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RAPID COMMUNICATION 

Ex Vivo Expansion of Murine Marrow Cells With Interleukin-3 (IL-3), 
IL-6, IL-11, and Stem Cell Factor Leads to Impaired Engraftment 

in Irradiated Hosts 
By Stefan 0. Peters, Ellen L.W. Kittler, Hayley S. Ramshaw, and Peter J. Quesenberry 

In vitro incubation of bone marrow cells with cytokines has 
been used as an approach to expand stem cells and to facili- 
tate retroviral integration. Expansion of hematopoietic pro- 
genitor cells has been monitored by different in vitro assays 
and in a few instances by in vivo marrow renewal in mye- 
loablated hosts. This is the first report of studies, using two 
competitive transplant models, in which cytokine-treated 
cells, obtained from nonpretreated donors (eg, 5-fluoroura- 
cil), were competed with normal cells. A basic assumption 
is that the expansion of progenitors assayed in vitro as high- 
and low-proliferative potential colony-forming cells (HPP- 
and LPP-CFCs) indicates an expansion of stem cells which 
will repopulate in vivo. This study shows that culture of 
marrow cells with four cytokines (stem cell factor, interleu- 
kin-3 [IL-31. IL-6.11-11) induces significant expansion and pro- 
liferation of HPP-CFC and LPP-CFC. Cell-cycle analysis 
showed that these hematopoietic progenitors were induced 
to actively cell cycle by culture with these cytokines. In the 
first competitive transplant model, which uses Ly5.2/Ly5.1 
congenic mice, cytokine-cultured Ly5.2 cells competed with 

HORT-TERM in vitro incubation of murine or human S marrow cells with a variety of single cytokines or 
growth factor combinations results in expansion of hemato- 
poietic progenitor cells (HPC) as assayed in in vitro colony 
systems including multipotent colony-forming cells, long- 
term culture-initiating cells (LTC-IC), and low- and high- 
proliferative potential colony-forming cells (LPP- and HPP- 
CFCs). In a few instances in vivo long-term repopulation 
has been assesed,’.’’ but not compared with normal unmani- 
pulated marrow in a competitive transplant model. Similar 
in vitro cytokine incubations have been used to cycle hema- 
topoietic cells to facilitate retroviral integration in various 
gene therapy 

Using a marrow transplant model employing normal non- 
irradiated host mice we have previously shown that cytokine 
exposure in vitrol5 or administration of fluorouracil (5-FU) 
in vivo16 results in markedly impaired long-term engraftment 
of these cells. In each of these experimental models (in vitro 
cytokines or in vivo 5-Fu) the cell progenitor populations 
assessed by in vitro colony growth of HPP-CFC and LPP- 
CFC have been stimulated to proliferate. These studies were 
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noncultured Ly5.1 cells led to 540 2 140 engraftment at 12 
weeks and to 4% 2 240 engraftment at 22 weeks posttrans- 
plantation for the cytokine exposed cells. Noncultured Ly5.2 
cells competed with cultured Ly5.1 cells led to 70% ? 140 
engraftment at 12 weeks and to 9340 f 240 engraftment at 
22 weeks posttransplantation. In the second model, which 
uses BALBlc marrow of opposite genders, cultured male 
cells lead to 1340 f 940 engraftment at 10 weeks and 240 f 1% 
engraftment at 14 weeks posttransplantation; noncultured 
male cells lead to 7040 f 2% and 9540 rt 2% engraftment 
at  10 and 14 weeks posttransplantation. respectively. Data 
presented here from two different competitive transplant 
studies show a defect of cytokine expanded marrow related 
to cell cycle activation which manifests as defective long- 
term repopulating capability in irradiated host mice. The en- 
graftment defect is more profound at longer time intervals, 
suggesting that the most striking effect may be on long- 
term repopulating cells. 
0 1996 by The American Society of Hematology. 

performed using a relatively unique transplant model in 
which donor cell populations engraft into nonlymphomye- 
loablated hosts. Assessment of long-term repopulating abil- 
ity is usually performed in myeloablated hosts and virtually 
all transplant and stem cell models have used irradiated mye- 
loablated hosts. This is the first report of two competitive 
studies in which cytokine-treated cells, which were not ob- 
tained after chemotherapy (eg, day 2 post 5-FU), were com- 
peted with noncultured fresh marrow cells in lethally irradi- 
ated recipients. We have evaluated the effects of in vitro 
culture of marrow cells with interleukin-3 (IL-3), IL-6, IL- 
11 and stem cell factor (SCF) on progenitor cell expansion, 
cell-cycle status, and competitive repopulation in vivo. 

MATERIALS AND METHODS 

Mice. C57BL/6 (Ly5.2) and B6.SJL (Ly5.1) mice were pur- 
chased from The Jackson Laboratories (Bar Harbor, ME), and 
BALB/c mice were purchased from Charles River Laboratories (Wil- 
mington, MA). All animals were maintained in virus-free conditions 
and were given food and acidified water ad libitum. Mice were 
purchased at either 16 to 18 g or 18 to 22 g and were housed for a 
minimum of 1 week before experimental use. 

