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In Vitro Maintenance of Highly Purified, Transplantable Hematopoietic
Stem Cells

By Kateri A. Moore, Hideo Ema, and |Ihor R. Lemischka

The cellular and molecular mechanisms that regulate the
most primitive hematopoietic stem cell are not well under-
stood. We have undertaken a systematic dissection of the
complex hematopoietic microenvironment to define some
of these mechanisms. An extensive panel of immortalized
stromal cell lines from murine fetal liver were established
and characterized. Collectively, these cell lines display exten-
sive heterogeneity in their in vitro hematopoietic supportive
capacity. In the current studies, we describe a long-term in
vitro culture system using a single stromal cell clone
(AFT024) that qualitatively and quantitatively supports
transplantable stem cell activity present in highly purified
populations. We show multilineage reconstitution in mice
that received the equivalent of as few as 100 purified bone

AMMALIAN BLOOD formation originatesin asmall
population of hematopoietic stem cells. The hallmark
features of these cells are (1) ahierarchic multilineage differ-
entiation potential with the ability to clonally give rise to at
least eight distinct cell lineages, (2) a self-renewal capacity
that is reflected in the lifelong continuous activity of few,
and in some cases single, stem cells, and (3) a dramatic
proliferative potential that is ultimately responsible for the
production of large numbers of mature blood cells.** During
the past decade, much progress has been made in provid-
ing a physical phenotype for this rare population of stem
cells.*® However, currently, the only reliable functional
assay system for the most primitive stem cell compartment
is long-term in vivo transplantation. No in vitro system has
been developed that adequately recapitulates stem cell be-
havior. Therefore, the cellular and molecular mechanisms
that regulate the biology of stem cells have remained ob-
scure.

A major challenge in stem cell research is the establish-
ment of culture systems that facilitate in vitro maintenance
of long-term transplantable stem cell activity. Thisisaneces-
sary first step toward a cellular and molecular understanding
of the regulatory mechanisms that mediate commitment ver-
sus self-renewal decisions. Moreover, establishment of such
culture systems is a prerequisite for potential expansion of
undifferentiated stem cell populations and for generation of
stem/progenitor cells committed to selected lineages.

Efforts to develop culture systems for the maintenance of
transplantable stem cells can be subdivided into two broad
categories: (1) those using defined cytokine combinations as
the only culture supplements and (2) those relying on a
preestablished stromal monolayer as an additiona supportive
component (with or without exogenously added cytokines).
Both of these strategies have met with limited success. In
thefirst case, it has been repeatedly demonstrated that combi-
nations of cytokines can exert potent stimulatory effects on
stem/progenitor populations.” In some studies, highly puri-
fied stem cells'®™ have been used, and the direct effects of
cytokines have been demonstrated at the single-cell level .23
While informative, the vast mgjority of these studies are
limited by their strictly in vitro nature. Thus, it is feasible
to expand replatable in vitro progenitor populations'®** and
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marrow and fetal liver stem cells cultured for 4 to 7 weeks on
AFT024. The cultured stem cells meet all functional criteria
currently ascribed to the most primitive stem cell popula-
tion. The levels of stem cell activity present after 5 weeks
of coculture with AFT024 far exceed those present in short-
term cytokine-supported cultures. In addition, maintenance
of input levels of transplantable stem cell activity is accom-
panied by expansion of other classes of stem/progenitor
cells. This suggests that the stem/progenitor cell population
is actively proliferating in culture and that the AFT024 cell
line provides a milieu that stimulates progenitor cell prolifer-
ation while maintaining in vivo repopulating activity.

© 1997 by The American Society of Hematology.

to stimulate colony formation by cells with both myeloid-
erythroid and lymphoid potential>*3'516; however, the
equivalence of these progenitor cells to the in vivo trans-
plantable stem cell population remains speculative. Several
studies have clearly demonstrated a dramatic loss of in vivo
repopulating potential as a result of cytokine-driven in vitro
proliferation.’*® A small number of studies have shown that
defined cytokine combinations promote the maintenance of
transplantable activity.® However, most of these are limited
by the use of very short culture periods, the exact nature of
the in vivo assay, and the use of nonenriched stem cell
sources.??® This precludes interpretations suggesting a di-
rect action of the given cytokine(s) in maintaining transplant-
able activity.

A further complication with defined cytokine studies is
the inability to ascribe in vivo physiologic relevance to the
observed effects. It has long been accepted that in the intact
animal, stem cells are found in close association with discrete
cellular microenvironments.*# These observations suggest
both the existence of stem cell niches and the notion that in
vivo stem cell regulatory mechanisms are likely to require
cell-cell contact or short-range interactions.?® Efforts to un-
derstand the features of the hematopoi etic microenvironment
began with the establishment of the Dexter long-term culture
(LTC) system.?® In this culture system, hematopoiesis is
maintained for weeks or months by a heterogeneous adherent
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cell monolayer derived from bone marrow (BM). Some de-
gree of transplantable stem cell maintenance and self-re-
newal® has been demonstrated, but a general feature of the
Dexter LTC is a dramatic net decrease of stem cell activity
over time.®*2 Although much progress has been made, espe-
cially in studies of human stem/progenitor cells,** afurther
drawback of this system is the heterogeneity of the stromal
cell types present in the supportive monolayer. This hampers
identification of regulatory mechanisms. Numerous studies
have been reported in which the heterogeneous stromal
monolayer is replaced with cloned stromal cell lines.®*
Many of these cdll lines can support in vitro myelopoiesis,***
B-lymphopoiesis,** or in some cases both.***>*" However,
few studies have focused on in vitro maintenance of the
most primitive transplantable stem cell compartment. More-
over, with one exception,”® studies that have focused on in
vitro maintenance of this stem cell population begin with
heterogeneous unpurified sources of hematopoietic activ-
ity.*4245 Such populations contain numerous nonhematopoi-
etic stromal cell types. Therefore, it has not yet been possible
to assign a direct stem cell supporting phenotype to a given
stromal cell line.

We have hypothesized that the rare frequency of primitive
stem cells may suggest an equally rare frequency of stem
cell —supporting microenvironmental niches. Accordingly,
we established and characterized a large panel of condition-
ally immortalized, cloned stromal cell lines from midgesta-
tion fetal liver. This organ was chosen because during devel-
opment it is where the stem cell compartment undergoes
self-renewal expansion in addition to differentiation.”® The
cell lines were generated as previously described® by im-
mortalization with a temperature-sensitive simian virus 40
T-antigen (SV40TAQ).” The clona nature of the AFT024,
2018, and 2012 cell lines was verified by Southern blot
analysis, which detected a single, unique proviral integration
locus in the genomic DNA. As a first screen to identify
potentially interesting cell lines, we used a ‘‘cobblestone
area’’ (CA) assay™ initiated with BM taken from mice in-
jected 2 days previously with 5-fluorouracil. It has been
suggested that CA colonies that appear after a prolonged
culture period are derived from more primitive stem cells,
possibly identical to some in vivo transplantable entities.>
Therefore, we were most interested in identifying cell lines
that support such late-arising CAs. Of 225 lines, 77 (34%)
were capable of supporting limited in vitro hematopoiesis,
whereas, consistent with our initial hypothesis, only 2% were
able to maintain long-term (>6 weeks) hematopoietic CA
activity. Subsequent studies with a selected subset of these
lines showed that the ability to effectively support reconsti-
tuting BM stem cellsin vivo isinfrequently observed.* Two
of 16 cell lines maintained significant levels of long-term
reconstituting stem cell activity for an in vitro culture period
of 3 weeks. Several other cell lines supported low levels of
such activity or transiently repopulating stem cells. The cell
inoculum in these studies was whole BM unenriched for
stem cell activity. Therefore, it is not possible to suggest
that the effective stromal cell lines were directly supporting
stem cell activity. In the studies described, we demonstrate
that asingle clonal cell line, designated AFT024, can main-
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tain quantitative levels of transplantable stem cell activity
present in highly purified stem cell populations. We have
used a competitive repopulation assay system that uses un-
compromised competitor BM cells. The in vitro—maintained
stem cells satisfy al criteria that currently define the most
primitive stem cell population, including the ability to recon-
stitute secondary recipients. We also show that in vitro main-
tenance of primitive transplantable stem cells is compatible
with concurrent generation of large numbers of committed
progenitors.

