

2. Pellet bacteria by centrifugation (3000g) for 10 min and completely resuspend in
20 mL of solution I, using a combination of pipetting and vortexing.

3. Lyse the bacterial suspension in 40 mL of solution II and keep on ice for 4–5 min.
4. Add a total of 30 mL of solution III and keep on wet ice for 15 min. Centrifuge at

16,000g for 15 min.
5. Decant the supernatant through several layers of cheesecloth into 0.6 vol of iso-

propanol. After 15 min at room temperature, centrifuge the precipitated nucleic
acid as in step 4 and wash with 70% ethanol.

6. Resuspend the DNA (and RNA) in 1 mL of water by tilting the bottles on their
side. After the nucleic acid is resuspended, add 4.5 mL of CsCl solution
(1.84 g/mL) along with 0.08 mL of the ethidium-bromide solution. Load the mix-
ture into 5-mL Beckman quick-seal ultracentrifuge tubes and seal.

7. Place the tubes in one of the vertical (Vti65.2) or near vertical (Nvti65.2)
Beckman rotors and ultracentrifuge for 3.5–4 h at 400,000g at room temperature.

8. Collect the banded plasmid DNA in 1 mL by puncturing the tube with an 18-g.
needle attached to a syringe, taking care not to disturb the gradient or remove the
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RNA or other impurities. Add 4 mL of CsCl solution (1.64 g/mL, without addi-
tional ethidium bromide), and then repeat the ultracentrifugation step. Collect the
banded plasmid DNA in 1 mL.

9. Remove the ethidium bromide from the DNA by extracting the DNA with the
organic (top) phase of the isoamyl alcohol-NaCl three-phase solution. The num-
ber of extractions depends upon the amount of DNA and bound ethidium, but
usually 20–30 vol (done repeatedly in 5–6 vol increments) is sufficient for 1 mg
of DNA. At the end, no traces of ethidium in the solution should be visible to the
naked eye when using a clean white sheet of paper as a backdrop.

10. Precipitate the DNA by adding 5 vol of 70% ethanol, centrifuge at 20,000g for 10
min, and then wash the pellet with 70% ethanol (to remove excess salt). DNA can
then be dissolved in a small volume of water (to achieve a concentration of 4 mg/
mL) and quantitatively precipitated in a microcentrifuge tube, using sterile tech-
nique. The resuspended DNA (at a concentration of 4 mg/mL in water) is now
ready for transfection and can be stored at –20°C (see Note 1).

3.3. Preparation and Transfection of 293T Cells

293T cells are human embryonic kidney fibroblasts (293 cells) which have
been stably transfected with SV40 virus large T antigen. They are resistant to
G418, but do not need to be maintained in the antibiotic. They are grown in
DMEM complete at 37°C in a water-jacketed 5% CO2 incubator. The cells are
very loosely adherent, and should be split 1:4 or 1:5 every 3–4 d simply by
aspirating the spent medium and gently washing the cells off the plate using a
small amount of fresh medium (see Note 2). Trypsin and EDTA are unneces-
sary, and may be harmful. During prolonged culture, the morphology of the
cells change so that they become more flattened and spread out, and less
clumped. In addition, the doubling time asymptotically shortens. However, the
transfection efficiency and viral production of 293Ts will remain quite high,
even after years of continuous culture.

1. At least 12 h prior to transfection, split the 293T cells 1:4 into 10-cm dishes (see
Note 4). At the time of transfection, cells should be 40–60% confluent. Both
higher and lower levels of confluency will reduce viral titers.

2. Prepare the DNA in 0.5 mL of 0.25 M CaCl2. Usually, 40 mg of each plasmid is
used in equistochiometric ratios, although some investigators reduce the amount
of VSV G expression plasmid used.

3. Add an equivalent volume of 2X HBS dropwise to the DNA while bubbling the
DNA-CaCl2 solution. Use two automatic pipettors, one in each hand. A fine pre-
cipitate should immediately be visible. The solution will become cloudy.

4. Place the solution (1 mL) on the cells (already in DMEM complete, supplemented
with 10 µM chloroquine) within 20 min (see Note 3).

5. After 8–10 h, aspirate the medium and “shock” the cells using a small volume of
10% DMSO in PBS (see Note 5). Aspirate the PBS/DMSO, and then refeed the
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cells using 15 mL of DMEM complete. The cells may divide once more, but by
48 h posttransfection they should show signs of cytotoxicity (from expression of
VSV G), such as rounding and detachment from the plate.

6. After approx 60 h, collect the supernatant and centrifuge at 2,000g for 10 min to
remove large cellular debris. Most of the cells appear nonviable at this time.

7. Titer the unconcentrated viral supernatant on a standard human adherent cell line.
Although I typically use HOS cells (human osteosarcoma, available from Ameri-
can Type Culture Collection), other investigators use HeLa or 293 cells. Plate the
target cells 1 d prior to transduction in 24-well format, at roughly 100,000 cells/
well.

8. Incubate serial dilutions of virus, beginning with 0.1 mL, with the target cells.
Exchange the media the next day. If a green fluorescent protein (GFP) reporter is
used in the vector, transduced cells can be directly observed for expression of the
transgene 48 h later, using an inverted fluorescent microscope. If the LacZ gene
is used as a reporter, cells can be fixed for 10 min and stained overnight with an
X-gal solution (3 mM potassium ferricyanide, 3 mM potassium ferrocyanide, and
0.8 mg/mL x-gal in PBS). For selectable markers, targets are split into appropri-
ate antibiotic or drug selection. Resistant colonies usually arise within 2 wk, and
can be enumerated after crystal violet or giemsa staining. Titer is expressed as
infectious or transducing U/mL. If 100 positive cells are observed using 0.01 mL
of vector supernatant at a magnification where there are 100 microscope fields in
the well, the titer is 100 × 100 × 100/mL=106 infectious units (IU)/mL. Most
split-coding virus preparations will have a titer of between 105 and 106 IU/mL. In
the case of my first-generation “proof-of-concept” vectors in which all the viral
gene products are in cis configuration, titer is routinely 3 × 107 IU/mL, and occa-
sionally as high as 108 IU/mL. At very high titer, if too much virus stock is used,
the targets will demonstrate cytopathic effect, presumably because of the mu-
tagenic nature of provirus insertion.

3.4. Concentration of Vector Supernatants and
Transduction of Targets

Because of the stability of the VSV G envelope, unconcentrated vector
supernatants can be concentrated using one of three methods. Virus can be
concentrated by ultrafiltration, using commercially available units. I have suc-
cessfully used Amicon’s centriprep-10 unit, which holds up to 22 mL and has
a mol wt cut-off value of 10 kd.

1. Sterilize the centriprep-10 unit by washing both the inner and outer chambers
with 70% ethanol, taking care to remove most of the ethanol.

2. Load the supernatant in the outer chamber and centrifuge at 3,000g for 45–60
min at room temperature or 4°C.

3. Discard the ultrafiltrate from the inner chamber and repeat the centrifugation
step. It usually takes 2.5–3 h to concentrate supernatant 10–20-fold. Recovery of
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IU can be quantitated by titering material pre- and postconcentration. Losses usu-
ally do not exceed 20%.

4. Alternatively, viral supernatant can be concentrated by ultracentrifugation, using
an SW28 (Beckman) rotor. Each bucket can hold up to 38 mL, so the entire rotor
can accommodate up to 240 mL.

5. Wash the o-ring seals and buckets thoroughly with mild detergent and water.
Rinse the rotor buckets and tubes carefully with 70% ethanol, taking care to re-
move most of the remaining ethanol (see Note 6), then add the supernatant.

6. Centrifuge the supernatant with the brake on at 100,000g for 1.5–2 h at 4°C.
Remove the tubes from individual buckets using flame-sterilized forceps.

7. Aspirate the supernatant and resuspend the yellowish-brown pellet (usually a few
mm in diameter) in 1/100th vol (0.4 mL) of DMEM complete by scraping and
washing with a 1-mL pipet. Viral particles are fully resuspended by transferring
to a sterile 15-mL polypropylene conical tube and rotating end-over-end for 3–5
h at room temperature.

8. Titer concentrated virus starting with 0.001 mL (equivalent to 0.1 mL of
unconcentrated stock). Expect losses in the range of 10–20%. The 100-fold concen-
trated virus can be further concentrated by centrifugation in an appropriate horizon-
tal rotor and resuspending in 1/10th the starting vol (1000-fold final concentration).
This is only performed when the starting viral titer is 105 IU/mL and a titer of 108

IU/mL is required for transduction of elusive targets (see Notes 7–9). The third
method is technically the easiest and involves centrifuging the vector supernatant
overnight at relatively low g forces.

9. Centrifuge the supernatant (brake on) in a sterile 200 mL conical tube overnight
(~16 h) at 4°C at 7000g.

10. Aspirate the supermatant carefully and resuspend the pellet as described in step 7.
11. Titer concentrated viral stock as described in step 8. Recovery of ice is typically

75–80%, with up to 25% loss in the centrifugation step.

3.5. Detection of Replication-Competent Lentivirus

Improvements in lentiviral vector design have been aimed at reducing the
probability of generating a replication-competent lentivirus (RCL). RCL can
arise in the producer cell by a recombination event, which can occur at the
plasmid DNA level, at the level of reverse transcription during viral cDNA
synthesis, or perhaps even postintegration during chromosome recombination.
It is also conceivable that such a rare recombination event could arise in the
transduced targets. Although these events are unlikely to produce RCL in any
given cell, because of the potentially large numbers of cells involved in virus
production, it is necessary to demonstrate the absence of RCL. Tests to detect
RCL differ in their sensitivity and ease.

A simple but time-consuming way to determine whether RCL is present is
by transducing a target adherent cell line to high efficiency (>95%), and then
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passaging the cells for several generations. Supernatant from the transduced
targets is then serially tested for its ability to infect naïve cells, using the
transgene as a readout. One may expect a few positive cells (depending upon
the nature of the transfer vector), but that number should not increase over
time. This method assumes that the RCL has maintained the transgene, which
may not be correct.

A second way is to transduce targets to high efficiency and then serially
determine capsid (CA or p24) levels in the cell-culture supernatant of the trans-
duced targets. This can be accomplished by using a commercially available
ELISA kit (Coulter). CA levels should fall exponentially over time to unde-
tectable levels. The assumption here is that RCL will produce CA, and spread-
ing infection by an RCL will eventually result in high levels of CA in the
tissue-culture supernatant.

A third method is to transduce targets to high efficiency and then serially
test tissue-culture supernatants on cells which already have an integrated HIV
LTR driving a different transgene (e.g., LacZ or GFP). This type of indicator
cell line is available from individual investigators (2,5) or the AIDS Research
and Reference Reagent Program (http://www.aidsreagent.org). If RCL is
present, the assumption is that it encodes Tat. Thus, the HIV LTR in the targets
will be transactivated and positive cells will be easily detected.

The final method is probably the most sensitive, and is typically used to
detect replication-competent retrovirus in Murine leukemia virus (MLV) prepa-
rations. In this marker-rescue assay, an indicator-cell line is used which has a
defective HIV carrying a transgene marker (and no detectable RCL). Because
such cell lines are not generally available, they may need to be created by the
individual investigator. The indicator-cell line is transduced with the test su-
pernatant and then passaged for a few weeks. Tissue culture supernatant from
this transduced indicator cell line is harvested and tested for its ability to trans-
duce a naïve-cell line with the indicator marker. Rescue (or transfer) of the
marker would be consistent with the presence of RCL. This method allows for
the testing of large amounts (up to 50 mL on a 15-cm plate) of unconcentrated
supernatant, which is ideal for increased sensitivity. In the case of the current
third-generation HIV-based vectors, RCL is undetectable using any of these
methods (1,3,9).

