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ABSTRACT Elucidation of mechanisms that regulate he-
matopoietic stem cell self-renewal and differentiation would
be facilitated by the identification of defined culture condi-
tions that allow these cells to be amplified. We now demon-
strate a significant net increase (3-fold, P < 0.001) in vitro of
cells that are individually able to permanently and competi-
tively reconstitute the lymphoid and myeloid systems of syn-
geneic recipient mice when Sca-1*lin~ adult marrow cells
are incubated for 10 days in serum-free medium with inter-
leukin 11, flt3-ligand, and Steel factor. Moreover, the culture-
derived repopulating cells continued to expand their numbers
in the primary hosts at the same rate seen in recipients of
noncultured stem cells. In the expansion cultures, long-term
culture-initiating cells increased 7- = 2-fold, myeloid colony-
forming cells increased 140- = 36-fold, and total nucleated
cells increased 230- = 62-fold. Twenty-seven of 100 cultures
initiated with 15 Sca-1*lin~ marrow cells were found to
contain transplantable stem cells 10 days later. This fre-
quency of positive cultures is the same as the frequency of
transplantable stem cells in the original input suspension,
suggesting that most had undergone at least one self-renewal
division in vitro. No expansion of stem cells was seen when
Sca-1*"TER119~ CD34* day 14.5 fetal liver cells were cultured
under the same conditions. These findings set the stage for
further investigations of the mechanisms by which cytokine
stimulation may elicit different outcomes in mitotically acti-
vated hematopoietic stem cells during ontogeny and in the
adult.

A cardinal property of hematopoietic stem cells is their ability
to divide without significant alteration of their proliferative
potential or differentiation state. The first demonstration that
such stem cell self-renewal divisions can occur in vitro (albeit
without a net increase in their numbers) made use of retroviral
marking to identify the clonal progeny in multiple recipients of
individual hematopoietic stem cells that had been amplified in
4-week-old long-term cultures (LTC) (1). Subsequent attempts
to improve the output of stem cells in these cultures by using
various cell lines as feeders have allowed input numbers to be
maintained, but a net expansion has not been achieved (2-4).
At the same time, attention has focused increasingly on studies
of the responses of highly purified stem cell-containing pop-
ulations to defined cytokines. This latter approach allows
cellular sources of negative regulators to be minimized and
different cytokines to be evaluated for their ability, either
alone or in combination, to replace the stimulating function of
stromal cells. This has made it possible to demonstrate the
production of very large numbers of differentiated progeny
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without significant loss of stem cell numbers or activity, but a
net increase in these cells has not been documented (5-9).

Many cytokines either alone or in various combinations have
been found to stimulate the proliferation in semisolid medium
of primitive hematopoietic cells capable of multilineage dif-
ferentiation (10). However, several studies now indicate that
the ability to proliferate in semisolid medium is an acquired
property and may not be possessed by most of the in vivo
reconstituting stem cells present in the marrow of normal
adults (11-13). In addition, the cytokine responsiveness of
hematopoietic cells is known to change both as a function of
their ontological and their differentiation states (14-16). Thus,
responsiveness to cytokines that are active in semi-solid cul-
tures may not be predictive of cells with in vivo repopulating
ability. Because of the important stimulatory role of stromal
fibroblasts in the LTC system (17) and preliminary evidence of
the potent and synergistic mitogenic activity of the stromal-
derived cytokines, flt3-ligand (FL), Steel factor (SF), and
interleukin 11 (IL-11) on primitive fetal liver cells (18), we
chose to focus initially on these three cytokines. Recently,
several groups have reported that IL-11 together with cytokine
cocktails, including either FL or SF, can sustain hematopoietic
stem cell activity in vitro (8, 9, 13, 19), and retroviral-mediated
expression of IL-11 has been found to enhance hematopoietic
stem cell self-renewal in vivo (20). Our results now show that
the combination of IL-11 plus FL plus SF is sufficient to
concomitantly obtain a severalfold expansion in vitro of cells
identified as hematopoietic stem cells by the most stringent
functional criteria available. These include their ability to
clonally reconstitute both lymphoid and myeloid systems of
primary recipients for periods of 1 year without any diminution
of their ability to concomitantly expand their numbers in vivo.
Interestingly, however, this cytokine mixture was not effective
in eliciting a similar response from stem cells present in the day
14.5 fetal liver.