MATERIALS AND METHODS

Mice. Timed-pregnant mice and 5- to 7-week-old female mice
(C57BI/6J, Ly5.2) were purchased from the Jackson L aboratory (Bar
Harbor, ME). Congenic C57BI/6, Ly5.1 female mice were purchased
from the National Cancer Institute (Frederick, MD). All mice were
housed at the Princeton University Barrier Animal Facility in auto-
claved microisolator cages on ventilated cage racks. The animals
received sterile irradiated food and acidified autoclaved water ad
libitum.

Sromal cell linesand culture conditions.  Fetal liver stromal cell
lines used in this study were derived as previously described.* Stro-
mal cell lineswere routinely cultured in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal bovine serum (FBS)
and 5 X 107° mol/L B-mercaptoethanol (2-ME) at 32°C, 5% CO,,
and 100% humidity. Sera were obtained from Hyclone (Logan, UT).
Other biochemical reagents were obtained from Sigma (St Louis,
MO). Two of the lines used in this study (2012 and 2018) were
previously characterized for the ability to support long-term repopu-
lating activity present in whole unfractionated BM.*®* The AFT024
cell line was identified as an additional long-term (>4 weeks) CA
supporter. Subclones of 2012 and AFT024 were isolated and used
in these studies. The AFT024 cell line has remained stable and
demonstrated consistent stem cell supporting ability for over 4 years.

Hematopoietic stem cell purification. Stem cells were purified
from day 14 fetal livers essentially as previoudly described,* with
inclusion of c-kit expression as an additional parameter. Briefly,
AA4.1-positive (AA4.1") cells were isolated by immunopanning on
petri dishes coated with AA4.1 antibody (10 ug/mL). The AA4.1"
fraction has been shown to contain al repopulating stem cell activity
present in day 14 fetal liver.®® AA4.1" cells were collected and
stained with saturating concentrations of fluorescein isothiocyanate
(FITC)-labeled rat monoclonal antibodies to lineage markers (CD3,
CD4, CD5, CD8, B220, Gr-1, Mac-1, and TER-119). The cellswere
simultaneously stained with phycoerythrin (PE)-labeled Ly6A/E
(Sca-1) antibody and biotinylated antibody to c-kit. The latter was
developed with streptavidin alophycocyanin (APC). The AA4.1 hy-
bridomawas a kind gift from Dr J. McKearn of Monsanto (St Louis,
MO). AA4.1 antibody was purified by ImClone Systems Inc (New
York, NY). The TER-119 antibody was initially obtained from Dr
T. Kina of Kyoto University (Kyoto, Japan) and subsequently pur-
chased from PharMingen (San Diego, CA). All other antibodieswere
purchased from PharMingen. Streptavidin APC was purchased from
Molecular Probes Inc (Eugene, OR).

Three-color fluorescence-activated cell sorting for lineage-nega-
tive to low (lin™"°), Sca-1*, c-kit™ cells was initially performed on
a dual-laser Epics 753 cell sorter (Coulter Electronics, Hialeah, FL)
interfaced with Cicero software (Cytomation Inc, Fort Collins, CO),
and subsequently on a multilaser FACS Vantage with Cell Quest
software (Becton Dickinson Immunocytometry Systems, San Jose,
CA).

Enriched fractions of BM stem cells were obtained from C57BI/
6 Ly5.1 mice as previously described.> Briefly, BM mononuclear
cells were isolated by density centrifugation over Ficoll Hypague
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(<1.077; Pharmacia, Piscataway, NJ). Lineage-negative or -low
staining cells (lin™"°) were obtained by magnetic bead depletion
(anti—rat 1g coated beads; Dynal, Oslo, Norway) of mononuclear
cells using the same lineage cocktail described aready. The cells
were further stained with antibodies to Sca-1 and c-kit as described.
Sorting for lin™°, Sca-1*, and c-kit™ cells was accomplished with
the Epics 753 as already described.

Sem cell/stromal cell cocultivation and cytokine-supplemented
suspension culture.  Stromal cell lines were seeded on tissue culture
dishesthat had been coated with 1% gelatin (Specialty Media, Laval-
lette, NJ) and were grown at 32°C, 5% CO,, and 100% humidity.
Confluent monolayers were irradiated (20 Gy, Cesium 137 source,
Gammacell 40; Nordion International Inc, Ontario, Canada) and
cultured in modified Dexter™ media (DMEM, 10% FBS, 10% horse
serum, 5 X 107° mol/L 2-ME, and 1 X 10~7 mol/L hydrocortisone).
For Dexter LTC, enriched hematopoietic stem cells were added and
the cultures were maintained at 37°C, 5% CO,, and 100% humidity
with weekly media changes. The specific number of purified stem
cells added to stromal cell cocultures is given in the appropriate
figure or table legend. In some experiments, week 4 AFT024/stem
cell cultures were harvested and replated in limiting dilution onto
fresh, irradiated (20 Gy) AFT024 monolayers in 96-well trays (Dex-
ter LTC conditions). CAs were scored weekly (as described earlier)
for an additional 5 weeks. Irradiated (20 Gy) 2018 monolayers in
96-well trays were used in limiting-dilution Whitlock-Witte** assays
(LD-WW) to assess stromal-dependent B-lymphopoiesis content of
both freshly purified and AFT024 cultured fetal liver stem cells.
These cultures were established in RPMI media with 5% FBS, 2
mmol/L glutamine, 1 mmol/L Na pyruvate, and 5 x 10~° mol/L 2-
ME at 37°C, 5% CO,, and 100% humidity. Cell line 2018 has been
previously identified as a potent B-lymphopoiesis—supporting line
in WW conditions.*” Short-term cytokine-supported suspension cul-
tures and short-term AFT024/stem cell cocultures were established
in Iscove's modified Dulbecco’s Medium, 10% FBS, 1% BSA, and 5
X 107° mol/L 2-ME at 37°C, 5% CO,, and 100% humidity. Cytokine
concentrations were as follows: rmflk2/flt3-ligand (FL) 30 ng/mL,
rmSteel factor (SL) 20 ng/mL, and recombinant human interleukin-
6 (IL-6) 10 ng/mL. FL was obtained from ImClone Systems Inc
(New York, NY). SL was purchased from Genzyme Corp (Cam-
bridge, MA). IL-6 was purchased from Upstate Biotechnology Inc
(Lake Placid, NY).