Culture of bone marrow (BM) with cytokines for 48 hours for 
expansion. BM cells were obtained by flushing tibias and femurs 
of 6- to 8-week-old Ly5.2 (C57BL/6) and Ly5.1 (B6.SJL) mice. Ten 
million BM cells were cultured in nonadherent tissue culture dishes 
at a density of lo6 nucleated cells/mL in DMEM (low glucose), 
supplemented with 15% heat-inactivated fetal calf serum (FCS) with 
cytokines (recombinant murine SCF [nnSCF] at 50 ng/mL, d L - 3  
at 50 U/mL, rmIL-6 at 50 U/mL, and rhuIL-11 at 50 ng/mL) at 37°C 
in a fully humidified atmosphere of 5% CO, in air.” After 48 hours 
all cultured cells were procured by vigorous pipetting with ice-cold 
phosphate-buffered saline (PBS) and cell scraping (as determined 
by microscopy). 

Both freshly procured un- 
cultured cells and cells obtained after 48 hours culture were counted 

In vitro agar colony-forming assays. 
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and plated at a cell density of 25,000 per 35-mm plastic petri dish 
in a double-layer nutrient agar system. Underlays were a-Modified 
Eagle’s Medium (a  MEM) with 15% FCS supplemented with vita- 
mins, glutamine, and growth factors (colony-stimulating factor 
[CSF-11, granulocyte-macrophage-CSF [GM-CSF], G-CSF, IL-la, 
IL-3, mSCF, and basic fibroblast growth factor [bFGF]). Target cells 
were included in a 0.5-mL overlay with a final agar concentration 
of 0.33%. Dishes were gassed with a mixture of 5% 0,. 10% CO,, 
and 85% NI and incubated at 37°C for 14 days. In general, four dishes 
were set up from each animal. Plates were scored on a dissecting 
microscope for LPP-CFC (all cell clusters with more than 50 cells 
and not fulfilling HPP-CFC criteria) and HPP-CFC (highly dense 
colonies greater than 0.5 mm in diameter or moderately dense colo- 
nies greater than 1.0 mm in diameter).15 

Tritiated thymidine suicide assay. The in vitro 3HTdR suicide 
technique was performed as previously de~cribed.’~.’~ Briefly, 5 x 
lo6 marrow cells per mL were incubated at 37°C for 20 minutes in 
Hanks’ balanced salt solution (HBSS) containing 200 pCi per mL 
3H-TdR (New England Nuclear, Boston, MA; specific activity = 

20.0 Ci/mmol/L) or a concentration of nonlabeled “cold” thymidine 
equivalent to that in the 3HTdR incubation. After this incubation 
excess cold thymidine was added and the cell suspension washed 
three times and then plated at an equivalent cell density of 25,000 
per dish based on the original counts for progenitor cell growth in 
vitro in soft agar as described above. The fraction of cells in cycle 
was determined by percent reduction of HPP-CFC induced by 
3HTdR exposure. 

Competitive BM transplantation of marrow from Ly5.2Ly5. I con- 
genic C57BU6 and B6.SJL mice. Cells were obtained and cultured 
as described above. Recipient mice were exposed to 12.0 Gy (7.0 
Gy and 5.0 Gy given 3 hours apart) in a gamma cell 40 cesium 
source and 1 hour later injected intravenously (IV) with (1) a mixture 
of 50% cytokine-cultured Ly5.1 cells (equivalent to 20 X lo6 starting 
cells harvested after 48 hours of incubation with cytokines) and 50% 
fresh noncultured Ly5.2 cells; (2) a mixture of 50% noncultured 
Ly5.1 cells and 50% cytokine-treated Ly5.2 cells (equivalent to 20 
X lo6 starting cells harvested after 48 hours of incubation with 
cytokines); and (3) a mixture of 50% cytokine-cultured cells (equiva- 
lent to 20 X lo6 starting cells harvested after 48 hours of incubation 
with cytokines) of both cell types. Volumes for injection ranged 
from 0.5 to 1.0 mL. The percentages of marrow cells bearing the 
Ly5.2 and Ly5.1 phenotypes were determined 12 and 22 weeks 
posttransplant by fluorescence-activated cell sorter (FACS) analysis. 
One million suspended cells were incubated for 10 minutes with 
mouse IgG (Sigma) for 30 minutes at 4°C. The Ly5-specific mono- 
clonal antibodies (MoAbs) for Ly5.2 (fluorescein isothiocyanate 
[FITCI-conjugated MoAb 1042.1) and Ly5.1 (biotin-conjugated 
A201.7) (Jackson Immunolaboratories, Bar Harbor, ME) were added 
for 30 minutes, and then washed twice. Cell-bound biotinylated 
MoAb A201.7 was detected with streptavidin-Red 670 (R&D, Min- 
neapolis, MN), which was incubated for 30 minutes at 4°C. Cells 
were washed twice and subsequently analyzed with an FACS 
(FACS-STAR; Becton Dickinson, San Francisco, CA). 