MATERIALS AND METHODS

Animals. C57BL/6 (Ly5.2) and C57BL/6:Pep3b (Ly5.1)
mice and C57BL/6-W*/WH (Ly5.2) mice originally were
obtained from commercial stocks and J. Barker, respectively,
both at The Jackson Laboratory. These mice then were bred
and maintained at the Joint Animal Facility of the British
Columbia Cancer Research Centre in microisolator units
provided with sterilized food, water, and bedding. Irradiated
animals were additionally provided with acidified water (pH
3.0).

Cell Purification. The monoclonal antibodies (mAbs), stain-
ing, and analysis procedures have all been described in detail

Abbreviations: FL, flt3-ligand; SF, Steel factor; FBS, fetal bovine
serum; CRU, competitive repopulating unit; CFC, colony-forming
cell(s); CFU, colony-forming unit; LTC, long-term culture(s); LTC-
IC, LTC-initiating cells.
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previously (6). Briefly, adult C57BL/6:Pep3b (Ly5.1) marrow
cells suspended in Hanks’ balanced salt solution with 2% fetal
bovine serum (FBS) (HF) were incubated sequentially at
5-8 X 109 cells per ml on ice with 6 pug/ml of 2.4G2 [anti-Fc
receptor antibody (21)], then a mixture of biotinylated lineage-
specific rat mAbs [anti-B220 (RA3-6B2), anti-GR-1 (RB6-
8C5), anti-Ly-1 (53-7.3), anti-Mac-1 (M1/70)], and finally
cyanine-5-succinimidyl ester (Cy5)-labeled anti-Sca-1 (anti-
Ly6A/E; E13-161.7), fluorescein isothiocyanate (FITC)-
labeled wheat germ agglutinin (where specified), and phyco-
erythrin (PE)-labeled streptavidin (SA-RPE; Southern Bio-
technology Associates). Propidium iodide at 1 ug/ml (PI;
Sigma) was added to the final wash. Alternatively, as specified,
cells were incubated with biotinylated anti-CD34 (Ram34,
PharMingen) and then FITC-labeled lineage-specific rat mAbs
(anti-B220, anti-GR-1, anti-Lyl, anti-Mac-1, TER119), anti-
Sca-1, and SA-RPE. Fetal liver cells were isolated from day
14.5 C57BL/6:Pep3b embryos as previously described (22) and
incubated with 2.4G2 followed by staining with anti-CD34,
anti-Sca-1, and TER119 mAbs. All cells were sorted on a
FACStar* (Becton Dickinson).