Transplantation assays for hematopoietic stem cell activity.
Competitive repopulation was used to measure stem cell activity
present in both freshly isolated and cultured stem cell populations.>®
This assay was performed using the congenic Ly5.1/5.2 mouse sys-
tem.>” Enriched stem cells were seeded onto irradiated stromal mono-
layers and maintained in Dexter LTC conditions. At the end of 4 to
7 weeks, the cultures were harvested by vigorous trituration. Single-
cell suspensions were prepared by passage through 22-gauge nee-
dles, mixed with fresh congenic BM, and transplanted into lethally
irradiated congenic mice (10 Gy, split dose 3 hours apart, 1 Gy/min,
Gammacell 40). All purified fetal liver stem cells were from Ly5.2
mice. The competitor BM and recipients were Ly5.1. Purified BM
cellswere from Ly5.1 mice; in this experiment, Ly5.2 BM was used
as competitor and Ly5.2 mice as recipients. To assess reconstitution,
mice were periodicaly bled by capillary puncture of the orbita
venous plexus. Blood (0.1 mL) was collected into heparin-containing
(10 U/mL) DMEM, and red blood cells were lysed with NH,CI.*®
For the experiments described in Fig 2 and Table 1, the nucleated
cells were divided into two fractions, stained with the appropriate
biotinylated Ly5 antibody, developed with streptavidin-peridinin
chlorophyll protein (PerCP) and (1) CD4-FITC, CD8-PE and (2),
B220-FITC, Mac-1-PE, Gr-1-PE. Cells from each fraction were ana-
lyzed on an Epics Profile Il (Coulter Electronics). For the experi-
ments described in Fig 3 and Tables 2 and 3, nucleated cells were
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stained with directly conjugated lineage antibodies (CD4-PE, CD8-
PE, Mac-1-FITC, Gr-1-FITC, and B220-APC) and biotinylated
Ly5.2 antibody developed with streptavidin Texas Red (TR). Four-
color analysis of stained cells was performed on either the Coulter
Epics 753 or Becton Dickinson FACS Vantage with the appropriate
software interfaces. Anti-Ly5.1 wasakind gift from Dr H. Nakauchi,
University of Tsukuba (Tsukuba, Japan). Purified and biotinylated
Ly5.2 antibody was originally obtained from ahybridoma (AL 14A2)
kindly provided by Dr G. Spangrude, University of Utah Medical
Center (Sat Lake City, UT). In later experiments, Ly5.2 antibody
was purchased from PharMingen; CD4-PE, CD8-PE, and B220-
APC were aso purchased from PharMingen. Streptavidin-PerCP
was purchased from Becton Dickinson Immunocytometry Systems.
Streptavidin TR was purchased from Molecular Probes. Competitive
repopulating units (CRU) per 10° were calculated according to the
following formula®;

CRU/10°

_ %Ly5-Positive Cells % Cell Number Competitor BM
100 — %Ly5 Number of Test Cells

Recondtitution values of less than 2% of the test Ly5 donor dlde were
not considered sufficiently above background for calculation of CRU.

Retransplantation potential of stem cells was assessed by second-
ary transplantation. Mice from the experiment presented in Fig 1
werekilled 60 weeks after transplantation, and the BM was harvested
and stained with antibody to Ly5.2 followed by streptavidin TR.
Ly5.2* cells were collected by cell sorting (Coulter Epics 753) and
used to transplant lethally irradiated secondary Ly5.1 recipients.
Marrow from mice in the control and AFT024 groups was used to
transplant mice in both radioprotection and competitive repopul ation
assays. Ly5.2" BM from the primary 2012 transplants was used
only in radioprotection assays. Primary 2018 mice did not contain
sufficient Ly5.2" cells for secondary transplantation. Transplanted
mice were bled and analyzed by four-color flow cytometry for the
presence of Ly5.2% cells and multilineage reconstitution.

In vitro hematopoietic progenitor cell assays. The progenitor
content of freshly purified hematopoietic stem cell populations and
AFT024/stem cell cocultures was assessed using a variety of in vitro
assays. All of the following assays were accomplished with fetal
liver stem cells enriched as described earlier. To determine the time
course of CA development, enriched stem cells were seeded onto
irradiated AFT024 monolayers (300 to 600 cells'well in 12-well
trays). CA development was evaluated over time, and characteristic
clusters were quantified as described earlier. At different time points
of the stem cell/AFT024 cultures, individual wells were harvested
and replated into cytokine-supplemented semisolid clonogenic pro-
genitor assays (CFU-C). The cytokine-enriched (rmiL-3 10 ng/mL,
rhiL-6 10 ng/mL, rmSL 50 ng/mL, and erythropoietin 3 U/mL)
methylcellulose mixture was purchased from Stem Cell Technolo-
gies Inc (Vancouver, BC, Canada). Colonies were scored after 8 to
14 days of culture at 37°C, 5% CO,, and 100% humidity according
to established criteria® Colonies that reached greater than 1 mm in
size after 8 days and contained erythroid bursts and multiple myeloid
cell lineages including megakaryocytes were scored as high—prolif-
erative potential mixed-lineage colonies (CFU-HPP-Mix).®* Lineage
content of typical colonies was determined by Wright/Giemsa stain-
ing of a cytospin slide preparation from individual colonies. Colony
assays were also performed with 10° freshly purified cells. CFU
progenitor contents of AFT024 cocultures were normalized to an
initial input of 10° stem cells. To assess the ability of the AFT024
cell line to maintain primitive lymphoid progenitors, 4-week cocul-
tures were plated into LD-WW assay on 2018 cells as described
earlier. Resulting pro—B-cell colonies were scored after 7 days. The
cell number in individual wells (96-well trays, 8 wells) was normal-
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ized from the original number of purified stem cells that initiated
the coculture, ie, stem cell equivalents per well. As calculated from
the line of best fit, the cell number at 37% negative wells is the
frequency of pro—B-cell colony-initiating cells in the starting popu-
lation.®? In a similar manner, the frequency of CA initiating cellsin
week 4 stem cell/AFT024 cocultures was also determined by replat-
ing them in limiting dilution onto fresh, irradiated AFT024 mono-
layers in 96-well trays. CAs were scored as described earlier at 1,
2, 3, 4, and 5 weeks after replating in Dexter LTC. The resulting
frequencies were calculated as described aready for the LD-WW
assays and are also expressed in relation to the number of stem cells
that seeded the initial cultures (stem cell equivaents).

RESULTS

Invivo andinvitro assays for stemcell activity maintained
by stromal cell lines. We chose to use highly enriched
stem cell populations to initiate cultures supported by single
stromal cell lines. We focused on one cell line, AFT024,
which in preliminary experiments was a particularly potent
stem/progenitor cell supporter. Two other stromal cell lines,
2012 and 2018, which were analyzed in a previous study,*
were included in some experiments. To more rigorously es-
tablish the clonality of these lines, they were subcloned by
limiting dilution. All subclones obtained from a given cell
line contained the same provira integrant position as the
parental cell line (data not shown). The AFT024 cell linewas
evaluated for its ability to maintain both in vivo competitive
repopulating stem cells and a broad spectrum of stem/pro-
genitor cells defined by a variety of in vitro assays. The in
vivo assays focused on the ability of stem cells cultured for
extended periods (4 to 7 weeks) to permanently reconstitute
multilineage hematopoiesis in transplanted hosts. The in
vitro assays included enumeration of CA appearing over
time in the initial cultures and quantitation of stem/progeni-
tor cells that can form colonies in cytokine-supplemented
replating assays. Cellsfrom 4-week AFT024/stem cell cocul-
tures were also assayed by limiting dilution for the content
of progenitors capable of initiating secondary CAs on

Fig 1. AFT024 maintains in vivo repopulating
stem cells. The ability of 3 different stromal cell lines
to support highly purified fetal liver stem cells was
studied. Freshly purified day 14 fetal liver cells were
transplanted directly (10° AA4.1*, lin™""°, Sca-1*, ¢c-
kit* cells plus 10° Ly5.1 competitor BM per mouse;
n = 6) into Ly5.1 congenic mice (control). Additional
stem cells from the same purification were also used
to initiate Dexter LTC over irradiated AFT024, 2012,
and 2018 stromal cell monolayers (10* cells/10-cm
dish). After 4 weeks of culture, 10% aliquots of each
culture (10° stem cell equivalents) were transplanted

E § g g into Ly5.1 recipients (n = 8) together with 10° com-
5 E [SUS] petitor Ly5.1 BM cells. Peripheral blood cells from
(O mice were analyzed for the presence of Ly5.2* cells

at 5, 12, 24, and 56 weeks after transplant. Error bars
56 weeks

represent the SEM.