Competitive BM transplantation of male and female BALBk mar- 
row. Cells obtained from BALBk mice were cultured as described 
above. Female recipient mice were given 10.5 Gy irradiation in 
doses of 5.5 Gy and 5.0 Gy administered 3 hours apart and 1 hour 
later injected IV with either a mixture of 50% cytokine-cultured 
female (corresponding to the equivalent of 20 x lo6 starting cells 
harvested after 48 hours of culture with cytokines) and 50% (20 x 
lo6) fresh noncultured male cells, or a mixture of 50% cytokine- 
cultured male cells (corresponding to the equivalent of 20 x IO6 
starting cells obtained after 48 hours of culture with cytokines) and 
50% (20 X lo6) fresh noncultured female cells. Volumes for injec- 
tion were the same in each experiment and ranged from 0.5 to 1.0 

mL. The percentage of male marrow in host marrow cells was then 
determined 10 and 14 weeks posttransplantation using Southem blot 
analysis with the Y-chromosome-specific pY2 probe” performed 
as described.” Briefly, approximately 5 jig of genomic DNA per 
sample was digested with the restriction enzyme Dra-1 (Boehringer 
Mannheim, Indianapolis, IN) and separated by gel electrophoresis 
in 0.8% agarose (GIBCO-BRL, Grand Island, NY). DNA f’ragments 
were transferred onto Zetaprobe nylon membranes (BioRad, Rich- 
mond, CA) by capillary transfer ovemight in 0.4 N sodium hydrox- 
ide. The blots were probed for the presence of Y-specific sequences 
using the pY2-cDNA (courtesy of Dr Ihor Lemischka, Princeton 
University, Princeton, NJ). Autoradiography was performed on Ko- 
dak XRP films (Eastman Kodak, Rochester, NY). The percentage 
of radioactivity of male and female DNA was quantified by exposing 
filters to photostimulatable phospor imaging plates (Molecular Dy- 
namics, Sunnyvale, CA) and scanning the plates with a 400 A Phos- 
phorImager (Molecular Dynamics),20 and quantitation was based on 
comparisons between posttransplant DNA samples and male murine 
DNA. Calculations of percent DNA were adjusted based on amounts 
of DNA loaded on each gel as determined by separate probing with 
an IL-3-specific cDNA (courtesy of J. Ihle and DNAX, Palo Alto, 
CA). 

In both transplant models lethal whole-body irradiation was used. 
Irradiated female mice were injected with male cells and repopula- 
tion with male cells only was seen (data not shown). Similar controls 
were performed in the Ly5.2Ly5.1 model to exclude contribution 
from host repopulation. 

Statistical analysis. Levels of significance of expansion of non- 
cultured progenitors by cytokine-treatment were analyzed by Wil- 
coxon’s rank sum test.,’ Mean differences of percentages of noncul- 
tured and cultured progenitors killed by in vitro 3HTdR exposure 
were compared by standardized-normal tests.,’ Differences in en- 
graftment of noncultured and cytokine-treated populations were 
compared by Wilcoxon’s rank sum test. 

RESULTS 

Effect of culturing BM in growth medium and cytokines 
IL-3, IL-6, IL-11, and SCF for  48 hours on expansion of 
hematopoietic progenitor cells. Expansion of HPC by cul- 
ture of marrow in growth medium and cytokines (mSCF at 
50 ng/mL, mIL-3 at 50 U / d ,  mIL-6 at 50 U/mL, and huIL- 
11 at 50 ng/mL) for 48 hours was determined by comparing 
the contents of HPP-CFCs and LPP-CFCs of both freshly 
obtained uncultured marrow and cytokine-treated cells in 
a soft-agar colony assay. Cultured cells were procured by 
vigorous pipetting with ice-cold PBS and cell scraping until 
virtually no residual cells remained in the culture flasks as 
determined by microscopy. Cultured marrow cells from 
Ly5.2 (C57BU6) and Ly5.1 (B6.SJL) mice were expanded 
by 49% and 206% for HPP-CFC and 14% and 166% for 
LPP-CFC in these murine strains, respectively (Fig 1). This 
expansion of cultured progenitors by cytokine-treatment was 
significant for HPP-CFC and LPP-CFC in Ly5.1 marrow 
( P  < .01, Wilcoxon’s rank sum test), and was marginally 
significant (P = . l )  in Ly5.2 marrow. 