Serum-Free Suspension Cultures. For most experiments,
1-ml cultures containing 200 purified cells suspended in
Iscove’s medium supplemented with 1% (wt/vol) BSA, 200
pg/ml transferrin, 10 ug/ml insulin (BIT; StemCell Technol-
ogies, Vancouver, BC), 40 pg/ml low-density lipoproteins
(Sigma), 10~* M 2-mercaptoethanol, 2 mM glutamine, 50
wg/ml streptomycin, 50 units/ml penicillin, 100 ng/ml human
IL-11 (Genetics Institute, Cambridge, MA), 100 ng/ml of
human FL (Immunex), and 50 ng/ml murine SF (expressed in
COS cells and purified in the Terry Fox Laboratory), unless
specified otherwise, were incubated in 24-well plates (Nunc) at
33°C in 5% CO; in air for up to 10 days with replacement of
half of the medium (without removal of cells) every 3 days.
Cells were harvested by removal of the suspended cells fol-
lowed by rinsing each well with Iscove’s containing 2% FBS.
When present, adherent cells were removed by incubation for
1-2 min at room temperature with 0.5 ml of trypsin-EDTA
(GIBCO/BRL) followed by two rinses with medium. Cells
pooled from at least four wells, or the equivalent of =10
competitive in vivo repopulating units (CRUs), were centri-
fuged at 350 g for 7 min, viable cell numbers were determined
by eosin-dye exclusion, and assays were performed on ap-
propriate aliquots. In the limiting dilution experiments, 15
Sca-1*lin~ cells were cultured in 150-ul volumes in the indi-
vidual wells of flat-bottomed 96-well culture plates (Nunc),
and at the end of the 10-day culture protocol, the contents of
each well were placed in a 1.5-ml microfuge tube after first
adding 25 ul of Iscove’s medium plus 2% FBS containing 10°
freshly isolated C57BL/6 marrow cells. Each well was then
rinsed twice with 50 ul aliquots of Iscove’s medium with 2%
FBS, and the combined harvest then was injected into indi-
vidual irradiated C57BL/6 recipients (see below).

Assays for Colony-Forming Cells (CFC) and Long-Term
Culture Initiating Cells (LTC-IC). Burst-forming unit-
erythroid (BFU-E), colony-forming unit (CFU)-granulocyte/
macrophage (GM), and CFU-granulocyte/erythroid/
megakaryocyte/macrophage (GEMM) progenitor numbers
were determined by plating suitable aliquots of test cells in
methylcellulose medium supplemented with 10 ng/ml murine
IL-3, 10 ng/ml human IL-6, 50 ng/ml murine SF, and 3
units/ml human erythropoietin (HCC-3434; StemCell Tech-
nologies) and scoring the corresponding types of colonies
(containing =30 cells each) present after 12 days of incubation
at 37°C (23). The LTC-IC content of cell suspensions was
determined by limiting dilution analysis as previously de-
scribed (24). Briefly, purified or cultured cells were washed
and resuspended in myeloid long-term culture medium (Stem-
Cell Technologies) to which freshly dissolved 107® M hydro-
cortisone sodium hemisuccinate (Sigma) was added. Varying
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cell numbers were then plated on 12 to 16 replicate wells of
96-well culture plates (Nunc) containing irradiated preestab-
lished mouse marrow LTC feeder layers or confluent layers of
S17 cells (25) and maintained for 4 weeks at 33°C with weekly
removal of half of the nonadherent cells and replacement of
half of the medium, and then both the adherent and nonad-
herent cells removed from each well and assayed for myeloid
CFC. LTC-IC frequencies were calculated by the method of
maximum likelihood from the proportion of negative wells
(wells containing no detectable CFC) measured for each input
dilution of cells tested (26).

Transplantation Procedures and Quantitation of CRUs.
These procedures have been described in detail previously (6,
27). Briefly, C57BL/6 (Ly5.2) recipients were irradiated with
a single dose of 900 cGy (95 ¢Gy/min) from a '¥’Cs y-ray
source and then injected intravenously with 15-100 freshly
purified cells, or the number of 10-day progeny obtained from
5-125 purified cells, plus 10 freshly isolated C57BL/6 marrow
cells (4-10 recipients per cell dose per experiment). C57BL/
6-W41 /W4l (Ly5.2) recipients were similarly irradiated but
with a lower dose (400 cGy) and were injected with test cells
only. Aliquots of peripheral blood (PB) were taken from these
recipients at intervals between 5 weeks and 1 year later and
assessed for the presence of Ly5.1 (test cell-derived) lymphoid
and myeloid cells. Red blood cells were lysed with NH4Cl, and
the nucleated cells were stained with biotinylated anti-GR-1
mADb for 30 min on ice, followed by a single wash in HF and
a further incubation of the cells for 30 min with FITC-
conjugated anti-Ly5.1 antibody (A20-1.7) and SA-RPE. The
cells were then washed twice in HF with 1 ug/ml PI included
in the final wash and analyzed on a FACSort (Becton Dick-
inson). Animals were considered to be reconstituted (positive)
only if their PB contained both =1% test cell-derived (Ly5.1%)
myeloid (GR-1") cells and lymphoid cells (defined by their low
orthogonal light-scattering characteristics). CRU frequencies
were calculated by the method of maximum likelihood from
the proportions of animals that were negative (6, 26, 27) when
these were assessed 4—12 months posttransplant using a gen-
eralized linear model with binomial errors and a complemen-
tary log-log link function. Differences in CRU frequencies
were tested by adding the appropriate interaction term in the
model and assessing significance by the likelihood ratio test.