AFT024 or B-lymphopoiesis in W-W cultures supported by
2018.

AFT024 maintains quantitative levels of long-termin vivo
repopulating stemcell activity.  Inour first line of investiga-
tion, we asked if and at what levels in vivo transplantable
stem cell activity was present in 4- to 7-week-old cultures
initiated with highly enriched stem cells and supported by
AFT024, 2012, or 2018. We used purified day 14 fetal liver
cells (AA4.1%, lin™"°, Sca-1*, c-kit™) and adult BM cells
(lin™"°, Sca-1*, c-kit*") as sources of stem cell activity. Both
of these populations are about 1,000- to 1,500-fold enriched
for stem cell activity, as measured by competitive repopula-
tion.® The Ly5.1/Ly5.2 congenic system was used for all
competitive repopulation studies.>” The data presented in Fig
1 demonstrate that the cultures supported by AFT024 contain
stem cell activity at levels quantitatively identical to those
present in the uncultured purified populations. In this experi-
ment, individual Ly5.1 mice received 10° freshly purified
Ly5.2 cells or the cultured equivalent of 10° purified Ly5.2
cells. Each mouse also received 10° Ly5.1 competitor BM
cells. The percentage of Ly5.2* peripheral blood cells was
approximately egual in both groups of recipient animals.
Moreover, the cultured stem cell activity is as effective as
freshly purified activity for in vivo periods of greater than
1 year. The datain Fig 1 also show that the 2018 cell line
is completely ineffective in maintaining highly purified stem
cell activity, whereasthe 2012 cell line supportsintermediate
levels of repopulating activity. The data presented in Table
1 provide quantitative CRU calculations and results of mul-
tiparameter lineage analyses. The extremely low levels of
reconstitution by 2018-cultured stem cells precluded lineage
analysis. CRU values for AFT024-cultured and freshly puri-
fied populations are nearly identical. Moreover, both fresh
and AFT024-cultured stem cells reconstitute myeloid and
lymphoid cell populations to a similar degree. To further
access the supporting activities of AFT024 and 2012, we
used a 10-fold lower number of fetal liver stem cells from
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Table 1. Multilineage Stem Cell Activity and High CRU Levels Are Maintained in AFT024 Cultures
Lineage Contribution, % Ly5.2 Cells
Total %
Cells Week CD4 CD8 B220 Myeloid Ly5.2 CRU/10°
With 1,000 purified fetal
liver cells*
Control 5 33+15 4.4 +1.7 48 = 5.1 32 + 6.0 28 = 1.3 386 = 24
12 27 £ 10 24 + 8.7 63 + 8.9 43 + 9.2 44 + 3.2 800 = 102
24 42 + 6.9 34 + 4.1 71+ 4.4 62 + 1.4 48 + 4.8 984 + 171
AFT024 5 7.7 £6.2 6.0 + 3.5 58 + 6.6 36 + 4.7 39 + 21 641 = 54
12 44 = 7.1 38 + 6.4 70 + 5.6 53 + 3.6 48 + 1.4 942 + 51
24 56 = 3.8 49 + 3.1 72 + 2.4 64 + 3.7 56 = 1.9 1,270 = 96
2012 5 0.8 + 0.5 1.4 +0.3 6.8 + 3.6 14 =11 7.4 +23 52 + 8.5
12 9.1 + 8.4 10 = 6.9 14 + 9.3 23 + 20 14 + 45 194 + 68
24 17 + 3.8 18 + 2.0 23 +5.9 32 +6.4 21+ 4.4 196 = 71
Lineage Contribution, % Ly5.2 Cells
Total %
Cells Week Myeloid B Cells T Cells Ly 5.2 CRU/10°
With 100 purified fetal
liver cellst
AFT024 15 33+ 4.6 41 + 6.0 25 + 5.3 28 + 4.6 1,888 + 315
26 17 = 4.4 18 + 4.8 18 = 5.9 24 +59 1,825 + 571
46 22 +5.7 19 + 6.6 15 + 6.7 20 + 6.5 1,595 + 628
2012 15 32+738 28 +7.2 20 = 5.2 24 + 6.6 1,390 + 382
26 10 + 2.8 9.7 + 3.2 9.7 + 3.2 14 + 3.9 699 + 176
46 11 +23 6.7 = 1.6 8.9 + 3.2 9.0 + 2.0 409 = 80
Lineage Contribution, % Ly5.1 Cells
Total %
Cells CD4 CD8 B220 Myeloid Ly5.1 CRU/10°
With 100 purified BM
cellst
Control (n = 8) 38+73 30 =+ 5.8 43 + 6.7 31+ 438 32+ 65 583 + 172
AFT024 (n = 7) 20 + 9.8 18 + 8.8 20 + 8.7 24 =11 22 +10 490 + 296

* AA4.1" day 14 fetal liver cells (Ly5.2) were further purified for a lin™"°, Sca-17, c-kit* stem cell surface phenotype. Fresh purified control
cells (10°%) were transplanted with 10° Ly5.1 competitor marrow (n = 6 mice). From the same purification, 10* cells were cocultured with stromal
cell lines for 4 weeks. Subsequently, 10% of each culture was transplanted per mouse (n = 8 mice/stroma) together with 10° competitor BM
cells. The contribution to each lineage in peripheral blood is expressed as the percent of the total specific lineage population that was Ly5.2".
CRU/10%, relative enrichment of competitive repopulating units. Data are the mean = SEM.

1 The lineage and CRU content of low numbers of enriched fetal liver stem cells maintained on AFT024 and 2012 were determined. 500 stem
cells were maintained in Dexter LTC for 4 to 7 weeks over irradiated monolayers. 20% of each culture was used to transplant groups of 4 mice
(ie, each mouse received the equivalent of 100 stem cells that initially seeded the cultures) combined with 4 x 10° competitor BM cells. Data
are the mean = SEM.

$ Ly5.1 BM cells with a lin™"°, Sca-1%, and c-kit* cell surface phenotype were purified. 100 fresh cells per mouse (control) were transplanted
with 10° Ly5.2 competitor BM cells. One thousand of the same purified cells were cocultured with stromal cell lines for 6 weeks. The cultures
were then harvested, and 10% of each culture was transplanted per mouse with competitor. Data are from peripheral blood samples taken 4

months after transplant and are the mean + SEM.

two separate purifications to initiate the cocultures. The cul-
tures were continued for 4 to 7 weeks, harvested, and used
in competitive repopulation studies. Each recipient received
the cultured equivalent of 100 purified Ly5.2 stem cells plus
4 x 10° Ly5.1 competitor BM cells. A total of 12 mice were
transplanted with AFT024 cocultures (four each after 4, 5,
and 7 weeks of LTC). The parental AFT024 line was used
in the 4-week group, and two different subclones were used
to support the 5- and 7-week cultures. AFT024-cultured
Ly5.2 stem cells contributed 20% to 30% of periphera blood
cellsin these recipients, whereas cells cultured on 2012 dem-
onstrated more limited in vivo function (Table 1). The 2012
cultures were made with two subclones of the parental line

and were maintained for 4 weeks before harvest and trans-
plant (four mice per subclone). The data using different cul-
ture times or subclones did not vary significantly and are
presented together in Table 1. An additional experiment was
undertaken using enriched BM cultured on AFT024 and
2018 for 6 weeks. In this experiment, BM was purified from
Ly5.1 congenic mice. Each Ly5.2 recipient mouse in this
study received 100 freshly purified cells or the cultured
equivalent of 100 purified cells. Both groups received 10°
Ly5.1 competitor BM cells per mouse. Data analysis for
the presence of Ly5.1" cells at 4 months after transplant is
presented in Table 1. For 6 weeks of culture, AFT024 cells
maintained quantitative levels of reconstituting activity pres-
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Table 2. LTRSC Maintained on AFT024 Are Able to Repopulate
Secondary Recipients at Levels Comparable
to Noncultured Stem Cells