Effects of the culture with cytokines on the cell-cycle status 
of HPC. The cell-cycle status of primitive progenitor cells 
present in noncultured marrow and in marrow that was incu- 
bated for 48 hours in culture medium with the cytokines 
mSCF, IL-3, IL-6, and IL-11 was analyzed by comparing 
colony growth of marrow exposed to high activity tritiated 
thymidine (3HTdR) to colony growth of marrow that was 
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not challanged with radioactivity. The percentage of HPP- 
CFCs and LPP-CFCs killed by exposure to  'HTdR indicate 
the fraction of HPC that underwent active DNA synthesis 
in cell-cycle progression. No cell-cycle activity could be 
detected in noncultured Ly5.2 (C57BU6) marrow (Fig 2A). 
The amount of HPP-CFC and LPP-CFC killed in noncul- 
tured  fresh marrow by thymidine suicide was a mean of 0% 
indicating that  most  HPC were in dormancy. After culture 
with cytokines a mean of 95% of HPP-CFCs and a mean of 
86% of LPP-CFCs were killed by exposure to high-activity 
tritiated thymidine in these Ly5.2 mice (Fig 2A). This indi- 
cates that  most  of the cytokine-treated cells had  been induced 
to enter active phases of the cell cycle. 

This change of HPC cycle status induced by culture of 
marrow cells with cytokines was also observed in marrow 
from Ly5.1 (B6.SJL) mice (Fig 2B). In this strain 20%  of 
HPP-CFCs and 32% of LPP-CFCs of noncultured marrow 
were killed by exposure to 'H-TdR. The amount of progeni- 
tor cells entering active phases of the cell cycle increased 
dramatically as shown by HPP-CFC fractions of 98% and 
LPP-CFC fractions of 86% killed by exposure to high activ- 
ity tritiated thymidine in this strain. A standardized-normal 
test comparing the mean differences of noncultured and cul- 
tured progenitors was highly significant ( P  < .OOOl) in both 
strains. 

Efect of culture with cytokines on engraftnhilih of BM 
into letltnlly irradiated hosts. We have used two competi- 
tive murine transplant models in irradiated host mice to as- 
sess for the engraftment potential of marrow cells cultured 
for 48 hours with the cytokines mSCF, IL-3,  IL-6, and IL- 
1 I .  The first model, which uses the LY-5.llLy-5.2 congenic 
B6.SJL  and C57BL/6 strains, allows distinction of donor- 
and host-derived cells with MoAbs specific for the alleles 
of Ly-5; the second model  uses BALB/c mice, allowing for 
the detection of male donor cell  DNA sequences in female 
recipients. 

The equivalent of 20 X IO" starting cells of either Ly5.1 
(B6.SJL) or Ly5.2 (C57BL/6) that were obtained after a 
culture with the cytokines mSCF, IL-3, IL-6, and IL-I I were 
mixed and injected together with fresh, noncultured cells of 

Fig 1. Progenitor cell expansion  of whole marrow 
by culture in culture medium with  the cytokines 
mSCF, 11-3,  IL-6, and 11-11 for 48 hours. Shown is the 
progenitor cell content present in 10 x 10' noncul- 
tured (0 hours)  cells and that of culture flasks initiated 
with l 0  x 10'  cells after 48 hours of  culture.  HPP- 
CFC are represented by dark  shaded  bars (W) at  the 
bottom of the columns, and LPP-CFC are represented 
as lighter bars (B) at  the  top of the columns. (A) Cul- 
tured marrow cells from C57BL/6  (Ly5.2) were ex- 
panded by 49% for  HPP-CFC and 14%  for  LPP-CFC.  (B1 
Cells from B6.sJL (Ly5.1) were expanded by 206% for 
HPP-CFC and 166% for LPP-CFC.  This  expansion  of 
noncultured progenitors by cytokine-treatment was 
significant  for  HPP-CFC and LPP-CFC in Ly5.1 marrow 
( P  = .01,  Wilcoxon's rank sum test), and was margin- 
ally significant ( P  = .l) in Ly5.2 marrow. 

the opposite strain into irradiated (12.0 Gy) recipient mice. 
The percentages of marrow cells stained with MoAbs spe- 
cific for the two alleles of Ly-5 were determined 12  and  22 
weeks posttransplant by FACS analysis (Fig 3). Noncultured 
Ly5.2 (C57BW6) marrow, competing with cytokine-cultured 
Ly5.1 (B6.SJL) marrow, lead to high engraftment with a 
mean (?SE) of 70% ? 1% (n = IO)  in Ly5.1 (Fig 3A) and 
of 63% ? 5% (n = 5) in Ly5.2 recipients (Fig 3B) at  12 
weeks posttransplantation. Engraftment levels of cultured 
Ly5.2  marrow cells competing with noncultured Ly5.1 cells 
were 5% ? 1% (n = IO)  in LyS.1 recipients (Fig 3A) and 
7% ? 2% (n = 5) in LyS.2 recipients (Fig 3B) at 12 weeks 
posttransplant. Differences in engraftment between noncul- 
tured  and cytokine-treated populations were significant ( P  
< .01, Wilcoxon's rank sum test) in the experiment in Ly5.2- 
recipients and was marginally significant ( P  = . l )  in the 
experiment in Ly5.1 -recipients. This engraftment defect of 
cytokine-treated marrow was even more pronounced when 
analyzed 22 weeks after transplantation (Fig 3C). Mean en- 
graftment of cultured Ly5.2 donor marrow competing with 
fresh Ly5.1 cells was only 4% t 2% (n = IO) at 22 weeks, 
six individual mice showing no engrafting cells. Fresh 
noncultured Ly5.2 marrow competed with cultured Ly5.1- 
cells gave a mean level of 93% 2% (n = IO)  engraftment 
with three mice showing all LyS.2 cells. Differences in en- 
graftment between noncultured and cytokine-treated popula- 
tions were significant at 22 weeks posttransplantation ( P  < 
.Ol). 