In the two secondary transplant experiments, groups of
primary W* /W4l recipients were killed 18 or 20 weeks
posttransplant and their marrow cells then transplanted into
new groups of irradiated W*!/W#! mice. In one experiment,
the marrow cells from the primary recipients were first stained
and Ly5.1" (test cell-derived) and Ly5.1~ (recipient-derived)
cell populations were isolated using the FACStar™ to allow
these two genotypes to be assayed separately for their contents
of CFC, LTC-IC, and CRU.

RESULTS

Expansion of Adult Marrow Progenitors in Serum-Free
Cultures Containing IL-11 plus FL and SF. Table 1 shows the
frequencies of different types of progenitors (CFC, LTC-IC,
and CRU) measured in each of the various populations of
Sca-1*lin~ normal adult mouse marrow cells that were used to
initiate serum-free suspension cultures containing 100 ng/ml
IL-11, 100 ng/ml FL, and 50 ng/ml SF as described in Methods.
Stem cells (CRU) were assessed for their ability to individually
and competitively repopulate both lymphoid and myeloid
compartments for at least 4 months after transplantation into
either lethally irradiated C57BL/6 mice given a radioprotec-
tive dose of 10° syngeneic normal marrow cells or sublethally
irradiated congenic W*!/W*! recipients. The use of sublethally
irradiated W*'/W*! recipients simplifies the CRU assay and
has been found to detect both unseparated and Sca-1*lin~
CRU with the same sensitivity and specificity as the standard
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Table 1. Progenitor activity in the Sca-1"lin~ populations of adult mouse marrow cultured and assayed for evidence of CRU expansion
Percent of Progenitors per 200 input cells Expansion of CRU

Experiment original numbers after
no. Input phenotype BM cells BFU-E CFU-GM CFU-GEMM LTC-IC CRU* 9-10 daysT
1 Sca-1*lin"WGA™* 0.04 ND ND ND ND 2(12) 5% (12)
2 Sca-1*lin-CD34~ 0.18 ND ND ND ND 3(8) 4% (12)
3a Sca-1*1lin-CD34~ 0.13 0.5 18 0.5 6 4(8) 4x (12)
3b 4(8) 4x (12)
4 Sca-1*lin-CD34~ 0.24 0.6 6 1.9 3 4(6) 10x (10)
5 Sca-1*lin~ 0.18 0.5 19 2.5 6 6(8) 1x (8)
6 Sca-1*lin~ 0.13 0.4 24 22 4 5(18) 4x (22)

ND, not done.

*Sublethally irradiated W#!/W4! mice were used as recipients in CRU assays performed in experiments 1, 2, 3a, 4, and 6. Lethally irradiated
C57BL/6 recipients were used as recipients in experiments 3b and 5. The number in each case is shown in parentheses.
TValues shown are fold—expansion relative to input CRU numbers. The number of mice used to determine the frequency of CRU in the cultured

populations is shown in parentheses.