I anticipate that over the next 5–10 yr, lentiviral-based vectors will become
more widely used to transfer genes into many types of nondividing and termi-
nally differentiated cells. In addition, clinical trials will likely begin, using these
vectors in select patients who have failed or are unable to tolerate conventional
therapies. I am confident that as more investigators use this vector system,
improvements in technique and safety and refinements in methodology will
occur.
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4. Notes
1. DNA prepared by double banding in CsCl is consistently of the highest purity and

results in the highest-titer vector supernatant. Alternatively, DNA can be prepared
by ion-exchange chromatography using any of a number of commercial kits (e.g.,
Qiagen). In our experience, viral titers using DNA prepared by the latter methods
are reduced by several-fold.

2. It is important to maintain the 293T cells in mid-log phase. If the cells become
confluent, they become contact-inhibited and go into stationary phase. For most
cell types, the medium becomes more acidic, but paradoxically, in the case of
293Ts, the medium becomes more basic. 293T cells can be split 1:100, but their
initial recovery and growth becomes somewhat erratic and unpredictable. Rou-
tinely, cells can be passaged every 3–4 d to maintain good growth kinetics.

3. Even fine calcium-phosphate precipitates end up clumping after a prolonged pe-
riod of time, so the precipitate should be added to the cells in a timely manner.
The quality of precipitate is crucial; if it is too fine it will not settle upon the cells,
and if it is too clumpy the cells cannot take up the particles by endocytosis. I
typically test the precipitate in a mock transfection (without DNA) to determine
its suitability.

4. I have described the transfection procedure for 10-cm plates. The transfection can
be scaled down to 6-well (35-mm) format or up to 15-cm or large square plates.
Below the 6-well size, it becomes difficult to obtain high-quality precipitates be-
cause of the small volumes used. On the other end, it is relatively easy for a single
investigator to transfect up to ten 15-cm plates. Handling more than that number
of large plates at any one time becomes logistically difficult, and should
be avoided if possible. Thirty large (15 cm) plates can be transfected in groups of
10 each.

5. After the DMSO shock procedure, I refeed the cells with a large volume of DMEM
complete and harvest the virus 60 h later. Other investigators use a smaller, al-
most minimal volume, hoping that the viral titer will be higher. However, larger
volumes do not appreciably reduce viral titer, perhaps because the medium is not
spent as quickly. It is also possible to harvest the supernatant multiple times after
transfection to increase virus yield.

6. When preparing the buckets and tubes for ultracentrifugation, care should be taken
to rinse both the buckets and tubes with 70% ethanol. I do this separately, in two
steps. Ethanol is first added to the empty buckets, the caps are screwed tightly, the
buckets are inverted several times, and the ethanol is removed. These steps are
then repeated with the tubes in place. A short centrifugation (1 min at 1,000g) will
collect all the ethanol at the bottom to permit complete aspiration (done in the
biosafety cabinet).

7. The actual details of the transduction process are highly dependent upon the na-
ture of the targets. I usually perform transductions in multiwell format so that the
cell concentration does not exceed 1 × 107 cells/mL. Freshly isolated or actively
cycling primary cells may be used. It should be kept in mind that truly quiescent
(G0 or non-cycling) cells are poorly transduced, even with lentiviral vectors (7).
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Transductions should be performed in the smallest volume possible to avoid re-
ducing viral titer unnecessarily. As an example, 106 cells can be transduced over-
night (12–16 h) in 0.5 mL medium, using 2.5 × 108 IU of previously concentrated
and titered viral stock, in the presence of 4–8 µg/mL polybrene. The following
day, spent medium is exchanged for fresh medium, and 2–4 d later, cells are ex-
amined for transgene expression as described above. Performing PCR-based as-
says to measure transduction is slightly more complicated, because there is a large
amount of carryover DNA from the original transfection. Even femtogram
amounts of DNA can yield a positive result, depending upon the PCR conditions
used. If PCR is necessary, the target cells can be washed extensively after trans-
duction, using large amounts of complete medium. In addition, after the final
wash, medium can be supplemented with 100 µg/mL DNase I and 10 mM MgCl2

so that the leftover extracellular DNA will be digested to completion. Cells re-
main viable, because they are impermeable to the enzyme. Unfortunately, this
process sometimes fails, because the plasmid DNA appears to be relatively pro-
tected by the calcium-phosphate crystals (from the original transfection). Cells
can then be directly lysed in the presence of EDTA (to inhibit DNase I) and the
lysate can be heated to 95°C for 15 min to inactivate the enzyme. Samples are
then ready for PCR, which can be performed using HIV vector or transgene-spe-
cific oligodeoxynucleotide primers. The details of PCR are beyond the scope of
this chapter.

8. Multiplicity of infection (MOI) is a concept used in virological studies, when
infection efficiency is quite high. Unfortunately, transduction of the most inter-
esting target populations (such as HSC) is often very inefficient, and therefore
MOI is not a useful parameter to consider. Viral titer (as measured on a well-
characterized adherent cell line) is much more important, which suggests that
transduction of each individual cell is a purely stochastic (probabilistic) process.
However, any given primary cell population is likely to be heterogeneous, and
thus the transduction efficiency will vary depending upon the characteristics of
the target. For example, human CD34+ cells require an effective viral titer of 5 ×
108 IU/mL for optimal transduction efficiency. However, the maximal transduc-
tion rate is never more than 75%, which suggests that within that cell population,
some cells are virtually impossible to transduce (7).

9. When using ultracentrifuge-concentrated viral stocks to transduce cells, do not be
alarmed by the debris observed. It is mainly of cellular origin (membranes and the
like), along with the calcium phosphate crystals from the original transfection.
This debris is not harmful to most cells (including HSC), and it does not impede
the transduction or expression analysis (i.e., by flow cytometry). It does, how-
ever, interfere with subsequent PCR analysis (see Subheading 3.4. and Note 7).
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Reverse Transcriptase-PCR Analysis of Gene
Expression in Hematopoietic Stem Cells

Donald Orlic

1. Introduction
The events that determine whether hematopoietic stem cells (HSC) divide

in the course of self-renewal or differentiate and become committed progenitor
cells are regulated by specific gene expression. Although little is known of the
molecular controls for these diverse events, the activation of a single gene may
determine which developmental event will occur in an individual HSC. New
and more precise information on the controls for gene expression in HSC may
provide relevant clues to the regulation of hematopoiesis. Yet investigations of
gene expression in HSC have been difficult to perform, primarily because it
has been difficult to purify the large numbers of HSC needed to obtain suffi-
cient RNA for Northern analysis or RNase protection assays. These rare cells
occur in a ratio of approx 1:10,000 to 1:100,000 bone-marrow cells. Their en-
richment is accomplished by coupling several procedures that include the use
of lineage-specific monoclonal antibodies (MAbs) and immunomagnetic bead
depletion of unfractionated bone marrow followed by fluorescence-activated
cell sorting (FACS). The HSC in lineage-negative cell populations from mouse
bone marrow are then sorted for HSC using MAbs specific for surface markers
such as Sca-1 or c-kit (Fig. 1). Human HSC are lineage negative, CD34-posi-
tive and CD38-negative.

To overcome the problems associated with the low levels of mRNA ob-
tained from enriched populations of HSC, we and others have modified
(Fig. 2) the early reverse transcriptase-polymerase chain reaction (RT-PCR)
protocols (1–8) and made them suitable for analysis of HSC mRNA (9–22).
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Using RT-PCR, one can analyze gene expression in as few as 10–20 HSC be-
cause of the enormous capacity of PCR to amplify rare cDNA copies. We were
able to detect the expression of mRNA-encoding growth-factor receptors and
transcription factors in several distinctly different populations of hematopoi-
etic cells (14). Because HSCs, progenitor cells, and maturing cells all expressed
mRNA transcripts for several of the genes investigated, it was necessary to
derive a formula for quantitative evaluation of the RT-PCR reaction (for the
formula, see Subheading 3.2., step 6). Quantitative data on mRNA levels in
these diverse populations of hematopoietic cells can provide a basis for under-
standing biological function in HSC, because a threshold level of protein may
be required for the onset of function.

A second obstacle to accurate analysis of HSC mRNA by RT-PCR is the
purity of the HSC population. Generally, it is not possible to sort HSC popula-
tions at greater than 85–95% purity, as seen by FACS reanalysis. The small

Fig. 1. This scheme shows the method we use for the purification of mouse and
human HSC from elutriated bone marrow. The cells in the elutriated cell fractions (FR
= flow rate in mL/min) are labeled with MAbs specific for each hematopoietic lineage.
These cell populations are then depleted of lineage-positive cells using
immunomagnetic beads. Finally, the lineage-negative cells from mouse bone marrow
are incubated with anti c-kit MAb and the lineage-negative cells from human bone
marrow are incubated with anti-CD34 and anti-CD38 MAb. With a starting popula-
tion of 2–4 × 10e8 unfractionated mouse bone-marrow cells, a typical isolation proce-
dure yields approx 2 × 10e4 FR25 lin– c-kitHI cells. This is the most highly enriched
HSC population we have been able to obtain to date. As few as 50–100 of these cells
can completely repopulate the hematopoietic tissue of an adult W/Wv mouse. How-
ever, 2 × 10e4 cells from this highly enriched HSC population do not provide suffi-
cient mRNA for Northern blots or RNase protection assays, but do provide sufficient
mRNA for the RT-PCR assay.
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number of contaminating cells within the HSC sample may contribute mRNA
transcripts that will be amplified during RT-PCR, and thus give a false-posi-
tive result. To overcome this problem, we recommend obtaining quantitative
data with the use of an internal standard such as the RT-PCR product of a
constitutively expressed gene. Either β-actin or β2-microglobulin can be used
as the internal standard. By limiting-dilution analysis (LDA), the product of
the internal standard can be used to determine the log phase of the PCR reac-
tion and to indicate uniform loading of the samples on the agarose gel (Fig. 3).
The relative expression of mRNA for the gene of interest can be calculated
based on the level of ß2-microglobulin mRNA in the sample. With this calcu-
lated ratio, it is possible to compare the level of mRNA for the gene of interest
in multiple experimental samples. This quantitative data is especially useful
for determining the level of mRNA expression when dealing with a widely
expressed gene (Fig. 4). Whereas relative differences in mRNA expression can
suggest biological function, the RT-PCR assay is also valid when no reaction
product is generated for a specific mRNA transcript. From negative results, it
can be concluded that the highly enriched HSC population and contaminating
cells do not express the mRNA of interest.

The PCR amplification of a cDNA copy is achieved using primers designed
to recognize sequences in two different exons of the genomic DNA (see Note 1)
that will generate fragments from 200–600 nucleotides in length. By spanning

Fig. 2. The detection of specific mRNA molecules by RT-PCR is initiated with the
annealing of random primers to total cellular RNA from an enriched HSC population.
Reverse transcriptase is used to generate cDNA copies of the mRNA transcripts. Sub-
sequently, growth-factor receptor, transcription factor, and retrovirus receptor cDNA
or cDNA from any early acting gene in HSC can be amplified using primers specific
for these cDNAs. The amplified fragments are then analyzed by gel electrophoresis.
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Fig. 3. Quantitative estimates of the level of mRNA in unfractionated mouse bone
marrow and in purified HSC-enriched (FR25 lin– c-kitHI and FR35 lin– c-kitHI) and
HSC-depleted (FR25 lin- c-kitNEG and FR35 lin– c-kitNEG) populations can be obtained
by LDA. ß2–microglobulin mRNA can be used as an internal standard for RT-PCR
assays because it is a constitutively expressed gene. The primers used to detect ß2–
microglobulin define a fragment consisting of 258 nucleotides. To quantitate the level
of ß2–microglobulin mRNA in the sample, we use a series of 10–fold dilutions to
establish a value at which the level of the PCR product approaches zero. With these
results, one can select a quantity of mRNA from the linear phase of the reaction curve.

an intron and calculating the expected length of the fragment, one can elimi-
nate the possibility of error resulting from amplification of genomic DNA.
Also, by amplifying a cDNA fragment that has a restriction enzyme site, one
can prepare digests of the PCR product and demonstrate that the sum of the
resulting fragments equals the predicted size of the original cDNA (Fig. 5) (see
Notes 2 and 3). This further reduces the possibility that an incorrect mRNA
sequence has been analyzed.