A similar engraftment defect of expanded progenitor cells 
in  active phases of the cell cycle could be shown in the other 
transplant model  that  uses male and female BALB/c donor 
populations into irradiated female BALB/c marrow  recipi- 
ents  (Fig 4). We have previously shown a 2.3-fold  increase 
of LPP-CFCs and maintenance of HPP-CFCs after culture 
with cytokines for 48 hours.'' Cell-cycle analysis had indi- 
cated that 90% of HPP-CFC were induced to enter active 
phases of cell cycle by activation with cytokines.'' Here we 
present data from competitive engraftment studies in which 
the equivalent of 20 X 10" starting male or female cells 
obtained after a culture with  the cytokines mSCF,  IL-3, IL- 
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Fig 2. Cell-cycle analysis (thymidine suicide) of noncultured mar- 
row and progenitor cells incubated for 48 hours in culture medium 
with the cytokines mSCF, IL-3,1L-6, and IL-11. Bar graphs represent 
HPP-CFCs and LPP-CFCs present in 10 x l o 6  noncultured (0 hours) 
marrow cells and in 10 x l o 6  cultured marrow cells (48 hours) either 
short-term exposed (dark bars) or not exposed (light bars) to high 
activity tritiated thymidine (3HTdR). HPP-CFC data are plotted in 
front, LPP-CFC data at the back. (A) Thymidine suicide assay of non- 
cultured C57BL/6 (Ly5.2) progenitors showed no kill of LPP-CFCs and 
of HPP-CFCs indicating that these progenitor cell populations were 
dormant. After 48 hours of culture with cytokines 86% of LPP-CFC 
and 95% of HPP-CFC were killed and thus progressing through S 
phase. (B) Thymidine suicide assay of B6.SJL (Ly5.1) progenitors 
showed little kill of noncultured LPP-CFCs (32%) and HPP-CFCs (20%). 
After 48 hours of culture with cytokines, 86% of LPP-CFC and 95% of 
HPP-CFC were killed. A standardized-normal test comparing the 
mean differences of noncultured and cultured progenitors was highly 
significant ( P  < .0001) in both strains. 

6, and IL-11 were mixed and injected together with fresh, 
noncultured cells of the opposite gender into irradiated (10.5 
Cy) recipient mice. Southem blot engraftment analysis using 
the Y-chromosome-specific pY2 cDNA probe showed com- 
promised engraftment of cultured cytokine-exposed marrow 
cells competing with noncultured marrow cells in BM, 
spleen, and thymus of lethally irradiated female hosts at 10 
and 14 weeks posttransplantation. Noncultured male BALB/ 
c marrow cells, competing with cytokine-cultured female 
BALB/c marrow, lead to mean engraftment (LSE) levels of 
70% 2 2% (n = 5 )  in female BALB/c recipient marrow 
at 10 weeks posttransplantation (Fig 4A, top row). Mean 

engraftment levels of cultured male marrow cells competing 
with noncultured female cells were 13% L 9% (n = 5) in 
the marrow of female recipients at 10 weeks. This difference 
in engraftment of noncultured and cytokine-treated popula- 
tions is statistically marginally significant (P = .5, Wil- 
coxon's rank sum test). The engraftment defect was more 
impressive in animals analyzed 14 weeks after transplanta- 
tion (Fig 4A, bottom row). Fresh noncultured male BALB/ 
c marrow cells competing with cytokine-treated female cells 
contributed to 95% 2 9% (n = 10) marrow engraftment 
while cytokine-treated male cells competing with noncul- 
tured female cells gave a mean level of only 2% 2 1% (n 
= 10). Differences in engraftment between non-cultured and 
cytokine-treated populations were highly significant (P < 
.O 1). In these BALB/c transplants the engraftment defect 
was also apparent when spleen and thymus were analyzed, 
indicating that this is a general engraftment defect (Fig 4B 
and C). 

DISCUSSION 

These data show that in vitro exposure to a cytokine cock- 
tail of IL-3, IL-6, IL-11, and SCF expands surrogate progeni- 
tordstem cells (LPP-CFC and HPP-CFC) in vitro, induces 
them to progress through cell cycle, and concomitantly pro- 
duces a profound engraftment defect in lethally irradiated 
myeloablated hosts. Studies in both engraftment models 
show a more profound engraftment defect at longer time 
intervals posttransplantation, suggesting that the most strik- 
ing effect may be on the long-term repopulating population. 