CRU assay (ref. 13 and unpublished findings). In one exper-
iment, Sca-1*lin~ cells that bind wheat germ agglutinin were
isolated, and in three of the six experiments, the CD34~
fraction of Sca-1"lin~ cells (28) was isolated. Evidence of an
amplification in the input CRU population after these had
been in culture for 9 to 10 days was obtained in five of six
experiments (Table 1). In a single experiment (part of exper-
iment 1 in Table 1, data not shown), the combination of IL-11
plus FL at the same concentrations was found to maintain (but
not expand) CRU numbers, whereas FL plus SF without IL-11
resulted in a 4-fold decrease in CRU. Coculture of the same
input cells on S17 feeders, even with the addition of any of
three combinations of IL-11, FL, and SF (including all three
together), resulted in a 5-fold decrease in CRU numbers (data
not shown). Interestingly, addition of 1,000 units/ml of human
thrombopoietin (Zymogenetics, Seattle, WA) to the IL-11 plus
FL and SF cytokine combination (experiment 6, Table 1)
abrogated the increase in CRU numbers stimulated by IL-11
plus FL and SF alone and resulted in maintenance only of CRU
(data not shown).
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FiG. 1. Proportion of negative mice (mice not showing repopula-

tion of both lymphoid and myeloid compartments) 4-12 months after
being transplanted with WGA™ Sca-17lin~ or CD34~Sca-1*lin~
marrow cell populations (O) or the cells derived from them after 9-10
days incubation in 100 ng/ml IL-11, 100 ng/ml FL, and 50 ng/ml SF
(®). The data for the cultured cells are expressed per freshly isolated
purified cell equivalents to allow their increased absolute numbers to
be seen directly on this graph. Data are pooled from the six experi-
ments described in Table 1 (4-15 recipients per point). The lines shown
connect the CRU frequency values determined from the two sets of
pooled data by the method of maximum likelihood (26) (at 37%
negative mice, see text) to the origin.

Fig. 1 shows the pooled data for recipient mice injected with
fresh or cultured cells from all of the six experiments presented
in Table 1. The mean CRU frequencies (and 95% confidence
intervals; n = the number of mice contributing to the estimate)
calculated from these combined data sets are 1 CRU per 55
fresh cells (1/40-1/76, n = 68) and 1 CRU per 16 cultured
cells expressed as input cell equivalents (1/12-1/23, n = 88).
These values indicate a significant (P < 0.001) 3.5-fold net
expansion in CRU numbers during the 9- to 10-day culture
period. As shown in Fig. 2, this increase is higher than the
1.7-fold increase in CRU numbers seen after only 5 days of
culture but lags slightly behind the rate of increase in LTC-IC
(=2.5-fold after 2 days and ~7-fold after 10 days). In contrast,
the total cell number and the number of cells detectable as
CFC increased much more rapidly (>100-fold within 10 days).
Interestingly, as can also be seen in Fig. 2, during the first 5 days
in culture the CFC population expanded even faster than the
total number of cells, indicating an imbalance in the initial rate
of influx of cells into the CFC compartment as compared with
their rate of loss from that compartment. Then, during the next
5 days, this situation was reversed.

In Vivo Repopulating Cells Generated in Cultures of Puri-
fied Adult Marrow Cells Retain Their Self-Renewal Proper-
ties. The extent and duration of lympho-myeloid reconstitution
by fresh and cultured CRU was compared for periods of up to
1 year posttransplant. As illustrated by the results of a repre-
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FiG. 2. Expansion of total cells, CFC, LTC-IC, and CRU in
cultures of Sca-1*lin~ marrow cells stimulated in vitro by 100 ng/ml
IL-11, 100 ng/ml FL, and 50 ng/ml SF for 5 (open bars, n = 2
experiments), or 9-10 days (hatched bars, n = 5-7 experiments). The
fold increase (=1 SEM) was calculated by dividing the number of
progenitors detected in the 5- or 9- to 10-day cultures by the corre-
sponding number of progenitors calculated to be present in the cells
used to initiate each culture. (Data include 1 experiment not described
in Table 1.)
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FiG. 3. Levels of engraftment maintained in individual C57BL/6
mice injected with 40 Sca-1*1lin~"CD34~ cells (day 0) or the cells
generated from the equivalent of 30 or 32 of these cells after 5 (day
5) or 10 days (day 10) of culture in IL-11 plus FL and SF, respectively.

sentative experiment shown in Fig. 3, there was no evidence
that the durability of the lympho-myeloid reconstituting po-
tential characteristic of freshly isolated CRU was compro-
mised or diminished in the CRU that were generated in vitro,
even in recipients of limiting numbers of CRU.