% Ly5.2* Peripheral Blood Cells

Competitive
Group Week* Radioprotection Repopulation
Control 6 21 (1) 2.6 = 0.6 (4)
22 54 (1) 5.6 = 1.6 (4)
AFT024 6 13 +£0.2 (4) 1.3+ 0.9 (8)
22 44 + 15.1 (3) 4.3 = 0.9 (8)
2012 6 6.7 £ 29 (4) ND
22 14 = 2.2 (4) ND

The retransplantation potential of LTRSC in primary recipients of
stromal cell cultured stem cells was studied in secondary recipients.
60 weeks after transplant, primary mice (Fig 1, Table 1) were killed,
and BM was harvested and stained with antibody to Ly5.2. Ly5.2"
cells were collected by cell sorting and used to transplant secondary
recipients (congenic Ly5.1 mice). Control and AFT024 groups were
transplanted with 1.5 X 10° Ly5.2 cells per mouse for radioprotection
(4 mice/group were transplanted) and 7.5 X 10° Ly5.2 cells + 7.5 X
10° Ly5.1 cells for competitive repopulation (4 mice for the control
group and 8 mice for the AFT024 group). 2012 mice were transplanted
with 3 X 10° Ly5.2 cells per mouse (4 mice). Number in parentheses
is the number of mice surviving per group. ND, not determined. Data
are the mean + SEM.

* Time after transplant that the mice were analyzed.

ent in 100 purified BM stem cells. The 2018 cell line failed
to maintain stem cell activity.

We extended these studies to include secondary trans-
plantation as an additional assay for primitive stem cells.
BM cellswere harvested from the primary recipients of fresh
and cultured fetal liver stem cells (Fig 1 and Table 1), and
the Ly5.2" fetal liver—derived fraction was collected by cell
sorting. Secondary radioprotection and competitive repopu-
lation transplants were performed. The data are presented in
Table 2. The secondary-recipient repopulating activities are
nearly identical for AFT024-cultured stem cells and noncul-
tured controls. Lineage analysis of Ly5.2 cellsin the second-
ary recipients showed similar numbers of myeloid and
lymphoid cells derived from both AFT024-cultured and non-
cultured stem cells (data not shown). Due to the low cell
numbers collected from recipients of 2012-cultured cells,
only a radioprotection assay was feasible. Some level of
secondary reconstituting cell activity was observed. Marrow
from mice receiving 2018-cultured cells did not contain
Ly5.2 cells, and therefore no secondary transplants were
performed.

We aso undertook an additional experiment where the
levels of stem cell activity present in long-term AFT024
cocultures were compared with those in short-term cytokine-
stimulated cultures or short-term AFT024-supported cultures
(Fig 2). Purified fetal liver cellswere seeded onto an AFT024
monolayer and maintained in Dexter LTC conditions for 5
weeks. Simultaneously, the same number of purified cells
was cultured for 5 days (1) with different cytokine combina-
tions or (2) on AFT024. Transplantable activity in the cul-
tured cells was then assayed by competitive repopulation.
Each mouse received the cultured equivalent of 600 stem
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cells together with 4 x 10° Ly5.1 competitor BM cells. It is
evident from the data that the levels of in vivo repopulating
activity present in long-term AFT024-supported cultures are
much greater than those remaining after a short-term cyto-
kine-supported culture period. Of interest also is that short-
term AFT024 stem cell cocultures do not maintain significant
in vivo recongtituting activity. In fact, these levels of stem
cell activity are identical to the levels seen in cytokine-
supported cultures.

In vitro stem/progenitor populations are expanded by
AFTO024. AFT024/stem cell cocultures have vigorous he-
matopoiesis throughout the entire in vitro culture period.
This is reflected in the large number of relatively mature
hematopoietic cells that are produced throughout the culture
period (data not shown). In addition, CA colonies are ob-
served throughout the culture period. Figure 3 shows atime
course of CA appearance with purified fetal liver stem cells
(three separate experiments). After 28 days in culture, ap-
proximately one in every 20 input stem cells is capable of
proliferating into a CA. In addition, CA appearance over
time follows a biphasic distribution, with many CAs ob-
served early in the culture period. To enumerate the various
classes of stem/progenitor cells present in AFT024 cocul-
tures, we performed aseries of in vitro replating experiments.
These included quantitation of (1) progenitor cells capable
of colony formation in cytokine-supplemented semisolid cul-
tures (CFU assay), (2) progenitor cells capable of initiating
secondary CA in limiting-dilution AFT024 cultures, and (3)
progenitor cells that can initiate B-lymphopoiesis in LD-
WW cultures. In all of these experiments, the primary cul-
tures were initiated with purified fetal liver cells. All data
presented are normalized to an initial input of 10° purified
cells (CFU assay) or the actual number of initial-input stem
cells (limiting-dilution assays).

Shown in Fig 4 are the number and type of cytokine-
responsive CFU progenitors present at various times in
AFT024-supported cocultures. Production of CFU is evident
a all time points. However, the content is especially high
after 4 weeks, representing a fivefold to sevenfold increase/
expansion compared with the content in freshly purified pop-
ulations. The content of more primitive progenitors (CFU-
HPP-Mix) isincreased by 12-fold. These HPP-Mix colonies
often reach a size of 2 mm in 8 days and contain large
numbers of erythroid bursts and megakaryocytes. Interest-
ingly, there does not appear to be a correlation between CA
number and CFU content at different culture times. This is
most apparent at day 6, when CA number is at the peak but
progenitor content is similar to that observed in noncultured
stem cells. Furthermore, there is no correl ation between CFU
content and the absolute number of maturing hematopoietic
cells present in a given culture (data not shown).

We next determined the content of primitive B-lymphoid
progenitors present in AFT024/stem cell cultures. We ac-
complished this by plating cells from the 4-week AFT024
cocultures into LD-WW assays over the 2018 stromal cell
line. Two experiments with freshly purified stem cells and
AFT024-cultured stem cells showed that the frequency of
pro—B-cell progenitors is expanded 10-fold in AFT024 cul-
tures compared with the freshly purified input population
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Fig 2. LTC on AFT024 maintains greater levels of 40
repopulating stem cell activity than short-term cyto-
kine- or short-term AFT024-supported cultures. Puri-
fied fetal liver cells were cultured for 5 days in sus-
pension with cytokines or on an AFT024 monolayer
(3,000/well, 12-well tray). Additional cells from the
same purification were seeded onto AFT024 mono-
layers (3,000/6-cm dish) and maintained in Dexter
LTC for 5 weeks. At completion of both culture peri-
ods, the cells were harvested, mixed with Ly5.1 BM,
and used to transplant mice. Each mouse received
20% of each culture (600 stem cell equivalents) and
4 x 10° competitor BM cells (4 mice/culture). Periph-
eral blood cells from mice were analyzed for the pres-
ence of Ly5.2* cells at 15 weeks after transplant. FL,
1.0 £ 0.57; FL/SL, 0.75 * 0.25; FL/IL-6, 1.8 + 0.14; SL/
IL-6, 3.2 = 0.46; FL/IL-6/SL, 1.7 = 0.21; AFT024 5 days,
2.8 = 0.11; AFT024 5 weeks, 32.2 + 7.4. *P < .004, 0=
Student’s t test. Error bars represent the SEM.