Cytokine expanded progenitor cells may not be truly re- 
newal stem cells or may retain renewal potential but exist 
in a nonengrafting state. A number of studies in murine 
species have shown that multipotential CFCs like GM-CFC, 
CFU-GEMM, HPP-CFC, and LTC-IC can be expanded in 
vitro after exposure to a wide variety of cytokine mixtures 
including SCF, CSF- 1, G-CSF, M-CSF, GM-CSF, IL- l a ,  
IL-6, IL-11, erythropoietin, PIXY321, interferon-y, and leu- 
kemia inhibitory f a ~ t o r . ~ ~ ' ~ ' ~ ' ~ ~ ~ ~ ~ *  Functional aspects such as 
increased capacity to form CFU-S3 and augmented capacity 
for short- and long-term renewal (<35 and 2 3 5  days, re- 
spectively) have been assessed for fresh cells competing with 
"compromised" for fresh cells in noncompetitive 
transplant studiesz9 and for cells obtained after treatment 

expanded with cytokines in vivo in anemic 
and/or irradiated mice. This is the first study in which cyto- 
kine-treated normal cells, as opposed to cells harvested after 
chemotherapy, were competed with normal cells and ana- 
lyzed for their contribution for engraftment. We show that 
primitive hematopoietic cells induced to divide and prolifer- 
ate by cytokines in culture acquire an engraftment defect 
that is related to cell cycle activation. This interpretation 
is supported by data obtained from competitive transplant 
experiments in normal (nonlymphomyeloablated) hosts, 
showing a that functional engraftment defect occurs in mar- 
row cells harvested 6 days after treatment of mice with 5- 
FU; the defect is no longer present 35 days after treatment 
with 5-FU." Using the same model a cytokine induced en- 
graftment defect was shown.'' In both cases the engraftment 
defect correlated with cell-cycle activation. Differentiation 

with 5-FU 1-7.9.10.30 
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Fig 3. Assessment of BM en- 
graftment after competitive 
transplantation of noncultured 
with cultured marrow cells by 
FACS analysis for donor-derived 
cells stained with MoAbs spe- 
cific for the two alleles of Ly-5. 
Columns represent the marrow 
fraction of individual mice posi- 
tive for anti-Ly5.2 antibody 
staining. Analysis of anti-Ly5.1 
antibody staining gave recipro- 
cal results and are not shown 
here. (A) Analysis at 12 weeks 
posttransplantation in Ly5.1 
(B6.SJL-Ly5a) recipients: noncul- 
tured Ly5.2 (C57BL/6) marrow 
competed with Ly5.1 marrow 
led to  mean (+SE) engraftment 
levels of 70% ? 1% for the Ly5.2 
cells; cytokine-cultured Ly5.2 
marrow cells competing with 
Ly5.1 cells led t o  5% ? 1% en- 
graftment. Differences in en- 
graftment between noncultured 
and cytokine-treated popula- 
tions were significant (P < .01, 
Wilcoxon's rank sum test). (6) 
Analysis at 12 weeks posttrans- 
plantation in recipient mice of 
Ly5.2 background: noncultured 
Ly5.2 cells competing with Ly5.1 
cells led to  63% f 5% en- 
graftment for the Ly5.2 cells; cul- 
tured Ly5.2 cells competing 
Ly5.1 cells contributed to  79'0 f 
2% engraftment. Differences in 
engraftment were marginally 
significant (P = .I). (C) Analysis 
at 22 weeks posttransplantation 
in recipient mice of Ly5.1 back- 
ground: noncultured Ly5.2 mar- 
row cells contributed a mean of 
93% & 2% to  engraftment 
whereas cytokine-treated Ly5.2 
cells gave a mean engraft- 
ment of 4% ? 2% when com- 
peted with Ly5.1 marrow cells. 
Differences in engraftment be- 
tween noncultured and cyto- 
kine-treated populations were 
significant at 22 weeks post- 
transplantation ( P  < .011. 
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Fig 4. Percentage of male DNA in BM, spleen, and thymus of individual irradiated recipient female mice given transplants of noncultured 
male or female BALBlc marrow competed with cytokine-cultured marrow cells of the opposite gender at 10 and 14 weeks posttransplantation. 
Southern blots were probed with pY2 and the percentage engraftment was calculated using phosphorimage analysis, taking a male control 
as 100% and a female control as 0%. Samples were corrected for loading with an 11-3 probe. (A) Noncultured male BALBlc marrow cells, 
competing female marrow, led to  mean engraftment ( S E I  levels of 70% t 296 in marrow of irradiated female BALBlc recipients at 10 weeks 
posttransplantation (top row). Mean engraftment levels of cultured male marrow cells competing with female cells was 13% 2 9% in marrow 
of female recipients at 10 weeks. The difference in engraftment of noncultured and cytokine-treated populations is statistically marginally 
significant ( P  = .5, Wilcoxon's rank sum test). At 14 weeks after competitive transplantation (bottom row) noncultured male BALBlc marrow 
cells contributed to  95% 2 9% marrow engraftment whereas cytokine-treated male BALBlc cells gave a mean level of only 246 2 1%. Differences 
in engraftment between noncultured and cytokine-treated populations were highly significant ( P  i .01). (B and C) The engraftment defect 
was also apparent in spleen and thymus, indicating that this is a general engraftment defect. 
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in culture could alternatively explain this engraftment defect, 
but it seems unlikely that all of the hematopoietic stem cells, 
which are constantly exposed to cytokines in vivo, would 
differentiate out of the stem cell pool. Findings of altered 
integrin molecule expression related to cytokine-induced 
cell-cycle transit suggests a possible mechanism for the cy- 
tokine-induced engraftment defect related to modulation of 
homing factors.31 