For a more stringent comparison of the self-renewal capacity
of the CRU generated in the 10-day expansion cultures with
those present in the normal marrow input populations, the
number of CRU regenerated after 4 to 5 months in the primary
recipients of both types of cells was assessed in two experi-
ments. In these, all of the primary recipients (including both
positive and negative animals) from groups that were trans-
planted with similar numbers of either fresh or cultured CRU
were killed 18 or 20 weeks posttransplant. The pooled marrow
cells from each group were then assayed separately in Ly5.2*
secondary recipients to determine the number of CRU present
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in the primary recipients whose origin could be traced to the
initial transplant of fresh or cultured (Ly5.1%) cells. As shown
in Table 2, the number of Ly5.1* CRU regenerated in vivo
from either fresh or cultured cells was similar. Hence, the
calculated net expansion of these populations during the 18- to
20-week posttransplant period was also similar. There was also
no difference in the average reconstitution of the lympho-
myeloid compartments of the two groups of secondary recip-
ients. Total CRU numbers (i.e., including those that might
have been produced from the host cells and/or the originally
coinjected 10° Ly5.2* fresh marrow cells) were not determined
but would have been expected to be subnormal (27, 29). The
total (and Ly5.1%) cellularity, and CFC and LTC-IC content of
the marrow obtained from primary recipients of fresh or
cultured Ly5.1" cells were also similar (Table 2) and indicated
full recovery of the total cell and CFC populations, as ex-
pected. In contrast, the LTC-IC populations remained 2- to
3-fold below normal values, consistent with a close relationship
of LTC-IC and CRU.

Evidence that Most CRU in the Sca-1*lin~ Population of
Adult Mouse Marrow Generate Daughter CRU When Stim-
ulated by IL-11 plus FL and SF in Vitro. To obtain a first
approximation of the frequency of cells able to generate CRU
in the presence of IL-11, FL, and SF in vitro, mini-cultures were
initiated with 15 Ly5.1% Sca-1*lin~ marrow cells each (i.e.,
~0.3 CRU per culture) so that the likelihood of a single culture
containing >1 CRU was <0.05. Then, 10 days later, each well
was assessed individually for the presence of CRU by injecting
the entire culture together with 10° freshly isolated Ly5.2%"
adult marrow cells into a single, irradiated Ly5.2* (C57BL/6)
recipient. A total of 100 mini-cultures were analyzed in two of
these limiting dilution experiments. PB samples from 27 of the
100 test recipients contained detectable Ly5.1" (culture-
derived) lymphoid and myeloid cells for at least 4 months
posttransplant, and in 6 of these, engraftment levels of 5, 6, 8,
21, 35, and 40% were measured. In the other 21 mice, the levels
of engraftment were lower (mean * SD = 1.5 = 0.8%, n = 21).
Thus, the proportion of cultures at the end of 10 days that
contained at least 1 CRU was the same as that anticipated to
have been seeded with 1 CRU (0.3 vs. 0.27), and hence, the
calculated frequency of CRU “precursors” in the input in-

Table 2. Equivalent expansion of CRU in vivo from transplants of fresh and cultured Sca-1"lin~ mouse bone marrow cells

Cells assessed

Fresh cell transplants
(no./mouse)

Cultured cell transplants
(no./mouse)

Experiment 2

Experiment 3a

Experiment 2

Experiment 3a

Primary (1°) recipients
Initial transplant Ly5.1"cells/1° recipient
Ly5.1*CRU/1° recipient