In order to demonstrate that the specificity and efficiency of RT-PCR can
compare with that of Northern blot analysis, we quantified the mRNA encod-
ing amphotropic and ecotropic retrovirus receptors using RT-PCR and con-
ventional Northern blot analysis (15). We assayed mRNA from NIH-3T3,
MEL, and 32D cell lines and unfractionated mouse bone-marrow cells. The
values obtained for NIH-3T3 cells by RT-PCR and Northern blot were arbi-
trarily set at 1.0, and the values for MEL and 32D cells and unfractionated
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bone marrow were adjusted to these standards. The relative levels of mRNA
were similar when assayed by these two methods, thus demonstrating that RT-
PCR provides an accurate method for the quantification of mRNA in small
numbers of HSC.

New technology for the RT-PCR analysis of mRNA in single HSC is emerg-
ing. This assay, referred to as “Real-Time” PCR, requires the use of flow
cytometry for sorting single HSC and TaqMan-PCR, ABI Prism 7700 Sequence
Detection System, Perkin Elmer Applied Biosystems equipment. “Real-Time”
PCR is based on the use of a double-labeled hybridization probe specific for a
sequence within the cDNA amplicon. The probe is labeled with a 5' fluorescent
reporter dye and a 3' fluorescent quencher dye. The reporter fluorescent dye
emission is quenched when the probe is intact. During PCR extension, Taq
polymerase displays 5' nuclease activity, and as the cDNA copy is generated
the probe is cleaved. Reporter fluorescent dye emission is recorded in “Real-
Time,” and the fluorescence intensity in the reaction is directly proportional to
the number of cDNA copies generated. Although this protocol requires equip-
ment and expertise that many laboratories do not have, in the future “Real-

Fig. 4. This figure illustrates how ß2–microglobulin can be used as an internal stan-
dard for estimating the relative level of test gene mRNA expression and equivalent
loading of each lane. In this instance, comparisons are made between ß2–microglobulin
mRNA and mRNA encoding the amphotropic and Gibbon Ape Leukemia Virus recep-
tors (amphoR and GALVR) in fresh human cord blood. By comparing the ratio of
receptor mRNA with ß2–microglobulin mRNA, one can calculate the relative differ-
ence in receptor mRNA expression in HSC (lin– CD34+ CD38–) and progenitor cells
(lin– CD34+ CD38+). In this example, the level of mRNA encoding both receptors is
low in HSC and higher in progenitor cells. The calculation is done using the formula
in Subheading 3.2., step 6.
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Time” PCR may become a powerful tool for the quantitative analysis of mRNA
expression in single HSC. When this protocol (23–25) is eventually adapted
for analysis of mRNA expression in individual HSC we may learn to distinguish
quiescent, self-renewing and differentiating HSC on the basis of gene expression.

2. Materials
2.1. Purification of Total Cellular RNA

1. TRIzol (Life Technologies, Grand Island, NY).
2. Yeast tRNA (10 mg/mL, Sigma, St. Louis, MO).
3. Chloroform (Mallinckrodt Chemicals Co., Paris, KY).
4. 2-propanol (J.T. Baker, Phillipsburg, NJ).
5. 75% ethyl alcohol (Warner-Graham Co., Cockeysville, MD).
6. Diethylpyrocarbonate (DEPC) (ICN Biomedicals Inc., Aurora, IL)-dH2O.

2.2. Reverse Transcriptase Reaction

1. Capped 0.5 mL polypropylene microcentrifuge tubes (GeneAmp reaction tubes,
Perkin Elmer, Norwalk, CT).

2. DNA Thermal Cycler 480 (Perkin Elmer, Norwalk, CT).
3. MgCl2 solution (25 mM).
4. 10X PCR buffer II.
5. Deoxyadenosine 5'-triphosphate (dATP), deoxycytidine 5'-triphosphate (dCTP),

deoxyguanosine 5'-triphosphate (dGTP), and deoxythymidine 5'-triphosphate
(dTTP) (10 µM each).

Fig. 5. The specificity of the PCR product can be established using a number of
assays. The one seen here involves the digestion of the PCR product IL-2R alpha with
the restriction enzyme Taq1. mRNA isolated from –/– thymocytes was amplified by
RT-PCR using primers that predicted a 311 nucleotide fragment. The Taq1 digested
products were 204 and 107 nucleotides in length, thus confirming the identity of the
PCR product.

干细胞之家www.stemcell8.cn ←点击进入

http://www.stemcell8.cn


Gene Expression in HSC 293

6. Sterile DEPC-dH2O.
7. Random hexamers (50 µM) or Oligo dT (50 µM).
8. RNase Inhibitor (20 U/µL).
9. MuLV reverse transcriptase (50 U/µL).

10. Positive control RNA (<1 µg) (Perkin Elmer, Norwalk, CT).

2.3. PCR Reaction

1. Thin-walled 0.5-mL-capped tubes.
2. MgCl2.
3. 10X PCR buffer II.
4. Forward-strand primer for mouse β-2 microglobulin 5' TGC TAT CCA GAA

AAC CCC TC 3' (400 ng or 0.15 µM).
5. Reverse-strand primer for mouse β-2 microglobulin 5' GTC ATG CTT AAC TCT

GCA GG 3' (400 ng or 0.15 µM).
6. Primers specific for the gene of interest.
7. 32PdCTP, 800 Ci/mmol (Amersham Pharmacia Biotech, Piscataway, NJ).
8. AmpliTaq DNA Polymerase (Perkin Elmer, Norwalk, CT).
9. Mineral oil (ICN Biomedicals Inc., Aurora, IL).

10. DNA thermal cycler.

2.4. Separation of PCR Generated cDNA Fragments

1. 5% Polyacrylamide gel (National Diagnostics, Atlanta, GA).
2. Bromophenol blue solution (Sigma, St. Louis, MO).
3. Power supply, electrophoresis apparatus, gel dryer.

2.5. Quantification of cDNA Bands

1. PhosphorImager and ImageQuant Program (Molecular Dynamics Densitometer
System, Sunnyvale, CA).

2. PhosphorImager cassette.

3. Methods
3.1. RNA Extraction

1. Harvest a highly purified population of HSC by flow cytometry and transfer the
cells to an Eppendorf tube. Spin the cells at 300g for 5 min at 4°C.

2. Suspend the cells in 200 µL TRIzol for up to 106 cells and add 40 βL of chloro-
form and 1 µL tRNA (this will later help to precipitate the small number of mRNA
molecules).

3. Shake the tubes gently by hand for 15 s and place at room temperature for 2–3
min. Spin the samples at 1,3600g for 15 min at 4°C.

4. Transfer the aqueous phase (approx 120 µL) to a new tube and add 2-propanol in
a 1:1 ratio with the aqueous solution. Place the samples at room temperature for
10 min and spin at 13,600g for 10 min at 4°C.
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5. Remove the supernatant and suspend the RNA in 200 µL of 75% ethanol and
vortex gently (the sample can be stored at this stage at –20°C). Spin at 5000g for
5 min at 4°C.

6. Remove the supernatant and air-dry the pellet for 10 min or more and then resus-
pend the pellet in 10–40 µL DEPC-dH2O. In an effort to obtain similar RNA
concentrations in all samples we use the following resuspension volumes of
DEPC-H2O. Fewer than 3,000 cells are resuspended in 10 µL, (see Note 4)
3,000–10,000 cells are resuspended in 20 µL, 10,000–20,000 cells are resus-
pended in 30 µL, and 20,000–50,000 cells are resuspended in 40 µL. The limit-
ing-dilution assay (LDA) described in Subheading 3.2. below provides the final
working estimate of the RNA concentration in each sample prior to the RT-PCR
assay involving target gene-specific primers.

Incubate the sample at 55°C to 60°C for 10 min in a water bath. The samples
can then be stored at –20°C for a period of 6 mo or more and can be at thawed
several times without apparent RNA degradation (see Note 5).

3.2. Limiting-Dilution RT-PCR

The small quantity of RNA derived from highly purified HSC populations
does not permit measurements by spectrophotometry for estimating RNA con-
centration. To circumvent this problem, one can perform a LDA based on a
series of 10-fold decreases in RNA content per reaction. In the initial step the
total mRNA is reverse-transcribed to cDNA, which is then amplified by PCR.

1. Label four PCR tubes for each sample: 1X dilution, 10X dilution, 100X dilution,
1000X dilution and dispense aliquots of 18 µL of RT master mix to each dilution
tube. Prepare sufficient RT master mix using the following reagents in the vol-
umes given for each reaction tube: MgCl2 (see Note 6)(4 µL), 10X PCR buffer II
(2 µL), dATP, dCTP, dGTP and dTTP (2 µL each), DEPC-dH2O (1 µL), random
hexamers (see Note 7)(1 µL), RNase Inhibitor (1 µL, recombinant enzyme from
Perkin Elmer, Part No. N808-0017) and reverse transcriptase (1 µL) for a total of
18 mL per reaction.

2. Serial dilutions are prepared as follows:
a. For the 1X dilution tubes, add 1 µL RNA and 1 µL DEPC-dH2O, vortex, and

spin briefly.
b. For the 10X dilution tubes, add 2 µL of the 1X dilution RNA solution, vortex,

and spin briefly.
c. Repeat this procedure for the 100X dilution tubes and the 1000X dilution

tubes.
d. Run the RT reaction 1 cycle using the following conditions: segment 1 at

20°C for 10 min, segment 2 at 42°C for 15 min, segment 3 at 99°C for 5 min,
and segment 4 at 4°C for 5 min.

3. In the PCR reaction, the quantity of cDNA can be estimated in each sample by
using primers specific for a constitutively expressed mRNA species such as β-
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actin or β2-microglobulin. In the event the highest concentration of RNA yields
a maximum or plateau phase reaction, the diluted RNA samples will eventually
fall in the linear phase of the reaction. The quantity of RNA per reaction for each
sample can then be normalized, thus making it possible to obtain quantitative
data that can be usefully compared from sample to sample. (see step 6 in Sub-
heading 3.2. for details of this analysis).

4. The PCR master mix for each reaction tube is as follows: MgCl2 (2 µL), 10X
PCR buffer II (4 µL), primers for mouse β-2 microglobulin (400 ng or 0.15 µM),
32PdCTP (0.1 µL), AmpliTaq DNA polymerase (0.25 µL) and DEPC-dH2O (to a
final volume of 40 µL per reaction). For each sample, add 40 µL PCR master mix
to 10 µL cDNA, vortex gently, and add mineral oil (1 or 2 drops). The PCR
reaction involves the following conditions: step-cycle 94°C for 1 min for melt-
ing, step-cycle 58°C for 1 min for annealing (this annealing temperature will
vary depending upon the specific annealing conditions required for the primers
for the different test genes), and step-cycle 72°C for 2 min for extension. After
the completion of 35 cycles, hold the samples at 72°C for 7 min to complete the
extension when dealing with long fragments, and hold at 4°C until ready to sepa-
rate by polyacrylamide gel electrophoresis.