30

201

%Ly5.2 peripheral blood cells

(day O frequency, one in 11.0, R? = .98; day 28 AFT024-
cultured frequency, one in 1.1, R? = .97).

To measure the content or frequency of progenitor cells
capable of initiating secondary CA, four separate 4-week
AFTO024/stem cell cocultures were replated in limiting dilu-
tion onto fresh AFT024 monolayers. CAs were scored after
1 week. The data are presented in Fig 5A. Large numbers
of secondary CAs were observed. When normalized to the
stem cell numbers used to initiate the primary cultures (stem
cell equivalents), the frequency of these progenitors is one
in three to four. Figure 5B shows data from one of four
experiments presented in Fig 5A, where the quantitation of
secondary CAs was extended for 4 more weeks. The fre-
quency of CA decreases dowly over time (one in 19 after
an additional 4 weeks), approximating the frequency seen in
the primary cultures at 4 weeks. In summary, our in vitro
replating assays collectively demonstrate a significant expan-
sion of primitive progenitor populations in 4-week AFT024
cultures. In these same cultures, there is no decrease in the
level of transplantable stem cell activity present in the total
hematopoietic cell population.

FL

FL/SL FL/IL-6 SL/IL-6 FL/AL-6/SL AFT 5day AFT Swk

DISCUSSION

In the experiments presented, we have demonstrated that
the AFT024 stromal cell line can maintain quantitative levels
of in vivo repopulating stem cells for at least 7 weeks of in
vitro culture. We used highly enriched stem cell populations
in low numbers (100 cells) and measured stem cell activity
in a stringent, competitive-repopulation assay system. The
cultured stem cell activity satisfies al in vivo criteria nor-
mally ascribed to the most primitive stem cell compartment:
(1) long-term engraftment ability, (2) multilineage potential,
and (3) ability to repopulate secondary recipients. In addi-
tion, our studies with the low number of culture-initiating
stem cells for both BM and fetal liver imply that AFT024
stromal cells exert their supportive effectsin adirect manner.
We believe that these studies represent a clear example of
an in vitro system capable of directly supporting the most
primitive stem cell compartment.

Our previous studies had shown that stroma cell lines
isolated from a single tissue source are heterogeneous with
respect to the ability to maintain long-term repopul ating stem
cells.® We speculated that the rare cell lines that were effec-
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Fig 3. Time course of CA formation on AFT024.
The formation of stromal-dependent CA derived
from purified fetal liver stem cells was studied in
AFT024 cocultures. Characteristic clusters of =50
cells were scored as CA over 28 days of culture. Re-
sults are expressed as the mean number of CAs/
1,000 input stem cells from 3 separate fetal liver puri-
fications (300 to 600 cells/well in 12-well trays). Error
bars represent the SEM. The frequency of CA after
28 days is approximately 1 for every 20 input stem
cells.
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Fig5. CA-initiating cells are expanded on AFT024. Qg’
(A) A quantitative estimate of the number of 28-day 154
cultured stem cell equivalents required to form a CA k=
after replating on secondary AFT024 monolayers ¥
was determined. Four different AFT024 cocultures ;3

from separate fetal liver purifications were studied
(A, B, C, and D). In limiting-dilution assay, the fre-
quency of stem cell equivalents required to form a
CA in another 7 days was 1 in 4 (3.56 = 0.64, R> =
.96). (B) CA maintenance in 1 of 4 cultures was fol-
lowed for an additional 4 weeks. The frequency of
stem cell equivalents maintaining CA was deter-
mined. At 37% negative wells, the frequencies were
as follows: 2 weeks, 1in 3; 3 weeks, 1in 10; 4 weeks,
1in 19; and 5 weeks, 1 in 29.
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Fig 4. HPP multilineage clonogenic progenitors
are selectively expanded on AFT024. The clonogenic
progenitor content of stem cells maintained in
AFT024-supported Dexter LTC was determined. En-
riched fetal liver stem cells were seeded onto AFT024
monolayers. At various time points, an individual
well was harvested, and the cells were placed into
semisolid clonogenic progenitor assay (CFU-C). Col-
onies were scored at 8 to 14 days. Colonies were
designated as HPP upon reaching a size =1 mm after
8 days. CFU numbers at days 0, 4, and 28 are aver-
aged from 3 to 5 individual stem cell purifications.
Error bars represent the SEM for these experiments.
Other time points are individual determinations. CFU
are normalized to 1,000 input stem cells in the stro-
mal cocultures for comparison to day 0 progenitors.
*CFU-Mix (P = .01) and CFU-HPP-Mix (P = .001) are
significantly expanded at day 28 compared with day
0 (Student’s t test).
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tivein supporting in vivo reconstituting stem cellsmay repre-
sent immortalized components of in vivo stem cell niches.
However, our present studies together with those of others™
argue for the necessity of using purified stem cell populations
to support such a hypothesis. Specificaly, in the previous
experiments, the 2018 cell line maintained transiently recon-
stituting activity present in unfractionated BM. In the current
studies, 2018 fails to maintain measurable repopulating ac-
tivity when cultured for 4 to 6 weeks with highly purified
BM or fetal liver stem cells. Similarly, in preliminary experi-
ments using purified cells, we have failed to show robust
levels of recongtituting stem cell activity in cultures sup-
ported by CFCO034, the most effective cell line in the whole-
BM studies™ (data not shown). The 2012 cell line that in
one previously reported experiment®® was effective in main-
taining long-term repopulating whole-BM —derived stem
cellsis only partialy effective in the present studies. More-
over, only some subclones of 2012 display such activity
(despite identical provira integration positions in all sub-
clones). Recently, studies have shown that the S17 cell line
that consistently supports stem cell activity present in whole
BM¥ is not similarly effective in the maintenance of puri-
fied-BM stem cells.* Taken together with these current data,
the previously observed stem cell —supporting stromal cell
activities may reflect the action(s) of indirect mechanisms
and therefore do not permit identification of cellular stem
cell niche components. One previous study has shown that
the Sysl stromal cell line can maintain high levels of trans-
plantable activity present in purified BM.* The competitor
cells in this study were compromised by prior serial trans-
plantation. Moreover, in these studies, the culture period
was extended for only 2 weeks and effective maintenance
required the addition of exogenous leukemia inhibitory fac-
tor. In contrast, our current studies identify AFT024 as a
cell line that provides a direct-acting long-term stem cell—
supporting environment without the addition of exogenous
factors. A rigorous confirmation of this must await the devel-
opment of a serum-free AFT024/stem cell coculture system.
These experiments have been initiated.

Our studies also show that in addition to recovering net
input levels of transplantable activity from AFT024-sup-
ported cultures, we also obtain significantly expanded popu-
lations of primitive progenitor cells. CFU-HPP-Mix progeni-
tors are expanded by 12-fold after 4 weeks of culture, and
the number of stromal-dependent pro—B-lymphoid progeni-
tors is similarly amplified. We suggest that the AFT024-
mediated process of stem cell maintenance is in redlity a
dynamic phenomenon. Specifically, during the first portion
of the culture period, the majority of transplantable stem cell
activity may be lost through differentiation or cell death.
The remaining primitive stem cells may expand to yield
input levels of transplantable activity and increases in the
number of more committed progenitors. An obvious predic-
tion is that short-term AFT024-supported cultures should
contain reduced levels of transplantable stem cell activity.
In the experiment presented in Fig 2, this appears to be the
case. The standard Dexter-type media used in parallel long-
term AFT024 cocultures was not used in these short-term
cultures. However, in another short-term experiment using
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Dexter LTC media, we have observed a similarly dramatic
reduction in stem cell activity after 4 days of culture on
AFT024.%® These observations are intriguing because they
suggest that the AFT024 cell line is able to facilitate some
degree of ex vivo transplantable stem cell proliferation and
expansion. Indeed, in other studies, we have shown that
AFT024 can support colony formation initiated by single
purified stem cells with B- and T-lymphoid, myeloid, and
erythroid potentials (H. Emaand I.R. Lemischka, manuscript
in preparation). Moreover, preliminary experiments suggest
that it is possible to efficiently introduce retroviral markers
into transplantable stem cells at various times during
AFT024 coculture (K.A. Moore, unpublished observations,
January 1995). Extension of such marking experiments and
analysis of proviral integration patterns will be necessary to
rigorously ascertain if self-renewal replication is occurring
during these coculture periods.