Engraftable states of cultured hematopoietic progenitors 
may be maintained by cytokines that spare cell cycle activa- 
tion. This is suggested by data from Li and Johnson' showing 
maintained long-term repopulating ability of rhodamine 123 
low, lineage-negative Ly6AE+ cells for as long as 7 days in 
culture with SCF when injected with compromised marrow. 
Protocols designed to promote mitosis of hematopoietic pro- 
genitors for retroviral gene transfer frequently contain cyto- 
kine combinations including SCF, IL-3, IL-6, and IL-l11.7.1'-'4 
rendering them unlikely to engraft. Attempts to alter en- 
graftment efficacy of cytokine treated stem cells by reversing 
cell-cycle-related defects may be indicated both to improve 
the clinical potential for cytokine-expanded stem cells and 
for gene therapy approaches. 

ACKNOWLEDGMENT 

We thank laboratory colleagues for help with mouse work, espe- 
cially Sudhir Rao, Candi Tiarks, Michelle Dabetis, Judy Reilly, Mark 
Dooner, Maureen Blomberg, and Bemice Fraioli; and Tod Tumer 
for maintaining the animal facility. 

REFERENCES 
1. Bodine DM, McDonagh KT, Seidel NE, Nienhuis AW: Sur- 

vival and retrovirus infection of murine hematopoietic stem cells in 
vitro: Effects of 5-FU and method of infection. Exp Hematol 19:206, 
1991 

2. Bodine DM, Crosier PS, Clark SC: Effects of hematopoietic 
growth factors on the survival of primitive stem cells in liquid sus- 
pension culture. Blood 78:914, 1991 

3. Bodine DM, Odic D, Birkett NC, Seidel E, Zsebo KM: Stem 
cell factor increases colony-forming unit-spleen number in vitro in 
synergy with interleukin-6, and in vivo in SVSId mice as a single 
factor. Blood 79:913, 1992 

4. Muench MO, Moore MAS: Accelerated recovery of peripheral 
blood cell counts in mice transplanted with in vitro cytokine-ex- 
panded hematopoietic progenitors. Exp Hematol 2061 1, 1992 

5. Muench MO, Schneider JG, Moore MAS: Interactions among 
colony-stimulating factors, IL-1, IL-6, and Kit-ligand in the regulation 
of primitive murine hematopoietic cells. Exp Hematol 20339, 1992 

6. Muench MO, Firpo MT, Moore MAS: Bone marrow trans- 
plantation with interleukin 1 plus kit-ligand ex vivo expanded bone 
marrow accelerates hematopoietic reconstitution in mice without loss 
of stem cell lineage and proliferation potential. Blood 81:3,463, 1993 

7. Szilvassy SJ, Cory S: Efficient retroviral gene transfer to puri- 
fied long-term repopulating hematopoietic cells. Blood 84:74, 1994 

8. Li CL, Johnson GR: Stem cell factor enhances the survival but 
not the self-renewal of murine hematopoietic long-term repopulating 
cells. Blood 84408, 1994 

9. Bodine DM, Seidel NE, Gale MS, Nienhuis AW, Orlic D: 
Efficient retrovirus transduction of mouse pluripotent hematopoietic 
stem cells mobilized into the peripheral blood by treatment with 
granulocyte colony-ctimulating factor and stem cell factor. Blood 
84:1482, 1994 

10. Neben S, Donaldson D, Sieff C, Mauch P, Bodine D, Ferrara 

J, Yetz-Adalpe J, Tumer K: Synergistic effects of interleukin-11 
with other growth factors on the expansion of murine hematopoietic 
progenitors and maintenance of stem cells in liquid culture. Exp 
Hematol 22:353, 1994 

1 1. Williams DA, Orkin SH, Mulligan RC: Retrovirus-mediated 
transfer of human deaminase gene sequences into cells in culture 
and into murine hematopoietic cells in vivo. Proc Natl Acad Sci 
USA 83:2566, 1986 