5. Load 25 µL of sample together with the loading dye (2% bromophenol blue) onto
a 5% polyacrylamide gel. Run the gel at 150 V (maximum) for approx 2.5 h and
dry the gel at 80°C for approx 1 h. Expose the plate of a Molecular Dynamics
PhosphorImager cassette for 1 h, and quantify the appropriate bands using an
ImageQuant program.

6. Calculation of the mRNA concentration in each sample is determined by assay-
ing the level of expression of a constitutively expressed gene. We routinely use
the expression of β-2 microglobulin mRNA as the internal standard. By inspect-
ing the bands obtained using the four mRNA dilutions for each sample, one can
select a representative band that is in the linear range of the amplification curve.
Use the numerical value of this band as the standard to which the other samples
will be adjusted. For each sample, choose the dilution that provides a band near-
est the intensity of the standard band and calculate the volume required for
equivalent loading of each sample per reaction. An example of this calculation
follows: if the standard band has a count of 600000 and the 10X dilution of a
representative band of another sample has 400000 counts, then:

600 000

400 000
× 0.1=0.15 µL/rx

predicts equivalent concentration in the two sample dilutions.

In some studies it may be important to determine the relative level of specific
gene mRNA in the HSC population with the level in a standard cell population.
This can be accomplished if the mRNA in the HSC population is normalized to
the level of mRNA in HeLa (human) or NIH-3T3 (mouse) cells using the fol-
lowing formula:
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Test gene mRNA in HSC

2 - m mRNA in HSC

- m mRNA in HeLa / NIH - 3T3 cells

Test gene mRNA in HeLa / NIH - 3T3 cellsβ
β× 2

=

 Relative level of test gene mRNA in Human/Mouse HSC

7. Using the numerical values obtained for each RNA sample, the level of mRNA
expression for any gene of interest can be assayed using primers specific for that
cDNA. For each sample, assay β2-microglobulin mRNA as well as the test gene
mRNA. With these results, one can compare the mRNA level for the test gene
with the mRNA level for β2-microglobulin. The number of reactions, or samples,
multiplied by the number of primer pairs that will be used in the PCR reaction
will determine the volume of the RT master mix that will be needed. For
example, if there are 5 samples and 3 primer pairs, prepare sufficient master mix
for 6 samples × 4 primer pairs, for a total of 24 reactions. This will ensure an
adequate volume of master mix for all samples (see Note 10). The total of 10 µL
of cDNA that will be used for each PCR reaction will consist of the following
reagents and volumes. MgCl2 (2 µL), 10X PCR buffer II (1 µL), dATP, dCTP,
dGTP, and dTTP (1 µL each), DEPC.dH2O (0.5 µL), Random hexamers (0.5
µL), RNase Inhibitor (0.5 µL), RT (0.5 µL), and RNA+DEPC-dH2O (1 µL).

4. Notes
1. For the PCR, select a pair of primers that span an intron. Each primer may be 20–

25 bases in length, and should not include long spans of the same base. It is also
useful to select primers with approx 50% “C” and “G” that begin and terminate in
“C” or “G,” since these bases will form a stronger linkage with the cDNA strand.
This is caused by the three hydrogen bonds that form with “C” and “G” compared
to two with “T” and “A.” As a result, the primer/cDNA complex is more stable
during the changes in temperature required for PCR. Primer concentration in the
range of 0.15 µM to 0.25 µM (approx 400 ng) is recommended. At higher concen-
trations of primers, amplification of other than the target sites may occur.

2. Calculate the predicted size of the amplified cDNA fragment.
3. Select an enzyme that has a restriction site within the fragment, and digest the

reaction product and assay for the predicted size fragments.
4. When working with a small number of cells, suspend the final RNA pellet in a

small volume such as 10 µL of DEPC-H2O. The final RNA solution may be added
up to 2 µL for each RT reaction. Greater than 2 µL of RNA in 20 µL total volume
of RT master mix will alter the buffer concentration.

5. The purified RNA can be frozen at –20°C in 75% ethanol and stored overnight if
additional samples are to be obtained the following day. At that time, the RNA in
each sample can be precipitated and centrifuged to form a pellet prior to final
suspending in DEPC-dH2O. Long-term storage of the RNA can be achieved at
–80°C. However, we have not detected any loss of RNA content, even after
repeated freeze/thaw cycles when stored at –20°C.

6. For the RT reaction, Oligo dT may be used in place of Random Hexamers if the
target site is short and near the 3' end of the mRNA.
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7. Adjust the MgCl2 concentration to provide optimal conditions for the PCR. With
each set of primers, we test 1–10 µΜ concentrations. This is done to optimize the
annealing of primers and cDNA.

8. DNase digestion is required if the sample is positive in the RT– control assay.
9. Use tRNA as a negative control reaction against contamination in the PCR master

mix.
10. If there are several test genes to be assayed at the same time using different primer

pairs, it may be easiest to prepare a PCR master mix, minus the primers, for the
total number of samples. In turn, prepare separate tubes with the proper amounts
of primers. To these tubes, add the correct amount of PCR master mix. This
method allows you to make several master mixes simultaneously rather than sev-
eral separate master mixes.
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Identification of Differentially Expressed Genes
in Sorted Cell Populations by Two-Dimensional
Gene-Expression Fingerprinting

Alexander V. Belyavsky, Sergey V. Shmelkov, and Jan W.M. Visser

1. Introduction
Differential activity of genes is one of the major mechanisms underlying a

vast array of biological phenomena. Classical genetic approaches (from phe-
notypes to genes) have proven their exquisite potential for dissection of com-
plex signaling pathways regulating the development of organisms and the
functioning of individual cells. In recent years, with the advent of a number of
techniques for studying gene function, the reverse genetics approach (from
genes to phenotypes) has received broad acceptance. One of the advantages of
this strategy is that it makes genes, whose dysfunction either does not produce
an evident phenotype or is lethal, amenable to analysis. Reverse genetics has
spearheaded the development of procedures for identification of candidate
genes for this type of analysis by detecting spatial or temporal changes in gene-
expression patterns. A significant range of methods have been proposed (1–7);
in particular, the advent of microarray hybridization techniques promises to
increase gene-expression analysis throughput by two or more orders of magni-
tude (8,9). Some of these procedures have been used to identify genes expressed
differentially during hematopoiesis (10,11).

Despite the plethora of techniques, it seems that the goal to develop a proto-
col that could be accessible for laboratories with moderate budgets, yet would
provide systematic and reproducible analysis of gene-expression patterns in
small cell populations, as well as discovery of new genes, has not been reached
so far. A few years ago, we developed the Gene-Expression Fingerprinting
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Fig. 1. Scheme of two-dimensional GEF protocol. Diamonds indicate biotin groups.
SAvB: streptavidin beads.
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(GEF) procedure, a gel-display technique that might satisfy at least some of the
conditions cited here (12).

In this chapter, we describe a two-dimensional variant of the GEF protocol
that provides a much higher resolution and sensitivity than the previously pro-
posed GEF schemes (12,13). Certain amendments in the cDNA synthesis pro-
tocol have also permitted us to substantially increase the reproducibility of the
procedure. The protocol was rigorously tested using the human primitive he-
matopoietic cell line KG-1, and its derivative KG-1a. The results demonstrate
that differentially expressed sequences can be identified with high precision
with the proportion of false-positives not exceeding 20% (13a).

The protocol exploits the basic principle of GEF analysis, namely genera-
tion of discrete restriction endonuclease fragments of cDNA followed by their
display on acrylamide gels to visualize mRNA “expression patterns.” How-
ever, for separation of the cDNA fragments, a two-dimensional electrophore-
sis was introduced that dramatically increased the resolving power of the
technique. The procedure is shown schematically in Fig. 1. cDNA synthesis is
initiated using biotinylated anchored oligo (dT)-containing primer; second-
strand synthesis is performed using the RNaseH-DNA polymerase I protocol
(14). After digestion with a frequently cutting restriction enzyme 3'-terminal
cDNA fragments containing biotin label are isolated by binding to streptavidin
beads. Following ligation of a double-stranded adapter, the 3' terminal cDNA
fragments are amplified by PCR using adapter primer and the above mentioned
biotinylated primer. This primary cDNA fragment population is resolved
according to size on a denaturing polyacrylamide gel. Resolved fragments are
subdivided into many size fractions by cutting the first-dimension lane into
slices. Individual size fractions are recovered from the gel, immobilized on
streptavidin beads, and end-labeled during the second strand synthesis. Beads
with immobilized fragments are then treated sequentially with a set of restric-
tion enzymes, so that every treatment liberates a subset of fragments contain-
ing restriction sites for a given enzyme. Fragment subsets liberated by one
enzyme from the entire range of size fractions can be loaded on one gel to
produce a two-dimensional separation picture. Alternatively, if the identifica-
tion of differentially expressed mRNAs is the major objective, fragments from
equivalent size fractions corresponding to two or more different cell samples
can be loaded side-by-side to facilitate the comparison of the expression pat-
terns. The latter variant is described in this chapter. The protocol was shown to
work with small numbers of cells. We were able to produce high-quality GEF
patterns from as little as two thousand sorted murine hematopoietic stem cells
(HSC) (see Fig. 2), and our preliminary data indicate successful identification
of genes expressed differentially between different subpopulations of early mu-
rine hematopoietic cells (see Fig. 3).
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Fig. 2. Example of a two-dimensional GEF separation of the cDNA fragments.
Approx 2 × 103 murine bone-marrow cells of the phenotype Rho–/Rho(VP)– sorted
according to the procedure described by Zijlmans et al. (16) were used for the cDNA
synthesis. The picture shown was produced by the StyI restriction endonuclease treat-
ment. Prior to StyI, the cDNA fragments immobilized on beads were treated sequen-
tially with EcoRI, PstI, BanI, and StuI. M indicate the SequaMark marker lanes.
Positions of the brightest marker bands are shown on the right side. It should be noted
that SequaMark provides 1 base resolution in the range of lengths of 40–400 bases.
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Fig. 3. The region of the second-dimension PAGE, showing the comparison of
gene expression patterns in four murine hematopoietic cell fractions. Bone marrow
lin–, CD34+, and CD34– cell fractions were sorted according to the protocol of Osawa
et al. (17), and SP cell fraction was sorted according to the protocol of Goodell (18).
cDNA samples from lin– (1), CD34+ (2), CD34– (3) and SP (4) cells were loaded side
by side. The picture shown was generated by the PvuII restriction enzyme treatment.
Prior to PvuII, the cDNA fragments immobilized on beads were treated sequentially
with XhoI, KpnI, EcoRV, ApaL1, NsiI, EcoRI, SacI, ApaI, XbaI, PstI. SequaMark
marker lanes are indicated in the same manner as in Fig. 2. Arrows on the gel indicate
some of the candidate fragments showing differential expression in at least one cell
fraction.
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2. Materials

2.1. Isolation of Total RNA

1. 1X Hank's Buffered Salt Solution (1X HBSS), sterile.
2. 1X sterile HBSS, 1% bovine serum albumin (BSA).
3. Diethylpyrocarbonate (DEPC).
4. DEPC-treated water (see Note 1).
5. Glycogen, 5 µg/µL (Roche Molecular Biochemicals): stock 20 µg/µl diluted four-

fold with DEPC-H2O.
6. Denaturing solution: 26 mM Na Citrate, pH 4.0, 0.5% N-lauroyl sarcosine, 0.125

M β-mercaptoethanol (ME), 4 M guanidine thiocyanate.
7. 2.0 M Na Acetate pH 4.0.
8. Phenol, H2O-equilibrated.
9. Chloroform.