The ability of AFT024 to maintain the most primitive
stem cell compartment while generating and expanding at
least some less primitive members of the stem/progenitor
cell hierarchy raises interesting issues regarding the nature
of stem cell niches. Our studies suggest that microenviron-
mental niche models that postulate distinct cellular entities
responsible for stem cell self-renewal and other cellular enti-
ties that support generation of committed progenitor cells
may be overly simplified.** Clearly, a single microenviron-
mental cell type represented by AFT024 is sufficient for
keeping stem cells in an undifferentiated state and for
allowing commitment and progenitor expansion to take
place. We suggest that a hallmark feature of a stem cell
niche is the ability to facilitate generation of the entire stem/
progenitor cell hierarchy from very primitive cells. There-
fore, the main functional role of such niches may be to
provide an environment that permits production of the cor-
rect numerical balance of more and less primitive stem/pro-
genitor cell entities. This model contains several testable
hypotheses. The most important is that in vitro stem cell
maintenance should not be interpreted literally asthe mainte-
nance of quiescent cells, but rather as a phenomenon that
results from a balance of self-renewal and commitment deci-
sions that occur during stem cell division.

What is the molecular nature of the mechanisms responsi-
ble for the AFT024 supportive phenotype? Although far
from exhaustive both in terms of cytokine combinations and
in the choice of media formulations, our experiments (Fig
2) do suggest that a cytokine cocktail of IL-6, SL, and FL
is not effective in maintaining fetal liver stem cell activity.
We have shown that RNA transcripts for these and 10 other
cytokines are present in AFT024 (data not shown), but they
are also detected at similar levelsin nonsupporting lines such
as 2018.*° These observations suggest the existence of novel
AFT024-derived molecules that may act on stem cells. In-
deed, using a subtractive hybridization molecular cloning
strategy, we have identified anumber of candidate molecules
(K.A. Moore et a, manuscript in preparation). Two of these
mol ecules contain epidermal growth factor (EGF)-like repeat
motifs that are related to those found in the Notch/Notch-
ligand family. Interestingly, one of these molecules appears
to have activity on primitive stem cell populations.®®

20z aunr g0 uo 3senb Aq Jpd'Le€1/1L9G20v L/LEEYIZL/68/HPd-8]01E/POOG/JoU SUOKEDIIqNdYSE//:d)Y WOl papeojumoq



4346

ACKNOWLEDGMENT

The authors thank Chris Karras, Darren Hasara, and the Princeton
Animal Facility staff for the excellent animal care that makes these
experiments possible; Jerome Zawadzki for expert flow cytometry
assistance; Dr Ruth E. Wager for help with some of the stem cell
purifications and analyses; and Dr Craig Jordan for critically reading
the manuscript.

REFERENCES

1. Ogawa M: Differentiation and proliferation of hemopoietic
stem cells. Blood 81:2844, 1993

2. Metcaf D: The molecular control of blood cells. Cambridge,
MA, Harvard University Press, 1988

3. Lemischka IR: The haematopoietic stem cell and its clonal
progeny: Mechanisms regulating the hierarchy of primitive haemato-
poietic cells. Cancer Surv 15:3, 1992

4. Mulder AH, Visser WM : Separation and functional analysis
of bone marrow cells separated by rhodamine-123 fluorescence. Exp
Hematol 15:99, 1987

5. Spangrude GJ, Heimfield S, Weissman IL: Purification and
characterization of mouse hematopoietic stem cells. Science 241:58,
1988

6. Lemischka IR: Purification and properties of fetal hematopoi-
etic stem cells. Dev Biol 4:379, 1993

7. Brugger W, Mocklin 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-1 (IL-1 beta),
IL-6, IL-3, interferon-gamma, and erythropoietin. Blood 81:2579,
1993

8. Kaller MR, Emerson SG, Palsson BO: Large-scale expansion
of human stem and progenitor cells from bone marrow mononuclear
cells in continuous perfusion cultures. Blood 82:378, 1993

9. Muench MO, Roncarolo MG, Namikawa R, Barcena A, Moore
MA.: Progressin the ex vivo expansion of hematopoietic progenitors.
Leuk Lymphoma 16:1, 1994

10. Lansdorp PM, Dragowska W: Long-term erythropoiesis from
constant numbers of CD34" cells in serum-free cultures initiated
with highly purified progenitor cells from human bone marrow. J
Exp Med 175:1501, 1992

11. Brandt J, Srour EF, Besien KV: Cytokine-dependent long-
term culture of highly enriched precursors of hematopoietic progeni-
tor cells from human bone marrow. J Clin Invest 86:932, 1990

12. Terstappen LWMM, Huang S, Safford M, Lansdorp PM, Lo-
ken MR: Sequential generations of hematopoietic colonies derived
from single nonlineage-committed CD34*CD38~ progenitor cells.
Blood 77, 1991

13. Petzer AL, Hogge DE, Lansdorp PM, Reid DS, Eaves CJ
Self-renewal of primitive human hematopoietic cells (long-term-
culture—initiating cells) in vitro and their expansion in defined me-
dium. Proc Natl Acad Sci USA 93:1470, 1996

14. Broxmeyer HE, Hangoc G, Cooper S, Ribeiro RC, Graves
V, Yoder M, Wagner J, Vadhan-Raj S, Benninger L, Rubinstein P,
Broun ER: Growth characteristics and expansion of human umbilical
cord blood and estimation of its potential for transplantation in
adults. Proc Natl Acad Sci USA 89:4109, 1992

15. Huang S, Terstappen L: Lymphoid and myeloid differentia-
tion of single human CD34*, HLA"DR", CD38~ hematopoietic stem
cells. Blood 83:1515, 1994

16. Ball TC, Hirayama F, Ogawa M: Lymphohematopoietic pro-
genitors of norma mice. Blood 85:3086, 1995

17. Knobel KM, McNaly 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-

MOORE, EMA, AND LEMISCHKA

ential activity of cultured bone marrow and enriched stem cell popu-
lations. Exp Hematol 22:1227, 1994

18. Peters SO, Kittler ELW, Ramshaw HS, Quesenberry PJ: Mu-
rine marrow cells expanded in culture with IL-3, IL-6, IL-11, and
SCF acquire an engraftment defect in normal hosts. Exp Hematol
23:461, 1995

19. Traycoff CM, CornettaK, Yoder MC, Davidson A, Srour EF:
Ex vivo expansion of murine hematopoietic progenitor cells generate
classes of expanded cells possessing different levels of bone marrow
repopulating potential. Exp Hematol 24:299, 1996

20. Rebel VI, Dragowska W, Eaves CJ, Humphries K, Lansdorp
PM: Amplification of sca*, lin"WGA™ cells in serum-free cultures
containing Steel factor, interleukin-6, and erythropoietin with main-
tenance of cells with long-term in vivo reconstituting potential.
Blood 83:128, 1994

21. Muench JO, Firpo MT, Moore MA: Bone marrow transplanta-
tion with interleukin-1 pluskit-ligand ex vivo expanded bone marrow
accelerates hematopoietic reconstitution in mice without the loss of
stem cell lineage and proliferative potential. Blood 81:3463, 1993