No. of 1° recipients
18-20 weeks posttransplant Total BM cells¥ (% Ly5.1%)
Total BM CFC (% Ly5.1%)
Total BM LTC-IC (% Ly5.1%)
Total Ly5.1" CRU in BM$
Expansion of Ly5.17 CRU

in 1° recipient
Secondary (2°) recipients

16 weeks posttransplant % Ly5.17 cells in 2° recipientll

63 40 42+ 8*
12 0.8 3.2f 0.6t
4 4 6 3
19X 107 (37%) 19 X 107 (26%) 17 X 107 (40%) 17 X 107 (49%)
33X 104 (37%) 35 x 10* (nd) 32 X 104 (48%) 40 x 10*
5,300 (19%) 4,900 (27%) 4,400 (27%) 2,500 (ND)
24 27 24 18
20 34x 75% 30x
22+ 15% 14 + 6% 28 = 15% 15 + 10%
(n = 8/10) (n =17/8) (n = 12/14) (n = 4/8)

For experimental details, see text. ND, not done. BM, bone marrow.

“Expressed in terms of input (into the culture) cell equivalents.

TBased on the number of CRU measured at the end of the 9- to 10-day cultures.
?Calculated assuming that two femurs and two tibias together comprise 25% of the total marrow population of the mouse (41).
$Determined by multiplying the frequency of Ly5.17 CRU present in the 1° recipients’ BM (from assays in 2° mice) times the total number of cells

in the BM of the 1° recipients.

fExpansion = the number of Ly5.1* CRU present 18 or 20 weeks posttransplant in the 1° recipients divided by the number of Ly5.1* CRU present
in the initial transplant, exclusive of potential losses due either to a seeding efficiency of <100% of the Ly5.1" CRU injected into the 1° recipients

and/or to subsequent CRU differentiation.

% repopulation of positive 2° mice; (n = number of positive/total).
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noculum (2%) was also the same as the anticipated original
CRU concentration (1.5%).

Inability of IL-11 plus FL and SF to Expand Fetal Liver
CRU Numbers. To determine whether an expansion of the
CRU population present in the fetal liver of 14.5-day-old
mouse embryos could be obtained under culture conditions
that were effective for stimulating adult marrow cells,
Sca-1"TER119~ CD34" fetal liver cells were isolated and
cultured for 10 days in IL-11, FL, and SF as described above.
The selection of this phenotype was based on earlier experi-
ments in which injection of 1,000 TER119-CD34" cells
(=3.4% of the total day 14.5 fetal liver population) into 3
recipients each resulted in 73 *£ 11% fetal liver cell-derived
engraftment at 4 months posttransplant, whereas no engraft-
ment was detectable at any time in recipients of 1,000
TER119~ CD34~ cells (=10% of the fetal liver). Limiting
dilution analysis of freshly isolated Sca-1"TER119~ CD34*
cells (=0.6% of the fetal liver) showed the frequency of CRU
to be 1 per 50 (with a range defined by = SE of 1/34 to 1/75).
However, none of the recipients of cultured fetal liver cells
showed any evidence of culture-derived lymphoid or myeloid
cells in their peripheral blood at 7 or 19 weeks posttransplant
(six and three mice injected with the cultured progeny of 50
and 14 Sca-1" Ter119~ CD34* fetal liver cells, which would
have contained 1 or 0.3 CRU, respectively).