10. Isopropanol.
11. Ethanol.
12. 70% ethanol, prepared using DEPC-H2O.

2.2. cDNA Synthesis

2.2.1. First-Strand Synthesis

1. DEPC-H2O.
2. SuperScript II RNase H- reverse transcriptase (RT) 200U/µL (Gibco-BRL).
3. 5X SuperScript buffer (Gibco-BRL): 250 mM Tris-HCl, pH 8.3, 375 mM KCl,

15 mM MgCl2.

4. 100 mM dithiothreitol (DTT).
5. Deoxynucleotide 5' -triphosphates (dNTPs), 10 mM each.
6. BioAd1#T15 primer (5' biotin-GGAATGCCTACCTTTTTTTTTTTTTTTV,

where V=G/C/A), 5 pmol/µL (see Note 2).
Materials for verification of primer quality:

1. 38% acrylamide, 2% bis-acrylamide, deionized and filtered.
2. Urea.
3. 10X TBE buffer: 1 M Tris, 0.9 M boric acid, 0.01 M ethylenediaminetetraacetic

acid (EDTA).
4. Ammonium persulfate.
5. TEMED.
6. SYBR™ Green (Molecular Probes).

2.2.2. Second-Strand Synthesis

1. 5X second-strand synthesis buffer (Gibco-BRL): 100 mM Tris-HCl, pH 6.9, 23
mM MgCl2, 450 mM KCl, 0.75 mM β-NAD+, 50 mM (NH4)2SO4.

2. dNTPs, 10 mM each.
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3. E. coli DNA ligase, 10 U/mL (Gibco-BRL).
4. E. coli DNA polymerase I, 10 U/mL (Gibco-BRL).
5. E. coli RNase H, 2 U/mL (Gibco-BRL).
6. Phenol:chloroform:isoamyl alcohol mixture (25:24:1, v/v).
7. 3 M Na Acetate, pH 5.2.
8. Isopropanol.
9. 70% ethanol.

10. Tris-EDTA (TE) 8.0: 10 mM Tris-HCl, pH 8.0, 0.2 mM EDTA.
11. DEPC-H2O (see Subheading 2.1.).

2.3. Preparation of the Primary Set of cDNA Fragments

2.3.1. Primary Restriction Digestion

1. 2X Nde II buffer (Roche Molecular Biochemicals): 100 mM Tris-HCl, 150 mM
NaCl, 10 mM MgCl2, 1 mM DTT, pH 7.6 (at 370C).

2. Nde II, 5 U/µL (Roche Molecular Biochemicals).

2.3.2. Isolation of 3' Terminal cDNA Fragments

1. Dynabeads M-280 streptavidin (Dynal).
2. MPC-E-1 magnet (Dynal).
3. 1X washing buffer with Tween (WBT) buffer: 10 mM Tris-HCl, pH 8.0, 170 mM

NaCl, 1 mM EDTA, 0.1% Tween-20.
4. 10X WBT buffer: 100 mM Tris-HCl, pH 8.0, 1.7 M NaCl, 10 mM EDTA, 1%

Tween-20.
5. 6X WBT-M buffer: 6 vol 10X WBT; 1.2 vol 10% Tween-20; 2.8 vol H2O.
6. 1X washing buffer (WB) buffer: 10 mM Tris-HCl, pH 8.0, 170 mM NaCl, 0.1

mM EDTA.
7. Yeast tRNA 20 µg/µL.

2.3.3. Ligation of the Adapter

1. 10X WB buffer: 100 mM Tris-HCl, pH 8.0, 1.7 M NaCl, 10 mM EDTA.
2. 1X WBT buffer (see Subheading 2.3.2.).
3. 1X WB buffer (see Subheading 2.3.2.).
4. Tris-EDTA (TE) 8.0.
5. Primer Ad#MS/C: (5' CGTGGGCTCCAAGCTTCAAATAAACC), concentra-

tion at least 50 pmol/µL (see Note 2).
6. Primer Ad#Sau/W: (5' GATCGGTTTATTTGAAGCTTGGAGCCCACG), con-

centration at least 50 pmol/µL (see Note 2).
7. 10X E. coli DNA ligase buffer (New England Biolabs): 300 mM Tris-HCl, pH

8.0, 40 mM MgCl2, 1 mM EDTA, 10 mM DTT, 260 µM β-NAD+, 500 µg/mL
BSA.

8. E. coli DNA ligase, 2 U/µL (Roche Molecular Biochemicals).
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2.3.4. Amplification of the Primary Set of Fragments

1. 10X Advantage cDNA buffer (Clontech): 400 mM Tricine-KOH, pH 9.2, 150
mM K Acetate, 35 mM Mg Acetate, 37.5 µg/mL BSA.

2. Advantage cDNA polymerase mix (Clontech).
3. dNTPs, 10 mM each.
4. BioAd1#T15 primer, 10 pmol/µL (see Subheading 2.2.1.).
5. Ad#MS/C primer, 10 pmol/µL (see Subheading 2.3.3.).
6. 50X Tris-Acetate-EDTA (TAE) buffer: 2.0 M Tris-acetate, 50 mM EDTA pH 8.3.
7. SeaKem agarose (FMC BioProducts) or other standard agarose for nucleic-acid

electrophoresis.
8. MetaPhor agarose (FMC BioProducts).
9. Agarose-loading buffer: 50% glycerol, 1X TAE buffer, 0.05% bromophenol blue,

0.05% xylene cyanol.
10. Buffer-saturated phenol, pH 8.0.
11. 3 M Na Acetate, pH 5.2.
12. Glycogen 5 µg/µL (see Subheading 2.1.).
13. Isopropanol.
14. 70% ethanol.
15. TE 8.0 buffer (see Subheading 2.2.2.).

2.4. First-Dimension Electrophoresis

2.4.1. Labeling and Purification of the Adapter Primer

1. Ad#MS/C primer, 10 pmol/µL (see Subheading 2.3.3.).
2. T4 polynucleotide kinase, 10 U/µL (New England Biolabs).
3. 10X T4 polynucleotide kinase buffer (New England Biolabs): 700 mM Tris-HCl,

pH 7.6; 100 mM MgCl2; 50 mM DTT.
4. [γ-32P] adenosine triphosphate (ATP) (6000 Ci/mmol, Amersham).
5. Micro Bio-spin 6 column (Bio-Rad).

2.4.2. Preparation of the cDNA Sample for the First-Dimension
Electrophoresis

1. Materials as described in Subheading 2.3.4.
2. Formamide-loading buffer: 95% formamide, 10 mM EDTA, 0.05% bromophe-

nol blue, 0.05% xylene cyanol.

2.4.3. First-Dimension Electrophoresis

1. 38% acrylamide, 2% bis-acrylamide, deionized and filtered.
2. Urea.
3. 10X TBE buffer: 1 M Tris, 0.9 M boric acid, 0.01 M EDTA.
4. Ammonium persulfate.
5. TEMED.
6. 50 bp DNA ladder (Gibco-BRL).
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7. Saran wrap film.
8. BioMax MR-2 X-ray film, 35 × 43 cm (Kodak).
9. Glogos II Autorad phosphorescent markers (Stratagene).

2.5. Preparation of Samples for and Running of the Second-
Dimension Electrophoresis

2.5.1. Recovery of the cDNA Fragments

1. Elution buffer: 10 mM Tris-HCl, pH 7.8, 0.2 mM EDTA, 150mM NaCl.
2. TE 8.0 buffer (see Subheading 2.2.2.).
3. Yeast tRNA 20 µg/µL.
4. 96-well polymerase chain reaction (PCR) plates.
5. 8-well PCR strips.
6. Streptavidin beads (see Subheading 2.3.2.).
7. 10X WB buffer (see Subheading 2.3.3.).
8. 1X WBT buffer (see Subheading 2.3.2.).
9. 1X WB buffer (see Subheading 2.3.2.).

2.5.2. Removal of the Unbound Strand

1. MPC-9600 96-well magnet (Dynal).
2. 8-channel automatic pipettors, 1–20 µL and 20–200 µL.
3. 1X WBT buffer (see Subheading 2.3.2.).
4. 1X WB buffer (see Subheading 2.3.2.).
5. Denaturing buffer: 100 mM NaOH, 1 mM EDTA.

2.5.3. Second-Strand Synthesis and Labeling

1. Materials as described in Subheading 2.4.1.
2. 5X Sequenase buffer (United States Biochemicals): 200 mM Tris-HCl, pH 7.5,

100 mM MgCl2, 250 mM NaCl.
3. Sequenase dilution buffer (United States Biochemicals): 50 mM Tris-HCl, pH

7.5, 10 mM 2-mercaptoethanol (2-ME).
4. Sequenase version 2.0, 13 U/µL (United States Biochemicals).
5. dNTPs, 10 mM each.
6. 100 mM DTT.
7. 96-well aluminium tray (Stratagene).

2.5.4. Secondary Restriction Digestion Cycle

Restriction enzymes (all—New England Biolabs):
1. SacII (20 U/µL).
2. EcoRV (20 U/µL).
3. ApaL1 (10 U/µL).
4. NsiI (10 U/µL).
5. EcoRI (20 U/µL).

干细胞之家www.stemcell8.cn ←点击进入

http://www.stemcell8.cn


310 Belyavsky, Shmelkov, and Visser

6. PstI (20 U/µL).
7. StyI (10 U/µL).
8. MspI (20 U/µL).
9. AvaII (10 U/µL).

10. HinfI (10 U/µL).
11. Corresponding restriction endonuclease buffers (supplied by the manufacturer).
12. Formamide-loading buffer (see Subheading 2.4.2.).

2.5.5. Second-Dimension Electrophoresis

1. Materials as described in Subheading 2.4.3.
2. 8-channel Syringe Pipet, 0.2 mm (Owl Scientific).
3. SequaMarkTM size marker (Research Genetics).
4. [γ-32P] ATP (see Subheading 2.4.1.).
5. 10X T4 polynucleotide kinase buffer (see Subheading 2.4.1.).
6. T4 polynucleotide kinase (see Subheading 2.4.1.).
7. Acetic acid (Aldrich).
8. Bind-Silane (Pharmacia Biotech).
9. Repel-Silane (Pharmacia Biotech).

2.6. Postelectrophoresis Manipulations

2.6.1. Recovery and Amplification of Fragments of Interest
from the Gel

1. Materials as described in Subheading 2.3.4.
2. Elution buffer: 150 mM NaCl, 10 mM Tris-HCl, pH 8.0, 0.2 mM EDTA, tRNA

20 µg/mL.
3. Terminal deoxynucleotidyl transferase, 17 U/µL (Amersham).
4. Terminal deoxynucleotidyl transferase reaction buffer: 500 mM sodium cacody-

late, pH 7.2, 10 mM CoCl2, 1 mM 2-mercaptoethanol (2-ME) (Amersham).
5. 10 mM dGTP.
6. C13 primer (5' AAGGAATTCCCCCCCCCCCCC), 10 pmol/µL.

2.6.2. Sequencing and Cloning Recovered Fragments

1. EcoRI, 20 U/µL (New England Biolabs).
2. NdeII, 5 U/µL (Roche Molecular Biochemicals).
3. pBlueScript KS vector (Stratagene).
4. LB/ampicillin agar plates.
5. XL1-Blue E. coli competent cells (Stratagene).