12. Bodine DM, Karlsson S, Nienhuis AW: Combination of in- 
terleukins 3 and 6 preserves stem cell function in culture and en- 
hances retrovirus-mediated gene transfer into hematopoietic stem 
cells. Proc Natl Acad Sci USA 85:8897, 1989 

13. Luskey BD, Rosenblatt M, Zsebo K, Williams DA: Stem cell 
factor, interleukin-3, and interleukind promote retroviral-mediated 
gene transfer into murine hematopoietic cells. Blood 80:396, 1992 

14. Kittler ELW, Crittenden RB, Debatis M, Ramshaw HR, Peters 
SO, Tiarks CY, Quesenbeny PJ: Enhancement of retroviral integration 
by cytokine stimulation impairs engraftment of bone marrow cells int 
non-myeloablated hosts. Blood 84:344a, 1994 (abstr, suppl 1) 

15. Peters SO, Kittler ELW, Ramshaw HS, Quesenbeny PJ: Mu- 
rine marrow cells expanded in culture with IL-3, IL-6, IL-ll, and 
SCF acquire an engraftment defect in normal hosts. Exp Hematol 
23:461, 1995 

16. Ramshaw HS, Rao SS, Crittenden RB, Peters SO, Weier HU, 
Quesenbeny PJ: Engraftment of bone marrow cells into normal 
unprepared hosts: effects of 5-fluorouracil and cell cycle status. 
Blood 86:924, 1995 

17. Iscove NN, Till JE, McCulloch EA: The proliferative status 
of mouse granulopoietic progenitor cells. Proc SOC Exp Med 134:33, 
1970 

18. Quesenbeny PJ, Stanley K A statistical analysis of murine 
stem cells. Blood 56:1000, 1980 

19. Lamarr EE, Palmer E: Y-encoded, species-specific DNA in 
mice: Evidence that the Y chromosome exists in two polymeric 
forms in inbred strains. Cell 37:171, 1984 

20. Johnston RF, Picket SC, Barker DL: Autoradiography using 
phosphor technology. Electrophoresis 11:355, 1990 

21. Freund JE, Walpole RE: Mathematical Statistics (ed 3). En- 
glewood Cliffs, NJ, Prentice-Hall, 1980, p 478 

22. Leary AG, Ikebuchi K, Hirai Y, Wong GG, Yang Yc, Clark 
SC, Ogawa M: Synergism between interleukin-6 and interleukin- 
3 in supporting proliferation of human hematopoietic stem cells: 
Comparison with interleukin-la. Blood 71:1759, 1988 

23. Iscove NN, Shaw AR, Keller G: Net increase of pluripotential 
hematopoietic precursors in suspension culture in response to IL- 1 
and IL-3. J Immunol 142:2332, 1989 

24. Brandt J, Srour EF, van Besien K, Briddell RA, Hoffman R: 
Cytokine-dependent long-term culture of highly enriched precursors 
of hematopoietic cells from human bone marrow. J Clin Invest 
86:932, 1990 

25. Tsuji K, Zsebo KM, Ogawa M: Enhancement of murine blast 
cell colony formation in culture by recombinant rat stem cell factor, 
ligand for c-kit. Blood 78:1223, 1991 

26. Lansdorp PM, Dragowska WJ: Long-term erythropoiesis 
from constant numbers of CD34+ cells in serum-free cultures initi- 
ated with highly purified progenitor cells from human bone marrow. 
Exp Med 175:1501, 1992 

27. Brugger W, Micklin W, Heimfeld S, Berenson RJ, Mertels- 
mann R, Kanz L: Ex vivo expansion of enriched peripheral blood 
CD34+ progenitor cells by stem cell factor, interleukin-10 (IL- 
lp), IL-6, IL-3, interferon-y, and erythropoietin. Blood 81:2579, 
1993 

28. Srour EF, Brandt JE, Bride11 RA, Grigsby S, Leemhuis T, 
Hoffman R Long-term generation and expansion of human primitive 
hematopoietic progenitor cells in vitro. Blood 81:661, 1993 



ENGRAFTMENT DEFECT IN EX VIVO EXPANDED MARROW 37 

29. Knobel KM, McNally MA, Berson AE, Rood D, Chen K, 
Kilinski L, Tran K, Okarma TB, Lebkowski JS: Long-term reconsti- 
tution of mice after ex vivo expansion of bone marrow cells: Differ- 
ential activity of cultured bone marrow and enriched stem cell popu- 
lations. Exp Hematol 22:1227, 1994 

30. Ploemacher RE, van der Sluijs JP, van Beurden CAJ, Bam MRM, 

Chan PL Use of limitingdilution type long-term mamw cultures in 
fresuency analysis of mw-repopulating and spleen colony-fOrming 
hematopietic stem cells in the mouse. Blood 78:2527, 1991 

3 1 .  Becker PS, Li Z, Quesenbeny PJ: Cytokine regulation of cell 
adhesion receptor expression in hematopoietic cells. Blood 84:280a, 
1994 (abstr, suppl 1) 