DISCUSSION

In this study we show that stimulation of adult mouse marrow
cells with a combination of IL-11, FL, and SF can lead to a
significant net (3-fold) expansion of the hematopoietic stem
cell population without diminution of the magnitude or per-
manence (up to 1 year) of their lympho-myeloid reconstituting
ability or their ability to reamplify their numbers (up to
30-fold) subsequently in vivo. Two lines of evidence suggest
that this expansion results from an ability of IL-11 in combi-
nation with FL and SF to stimulate hematopoietic stem cell
self-renewal divisions in vitro. First, the expansion observed
was obtained from populations known to be highly enriched
(=300-fold) in their content of cells with stem cell activity (6,
28). Second, analysis of cultures initiated with limiting num-
bers of CRU (0.3 per culture) indicated that the frequency of
cells detectable as CRU in the original input suspension was
the same as the frequency of cells able to generate (or
maintain) detectable numbers of CRU under the culture
conditions used. Although wide variation in the extent of
repopulation obtained from the transplantation of individual
cultures was noted, the design of the experiments used here
would not allow discrimination between CRU numbers and
activity as contributing to this variation. Even single CRU in
normal marrow are known to exhibit large variations in their
repopulating activity (1, 30, 31), and it might be expected that
this would be exaggerated by the stochastic element that
appears to characterize the self-renewal (vs. differentiation)
behavior of many types of primitive hematopoietic cells [in-
cluding CFU-GEMM, CFU-spleen (CFU-S), and LTC-IC]
when these are stimulated to proliferate either in vitro (32-34)
or in vivo (35). The use of suspensions that are more highly
enriched in their CRU content should, however, allow these
questions to be addressed using single cell cultures. The
present findings thus open the door to future studies of critical
issues in hematopoietic stem cell biology that concern the
ability of different treatments to influence the subsequent
functional repertoire of affected stem cells.

In recent studies of the properties of the clonal progeny of
single CD34*CD38~ cells originally isolated from normal
adult human marrow and generated in vitro under similar
conditions to those described here, we showed that the reten-
tion or loss of LTC-IC activity could be modulated indepen-
dently of cell viability or cell cycle progression by exposure of
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the cells to different relative or absolute cytokine concentra-
tions (34). These findings suggest that the types of receptors
activated and the intensity and/or duration of that activation
can influence the integrity of cellular properties that may be
required for (or reflect the maintenance of) stem cell potential.
Therefore, it is interesting to note that in the present studies,
an increase in LTC-IC numbers closely paralleled increases in
CRU, in contrast to the much more rapid expansions of CFC
and total cell numbers. The LTC-IC and CRU assays are
known to identify closely related populations in normal murine
and human hematopoietic tissues of either adult (24) or fetal
(36) origin, but increasing evidence indicates that these assays
detect a spectrum of biologically distinct cell types that may
vary in the extent to which they overlap under different
circumstances. For example, we have shown that the rate of
decline of cells detectable as LTC-IC in LTC of mouse bone
marrow cells is slower than the rate at which the number of
CRU decreases (37). Similarly, near-normal numbers of
LTC-IC can be generated and detected in the marrow of adult
mice when c-kit-mediated signaling is deficient, although a
15-fold reduction in CRU activity is exhibited by the same cell
suspensions (23).

The present studies also bring into focus another emerging
theme in hematopoietic stem cell biology—i.e., that ontogeny
adds another dimension to the patterns of change that differ-
entiating hematopoietic cells may undergo and, in particular,
the ways these changes may be regulated. In the murine system,
fetal liver stem cells have been shown to differ from their adult
counterparts with respect to phenotypic markers, proliferative
and self-renewal potential in vivo, dependence on SF in vivo for
long-term maintenance of hematopoiesis, and cytokine re-
sponses in vitro (14, 16, 29, 36, 38—40). In this study, we
demonstrate a difference in CD34 expression on fetal and
adult hematopoietic stem cells (no CD34~ CRU detectable in
fetal liver in contrast to adult mouse marrow). In addition, we
showed that exposure of fetal liver cells to a combination of
IL-11, FL, and SF resulted in a loss of long-term repopulating
ability in spite of their generation under these conditions of
huge populations of differentiating lymphoid and myeloid cells
(18). These findings predict that similar differences will char-
acterize the responses of primitive human hematopoietic cells
in adult marrow and cord blood, and further delineation of
these differences may be crucial to the design of appropriate
expansion or gene therapy protocols involving such ontologi-
cally distinct sources of cells.
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