2.6.3. Verification of the Expression Pattern of Recovered Fragments

1. 10X Advantage cDNA buffer (see Subheading 2.3.4.).
2. Advantage cDNA polymerase mix (see Subheading 2.3.4.)
3. Ad1#T15 primer (5' GGAATGCCTACCTTTTTTTTTTTTTTTV, where V=G/

C/A), 10 pmol/mL.
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4. Gene-specific primer, 17–18 bases, ca 50% GC.
5. dNTPs, 10 mM each.
6. 3 M Na Acetate, pH 5.2.
7. Isopropanol.
8. Ethanol 70%.
9. 2% alkaline agarose gel (2% agarose gel prepared with 1X TAE buffer and equili-

brated overnight in 30 mM NaOH, 1 mM EDTA under slow agitation).
10. Alkaline electrophoresis running buffer (30 mM NaOH, 1 mM EDTA, freshly

prepared).
11. Alkaline-loading buffer (50% glycerol, 60 mM NaOH, 2 mM EDTA, 0.25% bro-

mophenol blue).
12. Hybond N+ membrane (Amersham).
13. 20X standard saline citrate (SSC): 3 M NaCl, 0.3 M sodium citrate (Na-Citrate).
14. [α-32P] dATP, 6,000 Ci/mmol (Amersham).
15. Ad#MS/C primer, 5 pmol/mL (see Subheading 2.3.3.).
16. C13 primer 5 pmol/mL (see Subheading 2.6.1.).
17. High-prime DNA-labeling kit (Roche Molecular Biochemicals).
18. Hybridization buffer: 6X SSC, 5X Denhardt’s solution, 1% SDS, 5 mM EDTA,

100 µg/mL salmon-sperm DNA (sonicated and denatured).
19. 2X SSC, 0.1% SDS.
20. 0.5X SSC, 0.1% SDS.
21. BioMax MR-2 X-ray film, 35 × 43 cm (Kodak).

3. Methods

3.1. Isolation of Total RNA

Isolation of total RNA is performed according to Chomczynski and Sacchi
(15). In order to avoid loss of materials, glycogen is added as a carrier during
precipitations.

1. Collect sorted cell fractions (2 × 103 to 1 × 105 cells) into siliconized 0.5-mL
Eppendorf centrifuge tubes precoated with 1X sterile HBSS, 1% BSA, and filled
with 200 µL of the same buffer. Keep cells on ice.

2. Centrifuge at 1,000g (4,000 rpm in the microcentrifuge) for 4 min at +4°C. Care-
fully remove the supernatant, trying not to disturb cell pellet, and leaving c.a.
5 µL of supernatant in the tube. Add 200 µL fresh cold 1X HBSS without BSA,
repeat the centrifugation.

3. Discard the supernatant, leaving the last 5 µL in the tube.
4. Add 80 µL GnSCN denaturing solution and vortex vigorously.
5. Briefly spin the tube, add 5 µL 2 M Na Acetate, pH 4.0, and 95 µL water-satu-

rated phenol. Vortex vigorously. Briefly spin the tube, add 22 µL chloroform and
vortex vigorously again. Put on ice for 10 min.

6. Centrifuge at 16,000g for 10 min at +4°C. Transfer the upper phase to another
tube, taking care not to disturb the interphase.
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7. Add 1 µL (5 mg) glycogen, mix well. Add 1 vol isopropanol. Incubate for 30 min
at –20°C. Centrifuge at 16,000g for 15 min at +4°C. Discard the supernatant, and
wash twice with 70% ethanol (DEPC-H2O). Keep the RNA until further use in
70% ethanol at –70°C.

3.2. cDNA Synthesis

cDNA synthesis is performed according to the Hoffman and Gubler proto-
col (14) which was shown to give the most reproducible GEF results among all
cDNA synthesis protocols tested (13a). First-strand synthesis is initiated and
carried out at elevated temperature to decrease the probability of mispriming
of the BioAd1#T15 primer. These conditions do not adversely affect the effi-
ciency of synthesis.

3.2.1. First Strand Synthesis

1. Centrifuge the tubes (at least 14000g) with isolated RNA for 5 min at +4°C.
Discard the supernatant, let the pellets dry on air, and dissolve RNA in 11 µL
DEPC-H2O.

2. Combine the following:
a. 11.0 µL RNA.
b. 4.0 µL 5X SuperScript buffer.
c. 2.0 µL 100 mM DTT.
d. 1.0 µL dNTPs, 10 mM each.
e. 1.0 µL BioAd1#T15 primer, 5 pmol/µL.

3. Incubate the mixture at 75°C for 2 min at 46°C for 3 min.
4. Add 1 µL SuperScript II, and incubate at 46°C for 1 h (see Note 3).

3.2.2. Second-Strand Synthesis

1. To the first-strand synthesis reaction, add the following:
a. 51.0 µL DEPC-H2O.
b. 20.0 µL 5X second-strand synthesis buffer.
c. 3.0 µL dNTPs, 10 mM each.
d. 1.0 µL E. coli DNA ligase, 10 U/µL.
e. 4.0 µL E. coli DNA polymerase I, 10 U/µL.
f. 1.0 µL E. coli RNAseH, 2 U/µL.

2. Incubate at 16°C for 2 h.
3. Extract with 100 µL phenol:chloroform:isoamyl alcohol, transfer the supernatant

to another 0.5-mL tube, add 10 µL 3 M Na Acetate, pH 5.2 and 1 µL (5 µg)
glycogen, and mix well. Add 1 vol isopropanol. Incubate for 20 min at –20°C.

4. Centrifuge for 15 min at +4°C. Discard the supernatant. Wash twice with 70%
ethanol.

5. Dissolve the pellet in 6 µL TE 8.0.
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3.3. Preparation of the Primary Set of cDNA Fragments

Double-stranded cDNA is digested with a four-base cutting enzyme, biotin-
labeled 3' terminal fragments are isolated by binding to streptavidin beads and
rendered amplifiable by ligation with adapter. We regularly use NdeII (or MboI)
enzyme for preparation of the primary set of fragments. However, other four-
base cutters can also be used (we tested successfully MspI and NlaIII,
see Note 4). Analytical PCR amplification is performed prior to the prepara-
tive one in order to determine the optimal number of PCR cycles which might
differ depending on the amount of starting material (see Note 5). A sufficient
amount of the preparatively amplified product (at least 1–1.5 µg) should be put
aside for later verification stages.

3.3.1. Primary Restriction Digestion

1. To the double-stranded cDNA samples, add the following:
a. 15 µL 2X buffer for NdeII.
b. 7.5 µL H2O.
c. 1.5 µL Nde II, 5 U/µL.

2. Incubate for 3 h at 37°C.

3.3.2. Isolation of 3' Terminal cDNA Fragments

1. During the NdeII restriction digestion, pre-treat streptavidin beads. For every
four cDNA samples, take 70 µL streptavidin beads, wash them twice with 300
µL 1X WBT, incubate for 20 min in 200 µL 1X WBT, 1 µg/µL yeast tRNA, wash
twice with 1X WBT, and suspend in 70 µL 6X WBT.

2. Add 45 µL TE 8.0 to the NdeII restriction reaction, and add 15 µL of the pre-
treated streptavidin bead suspension. Incubate at room temperature for 2 h with
agitation.

3. Wash twice with 1X WBT, and once with 1X WB.

3.3.3 Ligation of the Adapter

1. Mix together 400 pmol primer Ad#MS/C, 400 pmol primer Ad#Sau/W, 2 µL
10X WB, add water to 20 µL. Bring to 95°C and anneal primers by slow-cooling
down to 30–35°C.

2. Wash beads once with 30 µL 1X E. coli DNA ligase buffer.
3. Prepare ligation mix (for two samples):

a. 8 µL 10X E. coli DNA ligase buffer.
b. 64 µL H2O.
c. 8 µL annealed adapter, 20 pmol/µL.
and DNA ligase mix:

a. 7 µL ligation mix.
b. 7 µL E. coli DNA ligase, 2 U/µL.

4. Suspend beads in 24-µL ligation mix. Add 6 µL DNA ligase mix.
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5. Incubate at 16°C for 3 h with agitation every 15–20 min.
6. Remove the supernatant, wash beads twice with 1X WBT and once with 1X WB.

Suspend in 25 µL TE 8.0.

3.3.4. Amplification of the Primary Set of Fragments (see Note 6)

1. To set up the analytical PCR reaction, combine the following:
a. 10 µL 10X Advantage PCR buffer.
b. 2 µL dNTPs, 10 mM each.
c. 3 µL BioAd1#T15 primer, 10 pmol/µL.
d. 3 µL Ad#MS/C primer, 10 pmol/µL.
e. 75 µL H2O.
f. 2 µL Advantage cDNA polymerase mix.
g. 5 µL bead suspension (1/5 of total).

2. Perform analytical PCR using the following conditions:
a. Initial preheating step: 94°C 35 s
b. Denaturation: 94°C 30 s
c.  Annealing: 60°C 45 s
d. Elongation: 70°C 2.5 min
Take 15-µL aliquots after 12, 15, 18, and 21 cycles for 105 cells (15–24 cycles for
104 cells).

3. Run electrophoresis in 2.5% agarose (MetaPhor:SeaKemth = 2:1), 1X TAE
buffer, ethidium bromide 0.25 µg/mL.

4. Perform the preparative amplification by scaling up the reaction fourfold (PCR
performed in four 200-µL tubes). Amplify for an optimal number of cycles se-
lected on the basis of the analytical reaction (see Note 5).

5. Pool PCR reactions, add 8 µL 0.5 M EDTA, extract with phenol, transfer the
water phase to another tube, add 40 µL 3 M Na Acetate, pH 5.2. Add 1 µL (5 µg)
glycogen, mix well, and precipitate with 1 vol isopropanol. Wash twice with
70% ethanol. Dry, dissolve in 40 µL TE 8.0.

6. Measure the concentration of the amplified cDNA samples against serial dilu-
tions of DNA standard, using the agarose dot assay (expected concentration of
the samples ca 100 ng/µL). For this, prepare a standard 1% agarose, 1X TAE
buffer, ethidium bromide 1 µg/mL gel, spot 1-µL aliquots of 1.5- to twofold
serial dilutions of a DNA standard (as standard, we usually use 1-kb ladder marker
of Gibco-BRL), starting with 150 ng/µL and ending with 10 ng/µL. Spot 1-µL
aliquots of experimental samples, let dry, stain the gel further for 20–30 min in
1X TAE buffer, ethidium bromide 1 µg/mL, and compare the experimental spots
with the dilutions of the standard.

3.4. First Dimension Electrophoresis

Prior to the first dimension, a primary set of cDNA fragments is amplifed by
several cycles of PCR in order to increase the amount of material loaded on the
gel and to perform moderate labeling of the cDNA to facilitate its visualization
after electrophoresis. The quality of the adapter primer is very important for
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good resolution of the fragments, and should therefore be checked after syn-
thesis. If a substantial amount of shorter products (more than 1–3%) is present,
the primer should be purified by gel electrophoresis or high-pressure liquid
chromatography (HPLC). It is important to ensure identical and even migra-
tion of cDNA samples whose gene expression patterns are to be compared.
Therefore, use metal plates or other methods to reduce uneven heating of the
gel, do not overheat gel to avoid “smiling,” load samples to be compared
closely together, and load the empty wells with blank samples (formamide-
loading buffer mixed with water).

3.4.1. Labeling and Purification of the Adapter Primer

1. Combine the following:
a. 5 µL Ad#MS/C primer, 10 pmol/µL.
b. 10 µL (100 µCi) [γ-32P] ATP.
c. 2 µL 10X T4 polynucleotide kinase buffer.
d. 2 µL H2O.
e. 1 µL T4 polynucleotide kinase, 10 U/µL.

2. Incubate at 37°C for 30 min. Incubate at 70°C for 10 min.
3. Purify the labeled oligonucleotide by passage through the Micro Bio-Spin 6 column.

3.4.2. Preparation of the cDNA Sample for the First-Dimension Elec-
trophoresis

1. Set up the amplification/labeling reaction by combining:
a. 20 µL 10X Advantage PCR buffer.
b. 4 µL dNTPs, 10 mM each.
c. 6 µL BioAd1#T15 primer, 10 pmol/µL.
d. 4.5 µL Ad#MS/C primer, 10 pmol/µL.
e. 6 µL labeled Ad#MS/C primer, 2.5 pmol/µL.
f. 400 ng amplified cDNA.
g. H2O to 196 mL.
h. 4 µL Advantage cDNA polymerase mix.

2. Distribute into two PCR tubes, amplify six cycles using conditions described in
Subheading 2.3.4.

3. Pool PCR reactions, add 4 µL 0.5 M EDTA, and extract with phenol. Transfer the
water phase to another tube, add 20 µL 3 M Na Acetate pH 5.2. Add 1 µL (5 µg)
glycogen, mix well, and precipitate with 1 vol isopropanol. Wash twice with
70% ethanol, and air-dry. Dissolve pellet in 5 µL TE, add 10 µL formamide-
loading buffer.

3.4.3. First-Dimension Electrophoresis

1. Prepare 100 mL of solution by combining the following:
a. 15 mL 38% acrylamide, 2% bis-acrylamide.
b. 10 mL 10X TBE buffer.
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c. 42 g urea.
d. 25 mg ammonium persulfate.
Dissolve, bring to 100 mL, and pass through 0.45-µm filter.

2. Assemble the gel mold (37 × 16.5 × 0.1 cm).
3. Add 50 µL of TEMED and pour the gel.
4. Leave gel after polymerization for 30 min, assemble the electrophoresis appara-

tus, and perform pre-electrophoresis for 60 min at 1000 V.
5. Denature the cDNA samples by incubation at 100°C for 1.5 min, and load on the

gel.
6. Run electrophoresis for 2.5–3 h at 1000 V until xylene cyanol dye has migrated

30 cm.
7. Remove one glass plate, cover the gel with Saran wrap, place the phosphorescent

marks on the edges of the gel, and perform the autoradiography for 0.5–1.5 h at
+5°C.

3.5. Preparation of Samples and Running the Second-
Dimension Electrophoresis

1. Great care should be taken to ensure the reproducible cutting of the gel lanes into
size fractions. Each cDNA sample will produce 96 size fractions. For two or
more samples, it is therefore impractical to work with the entire set of fragment
lengths simultaneously. We usually separate the entire length of the first dimen-
sion into three major size classes, each with 32 fractions, and compare two cDNA
samples within one size class at a time (2 × 32 fractions). To increase the through-
put, operations are performed with 8-channel automatic pipet. It is crucial to avoid
drying of streptavidin beads, which may lead to their clumping and loss of the
entire size fractions. Therefore, prior to removal of supernatant the 8-channel
pipet with the next solution should be ready.

3.5.1. Recovery of the cDNA Fragments

1. Place the exposed autoradiograph over the gel, and draw the lines on the Saran
wrap, corresponding to the edges of the samples lanes. Mark the lower and upper
borders of the working region (80 and 1,000 bases, respectively).

2. Prepare a paper strip with a ladder of regularly spaced lines printed on it, and
stick it to the back of the glass plate under the sample lanes (see Note 7).

3. Fill the wells of the 96-well PCR plate with 80 mL TE 8.0, yeast tRNA 50 mg/
mL.

4. Using the ladder as a guide, cut the entire working length of each lane into 96
pieces and place them into wells of the PCR plate mentioned in Step 2. Attach
caps, and elute overnight at room temperature.

5. For every 2 × 32 samples, take 300 µL streptavidin beads, and wash three times
with 600 µL 1X WBT, suspend in 200 µL 1X WBT, add 5 µL yeast tRNA
20 µg/µL, and incubate for 15 min with occasional mixing. Wash twice with 1X
WBT, and suspend in 1.0 mL 6X WBT.

6. Distribute 12 µL of bead suspension into eight 8-tube PCR strips.
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7. Transfer eluates (60 µL) to the strips containing streptavidin beads. Incubate for
2 h at room temperature with agitation every 10 min (see Note 8).

3.5.2. Removal of the Unbound Strand

Although cDNA fragments are separated in single-stranded form, during
elution certain annealing of two strands can occur, as judged by binding of 30-
50% of labeled nonbiotinylated strand to beads. This step is performed to en-
sure that only biotinylated strand is bound to beads, and that there are no
obstacles for second-strand synthesis.

1. Place the strips on the 96-well magnet, remove supernatant, and immediately add
110 µL 1X WBT. Centrifuge 1 min at 1,000g. Remove supernatant on the mag-
net, add 110 µL 1X WBT (see Note 9).

2. Centrifuge as in step 1, and remove supernatant on the magnet (do not treat more
than two strips at a time). Add 45 µL of freshly prepared denaturing buffer. Incu-
bate for 5 min while keeping beads in suspension (see Note 10).

3. Wash the strips with 1X WBT: remove supernatant on the magnet, add 110 µL
1X WBT, mix, centrifuge 1 min, remove the supernatant, add 110 µL 1X WBT.

4. Proceed with the alkaline treatment of the next pair of strips.
5. Wash all strips with 1X WBT two more times as described in step 3.

3.5.3. Second-Strand Synthesis and Labeling

Labeled primer is annealed to the immobilized strands, and second-strand
synthesis is performed by Sequenase.

1. To label the adapter primer, combine the following:
a. 10 µL 10X PNK buffer.
b. 10 µL Ad#MS/C primer, 10 pmol/µL.
c. 70 µL (700 µCi) [γ-32P] ATP.
d. 6 µL H2O.
e. 4 µL PNK, 10 U/µL.

Incubate 30 min at 37°C, 10 min at 70°C, and purify as described in Sub-
heading 2.4.1.

2. Prepare 2X Sequenase synthesis buffer by combining the following:
a. 400 µL 5X Sequenase buffer.
b. 100 µL 100 mM DTT.
c. 50 µL dNTPs, 10 mM each.
d. 450 µL H2O.

3. Centrifuge strips for 1 min, place on the magnet, remove the supernatant, add
15 µL 1X Sequenase buffer to each tube.

4. Prepare annealing mix by combining the following:
a. 300 µL 2X Sequenase synthesis buffer.
b. 100 µl labeled Ad#MS/C primer, 1 pmol/µL.
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c. 200 µL H2O.
5. Centrifuge strips for 1 min, place on the magnet, remove the supernatant, and add

8 µL of annealing mix to each tube.
6. Incubate at 45°C for 25 min with agitation every 5 min (see Note 11).
7. Prepare 8-fold dilution of Sequenase by combining the following (on ice):

a. 154 µL prechilled Sequenase dilution buffer
b. 22 µL Sequenase v. 2.0, 13 U/µL

Distribute 20 µl of dilution into each tube of empty 8-tube strip positioned on
a 96-well aluminium tray pre-chilled on ice.

8. Place 2 µL of Sequenase dilution on a wall of each tube in a strip slightly above
the liquid level. Repeat the same with three other strips. Mix beads with
Sequenase, and incubate for 6 min at room temperature and 15 min at 37°C, with
agitation every 4–5 min.

9. Add 110 µL 1X WBT.
10. Repeat steps 7–8 with next four strips.
11. Wash beads three times with 1X WBT: centrifuge for 1 min, place on magnet,

remove the supernatant, add 110 µL 1X WBT; repeat 2 × more.

3.5.4. Secondary Restriction Digestion Cycle (see Note 12)

1. Prepare 1X restriction buffer by combining the following:
a. 120 µL 10X restriction buffer.
b. 1080 µL H2O.
Distribute 140 µL 1x restriction buffer to the tubes of the 8-tube strip.

2. Place the strips with beads on the magnet, remove supernatant, and add 15 µL 1X
restriction buffer to each tube. Mix, and centrifuge 1 min at 600g.

3. Prepare restriction mix by combining the following (see Note 13):
a. 60 µL 10X restriction buffer.
b. 600 U restriction endonuclease.
c. H2O to 600 µL.
Distribute 70 µL of restriction mix to the 8-tube strip.

4. Place the strips with beads on the magnet, remove supernatant, and add 8 µL of
restriction mix to each tube.

5. Incubate at 37°C for 1.5 h with agitation every 10 min.
6. During restriction digestion, place 1.5 µL formamide-loading buffer into each

well of eight 8-tube strips.
7. Centrifuge strips with beads for 1 min, place on magnet, remove 7.0 µL of super-

natant from each tube, and transfer to the strips containing formamide-loading
buffer.

8. Wash the beads three times with 1X WBT and once with 1X WB as described in
Subheading 2.5.3., step 10.

9. Proceed with Subheading 3.5.4., step 1 for the next restriction enzyme.
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3.5.5. Second-Dimension Electrophoresis

1. End-label SequaMarkTM size marker by T4 polynucleotide kinase reaction, using
[γ-32P] ATP according to the manufacturer's recommendations.

2. Prepare the glass plates for molding the gel: treat the external glass plate with
Repel-Silane. Treat the internal glass plate with Bind-Silane (60 µL of stock so-
lution diluted into 15 mL of 100% EtOH) (see Note 14).

3. Prepare 100 mL of acrylamide solution by combining the following:
a. 15 mL 38% acrylamide, 2% bis-acrylamide.
b. 10 mL 10X TBE buffer.
c. 42 g urea.
d. 25 mg ammonium persulfate.
Dissolve, bring to 100 mL, and pass through 0.45-µm filter.

4. Assemble the gel mold (gel bed 35 × 43 × 0.04 cm) (see Note 15).
5. Add 50 µL TEMED and pour the gel.
6. Leave gel after polymerization for 30 min, and assemble the electrophoresis

apparatus.
7. Denature and concentrate the cDNA samples by incubating strips at 100°C for 10

min with lids open.
8. Load samples on the gel, alternating equivalent samples from two cDNAs (see

Note 16). Labeled Sequa-Mark should be loaded on 1, 18, 50, and 68-th lanes.
9. Run electrophoresis for 2.5–3 h at 60 W, so that the distance of xylene cyanol dye

from the end of the gel is 13 cm.
10. Disassemble the gel mold, leaving the gel on the internal glass plate. Place the gel

in a tray filled with 10% acetic acid, and incubate for 45 min with slow agitation.
11. Remove the gel from the tray, place under the fume hood, and let it drain and then

dry overnight using air blowers.
12. Place phosphorescent markers on the gel and expose for 1 d to 1 wk at room

temperature.

3.6. Postelectrophoresis Manipulations

3.6.1. Recovery and Amplification of Fragments of Interest
from the Gel

1. Identify bands of interest (see Note 17), mark them on a gel, and scrape them to
siliconized 0.5-mL tubes after applying a small amount of water to soften the gel.

2. Add 50 µL elution buffer and elute DNA fragments by incubation at 65°C for 2 h.
3. Transfer supernatant to another tube, taking care not to contaminate it with gel

particles. If necessary, wash the gel pieces with a small amount of elution buffer.
4. Add 1/10 vol 3 M Na Acetate, pH 5.2 and 1 µL (5 µg) glycogen. Mix well, pre-

cipitate with 3 vol 100% ethanol. Wash twice with 70% ethanol. Dry, dissolve in
13 µL H2O.

5. Add 4 µL 5X terminal transferase buffer, 1.5 µL 1.0 mM dGTP, and 1.5 µL
terminal transferase 17 U/µL. Incubate at 37°C for 30 min.
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6. Add 80 µL H2O and extract with 100 µL phenol:chloroform:isoamyl alcohol.
7. Add 0.5 µL 0.5 M EDTA, 1 µL glycogen 5 µg/µL, and precipitate with 3 vol

100% ethanol. Wash twice with 70% ethanol, dry, and dissolve in 10 µL TE 8.0.
8. Prepare the amplification reaction by combining the following:

a. 5 µL 10X Advantage cDNA PCR buffer.
b. 1 µL dNTPs, 10 mM each.
c. 2 µL Ad#MS/C primer, 10 pmol/µL.
d. 2 µL C13 primer, 10 pmol/µL.
e. 5 µL dG-tailed fragment.
f. 34 µL H2O.
g. 1 µL Advantage cDNA polymerase mix.
Also prepare control reaction with no DNA added.

9. Amplify for 40 cycles, using the following conditions:
Denaturation: 94°C 60 s
Annealing: 60°C 45 s
Elongation: 70°C 60 s

10. Add 2 µL 0.5 M EDTA, 10 µL 3 M Na Acetate, pH 5.2, and 1 µL (5 µg) glyco-
gen. Mix well, precipitate with 1.2 vol isopropanol. Wash with 70% ethanol, dry,
dissolve in 10 µL TE 8.0 (see Note 18).

11. Load 6 µL of amplified samples on a gel containing 2.5% agarose (MetaPhor:
SeaKem = 2:1), 1X TAE, 0.25 µg/mL ethidium bromide, and run until the de-
sired resolution is achieved (see Note 19). Excise the bands, place in siliconized
0.5-mL tubes.

12. Weigh the tubes to calculate the volume of agarose. Isolate fragments, using
QIAEX II Gel Extraction kit (Qiagen).

3.6.2. Sequencing and Cloning Recovered Fragments

1. Determine the concentration of the recovered fragments by the agarose dot assay
as described in Subheading 2.3.4., step 6.

2. For direct sequencing of fragments using thermal-cycle-sequencing protocols and
automatic sequencers, use ca 100 ng of fragment. Good sequence ladders are
expected to be produced with Ad#MS/C primer only.

3. For cloning fragments, treat them with NdeII and EcoRI and then insert into ap-
propriate Eco RI/Bam HI-treated vector.

3.6.3. Verification of the Expression Pattern of Recovered Fragments

Since the amount of sorted cells is often very low, verification of the expres-
sion pattern by Northern blotting is usually not practical. It is possible to per-
form verification by hybridization of the isolated fragment with the Southern
blots of amplified primary fragment population from two cell types. However,
quite often the representation of the target sequence in a cDNA sample is low,
and the fragment size is too short to make detection of the hybridization signal
reliable. Therefore, a prior cloning of the entire 3' region by the RACE proce-
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dure is highly recommended for the success of this procedure. We suggest the
rapid alternative protocol which employs the PCR amplification using one
gene-specific and one general primer to substantially increase the concentra-
tion of target sequence prior to blotting. Its is important to realize that sorting
by itself in addition to the gene identification procedure might be a substantial
source of artifacts. Therefore, we recommend comparison of at least two, and
preferably three or more, independent sorts in order to exclude false-positives.

1. On the basis of fragment sequences, design primers located close to the 5' end of
the fragment and oriented downstream, towards the poly(A) tail.

2. Using the saved primary sets of cDNA fragments prepared from at least two
independent sorts, perform PCR amplification using gene-specific and common
primer. For this, combine the following:
a. 8 µL 10X Advantage cDNA PCR buffer.
b. 1.6 µL dNTPs, 10 mM each.
c. 2.4 µL gene-specific primer, 10 pmol/µL.
d. 2.4 µL Ad1#T15 primer, 10 pmol/µL.
e. 20 ng primary fragment population (Nde II-digested amplified cDNA).
f. H2O to 78.5 µL.
g. 1.6 µL Advantage cDNA polymerase mix.

3. Amplify using the following conditions (see Note 20):
Denaturation: 94°C 30 s
Annealing: 60°C 30 s
Elongation: 70°C 2.0 min
Take 15-µL aliquots after 25, 30, and 35 cycles.

4. Precipitate DNA with 1 vol isopropanol, wash once with 70% ethanol, and dis-
solve in 8 µL H2O (see Note 21). Add 6 µL alkaline-loading buffer.

5. Run on the 2% alkaline agarose gel (see Note 22).
6. Perform alkaline transfer onto Hybond-N+ as recommended by the manufacturer.
7. Label GEF cDNA fragments using High Prime DNA labeling kit (Boehringer-

Mannheim).
8. Hybridize the blots at 65°C with the corresponding 32P-labeled cDNA fragment

(see Note 23).
9. Wash blots at 65°C with 2X SSC, 0.1% SDS two or three times, and with 0.5X

SSC, 0.1% SDS once.

4. Notes
1. Add 10 mL DEPC per 100 mL of water, shake vigorously, let stand overnight, and

autoclave for 30 min at 120°C. 3 M Na Acetate, pH 5.2 can be treated in the same way.
2. The quality of primers BioAd1#T15, Ad#MS/C and Ad#Sau/W must be quite

high in order to produce good two-dimensional GEF patterns. We found that
HPLC purification requested during the primer synthesis is usually sufficient.
However, the quality of these primers should be checked before starting the ex-
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periments by running different amounts of them on the 18% denaturing TBE
acrylamide gel, followed by staining with SYBR green. If the proportion of shorter
fragments exceeds several percent, primers should be purified by acrylamide gel
electrophoresis.

3. It is important to start the first strand synthesis at identical and stringent condi-
tions. Add SuperScript polymerase quickly, and do not let the tubes cool down.
Ideally, add enzyme to tubes seated in the dry block. Treat all samples in repro-
ducible way.

4. E. coli DNA ligase ligates efficiently fragments with four-base overhang, whereas
it is substantially less efficient for fragments with two-base overhangs, or for
blunt-end ligation. Therefore, if the use of an enzyme producing a two-base over-
hang for primary restriction digestion is planned, use T4 DNA ligase for adapter
ligation. Use buffer recommended by manufacturer and 3 U of T4 DNA ligase per
30 µL of reaction mix.

5. The population of amplified fragments is very complex. Therefore, after the reac-
tion has reached saturation, the denaturation step leaves the majority of fragments
in a single-stranded form, primarily paired through common terminal regions to
the unrelated sequences. This may render reliable concentration determination
impossible. Also, single-stranded DNA might be less stable than the double-
stranded one during prolonged storage. We therefore highly recommend running
an analytical reaction to control the extent of amplification. The optimal number
of PCR cycles for preparative amplification is n-2, where n is the smallest number
of cycles after which there is no further substantial (more than twofold) amplifi-
cation evident.

6. We found that Advantage cDNA polymerase mix (Clontech) works more effi-
ciently than Taq polymerase and some other polymerases we tested. It produces
more robust and efficient amplification, preserves longer fragments during ampli-
fication, and is also less prone to error. If other polymerases must be used, con-
sider their lower amplification efficiency and increase correspondingly the number
of PCR cycles during the analytical reaction. As a rule of thumb, every five PCR
cycles in nonsaturating conditions increase the amount of amplified material c.a.
20 to 30-fold for Advantage mix, and c.a. 10-fold for regular Taq polymerases.

7. To prepare a ladder of lines on a paper strip, first draw this ladder in a scalable
form using any appropriate drawing software, scale the drawing so that 96 slices
will fit to the working region of lengths between 80 and 1,000 bases, and then
print the ladder.

8. Agitation of beads in strips is achieved either by a few sharp but controlled hori-
zontal movements, or by placing the 8-tube strip in the 96-well magnet plate
(Dynal) and transferring the strip from one row to the next to make beads move
from one wall to another through the solution.

9. Care must be taked to avoid losses of beads during removal of the supernatant.
Removal of the last portions of liquid should be performed slowly.

10. Although biotin-streptavidin complex is quite stable under physiological condi-
tions, in alkaline conditions biotinylated strands begin to slowly leak from the
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beads. Therefore, exposure of streptavidin beads to alkali should be fairly strin-
gently timed to avoid unnecessary losses of material.

11. A 96-well PCR machine with a heated lid is appropriate for incubations of strips
at elevated temperatures. Agitation of beads is performed as described (see
Note 8).

12. Computer simulations indicate that the optimal sequence of enzymes for sequen-
tial treatment of immobilized cDNA fragments is as follows: EcoRV, XbaI,
ApaL1, NsiI, StuI, PstI, StyI, MspI for a middle portion of the first dimension
(150–270 bp), and SacII, EcoRV, ApaL1, NsiI, EcoRI, PstI, StyI, MspI, AvaII,
HinfI for the upper portion (270–1000 bp).

13. Avoid adding BSA to restriction reactions, because it may result in clumping of
beads, which inhibits release of fragments during subsequent digestions.

14. The glass plates should be washed carefully before use. We found that
SequeSoapTM and SequeStripTM (Gold Bio Technology, Inc.) are optimal for
cleaning the glass plates. We do not recommend the usage of consumer-grade
detergents, because some of them may cause adsorption of DNA to glass plates.
After the run, acrylamide gel should stick to the glass plate treated with Bind-
Silane. Since the efficiency of Bind-Silane can decrease with time, it may be ad-
visable to polymerize a pilot gel to determine whether the procedure works as
expected. If parts of the gel stick to the other (Repel-Silane-treated) plate, reduce
the amount of Bind-Silane. If parts of the gel fail to stick to the glass, increase the
amount of Bind-Silane.

15. For gel preparation we use a 68-well (0.4-mm thick) comb compatible with the
microtiter format.

16. For loading on gel, we use an 8-channel Syringe Pipet (0.2 mm). Scrupulous wash-
ing (five to seven times with 1X WBT) is required after each loading to avoid
cross-contamination between lanes.

17. Despite all precautions, slight nonidentity of cutting first-dimension lanes may
occur between two samples. During identification of differential bands, we sug-
gest checking the neighboring lanes to ensure that the supposed differential pat-
tern is not caused by a shift of the band in one sample to the next lane.

18. Although direct alcohol precipitation of PCR products is adequate in the short
term, amplified cDNA should be either phenol-extracted or purified through aga-
rose gel if long-term storage is planned.

19. Resolution should be sufficient to ensure that a band of predicted size is amplified.
20. Because of reduced specificity of the reaction, the fragment of interest is usually

amplified along with a number of unrelated fragments. The yield of the fragment
(hence, hybridization signal) after the reaction has reached saturation is therefore
proportional to the initial concentration of the sequence. However, the yield of the
fragment may be sensitive to variations of the starting conditions. Therefore, it is
important (unless Advantage system is used) to ensure that a hot start is used for
the PCR.

21. Because Mg ions impair the resolution of DNA fragments in alkaline gels, it is
important to remove them by alcohol precipitation prior to electrophoresis.
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22. Since the population of amplified fragments exists to a significant part in a single-
stranded form after the reaction has reached saturation (see Note 5), alkaline elec-
trophoresis provides a better resolution than the native one.

23. GEF fragments used for preparation of labeled probes are normally fairly short,
which makes labeling reaction using random hexamer primers only rather ineffi-
cient. Adding terminal Ad#MS/C and C13 primers (2 pmol per 10 µL of reaction)
to the reaction helps to increase incorporation of the label.
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