22. Holyoake TL, Freshney MG, McNair L, Parker AN, McKay
PJ, Steward WP, Fitzsimons E, Graham GJ, Pragnell IB: Ex vivo
expansion with stem cell factor and interleukin-11 augments both
short-term recovery posttransplant and the ability to seridly trans-
plant marrow. Blood 87:4589, 1996

23. Soma T, Yu JM, Dunbar CE: Maintenance of murine long-
term repopul ating stem cellsin ex vivo cultureis affected by modula-
tion of transforming growth factor-4 but not macrophage inflamma-
tory protein-1a activities. Blood 87:4561, 1996

24. Lord BI, Testa NG, Hendry JH: The relative spatial distribu-
tions of CFUs and CFUc in normal mouse femur. Blood 45:65, 1975

25. Trentin JJ: Influence of hematopoietic organ stroma (hemato-
poietic inductive microenvironments) on stem cell differentiation, in
Gordon A (ed): Regulation of Hematopoiesis, vol 1. New York, NY,
Appleton-Century-Crofts, 1970, p 161

26. Weiss L, Geduldig U: Barrier cells: Stromal regulation of
hematopoiesis and blood cell release in normal and stressed murine
bone marrow. Blood 78:975, 1991

27. Wolf NS: The haemopoietic microenvironment. Clin Haema-
tol 8:469, 1979

28. Dorshkind K: Regulation of hemopoiesis by bone marrow
stromal cells and their products. Annu Rev Immunol 8:11, 1990

29. Dexter TM, Allen TD, Lajtha LG: Conditions controlling the
proliferation of haemopoietic stem cells in vitro. J Cell Physiol
9:335, 1977

30. Fraser CC, Eaves CJ, Szilvassy SJ, Humphries RK: Expansion
in vitro of retrovirally marked totipotent hematopoietic stem cells.
Blood 76:1071, 1990

31. Harrison DE, Lerner CP, Spooncer E: Erythropoietic repopu-
lating ability of stem cells from long-term marrow culture. Blood
69:1021, 1987

32. Van der Sluijs JP, Van den Bos C, Baert MRM, Van Beurden
CAJ, Ploemacher RE: Loss of long-term repopul ating ability inlong-
term bone marrow culture. Leukemia 7:725, 1993

33. Sutherland HS, Eaves AC, Dragowska W, Lansdorp P: Char-
acterization and partial purification of human marrow cells capable
of initiating long-term hematopoiesis in vitro. Blood 74:1563, 1989

34. Verfaillie CM, Miller JS: A novel single-cell proliferation
assay shows that long-term culture—initiating cell (LTC-IC) mainte-
nance over time results from the extensive proliferation of a small
fraction of LTC-IC. Blood 86:2137, 1995

35. Hao Q-L, Thiemann FT, Petersen D, Smogorzewska EM,
Crooks GM: Extended long-term culture reveals a highly quiescent
and primitive human hematopoietic progenitor population. Blood
88:3306, 1996

36. Roberts RA, Spooncer E, Parkinson EK, Lord BI, Allen TD,

20z aunr g0 uo 3senb Aq Jpd'Le€1/1L9G20v L/LEEYIZL/68/HPd-8]01E/POOG/JoU SUOKEDIIqNdYSE//:d)Y WOl papeojumoq



AFT024 SUPPORTS TRANSPLANTABLE STEM CELLS

Dexter TM: Metabolically inactive 3T3 cells can substitute for mar-
row stromal cells to promote the proliferation and development of
multipotent haemopoietic stem cells. J Cell Physiol 132:203, 1987

37. Kodama H, Suda H, Koyama H, Kasai S, Yamamoto S: In
vitro hemopoiesis within a microenvironment created by MC3T3-
G2/PA-6 preadipocytes. J Cell Physiol 118:233, 1984

38. Issad C, Croisille L, Katz A, Vainchenker W, Coulombel L:
A murine stromal cell line alows the proliferation of very primitive
human CD34**CD38~ progenitor cells in long-term cultures and
semisolid assays. Blood 81:2916, 1993

39. Wineman JP, Nishikawa S|, Muller-Sieburg CE: Mainte-
nance of high levels of pluripotent hematopoietic stem cellsin vitro:
Effect of stromal cells and c-kit. Blood 81:365, 1993

40. Suzuki J, Fujita J, Taniguchi S, Sugimoto K, Mori KJ: Char-
acterization of murine hemopoietic-supportive (MS-1 and MS-5) and
non-supportive (MSK) cell lines. Leukemia 6:452, 1992

41. Neben S, Anklesaria P, Greenberger J, Mauch P: Quantitation
of murine hematopoietic stem cellsin vitro by limiting-dilution anal-
ysis of cobblestone area formation on a clonal stromal cell line. Exp
Hematol 21:438, 1993

42. KodamaH, Nose M, Yamaguchi Y, TsunodaJ, SudaT, Nishi-
kawa S, Nishikawa S: In vitro proliferation of primitive hemopoietic
stem cells supported by stromal cells: Evidence for the presence of
a mechanism(s) other than that involving c-kit and its ligand. J Exp
Med 176:351, 1992

43. Collins LS, Dorshkind K: A stromal cell line from myeloid
long-term bone marrow cultures can support myelopoiesis and B-
lymphopoiesis. J Immunol 138:1082, 1987

44, Whitlock CA, Witte ON: Long-term culture of B lymphocytes
and their precursors from murine bone marrow. Proc Natl Acad Sci
USA 79:3608, 1982

45. Wineman J, Moore K, Lemischka |, Muller-Sieburg C: Func-
tional heterogeneity of the hematopoietic microenvironment: Rare
stromal elements maintain long-term repopulating stem cells. Blood
87:4082, 1996

46. Szilvassy SJ, Weller KP, Lin W, Sharma AK, Ho ASY, Tsu-
kamoto A, Hoffman R, Leiby KR, Gearing DP: Leukemiainhibitory
factor upregulates cytokine expression by a murine stromal cell line
enabling the maintenance of highly enriched competitive repopul at-
ing stem cells. Blood 87:4618, 1996

47. Deryugina El, Ratnikov Bl, Bourdon MA, Miiller-Sieburg
CE: Clonal analysis of primary marrow stroma: Functional homoge-
neity in support of lymphoid and myeloid cell lines and identification
of positive and negative regulators. Exp Hematol 22:910, 1994

48. Moore MAS, Metcalf D: Ontogeny of the haemopoietic sys-
tem: Yolk sac origin of in vivo and in vitro colony forming cellsin
the developing mouse embryo. Br J Haematol 18:279, 1970

49. Frederiksen K, Jat JS, Vatz N, Levy D, McKay R: Immortali-
zation of precursor cells from the mammalian CNS. Neuron 1:439,
1988

4347

50. Ploemacher RE, Van der Sluijs JP, Voerman JS, Brons NHC:
Aninvitro limiting-dilution assay of long-term repopulating hemato-
poietic stem cells in the mouse. Blood 74:2755, 1989

51. Ploemacher RE, Van der Sluijs JP, van Beurden CAJ, Baert
MRM, Chan P: Use of limiting-dilution type long-term marrow cul-
tures in frequency analysis of marrow-repopulating and spleen col-
ony-forming hematopoietic stem cells in the mouse. Blood 78:2527,
1991

52. Jordan CT, Astle CM, Zawadzki J, Mackarehtschian K, Lem-
ischka IR, Harrison DE: Long-term repopul ating abilities of enriched
fetal liver stem cells measured by competitive repopulation. Exp
Hematol 23:1011, 1995

53. Jordan CT, McKearn JP, LemischkalR: Cellular and devel op-
mental properties of fetal hematopoietic stem cells. Cell 61:953,
1990

54. Okada S, Nakauchi H, Nagayoshi K, Nishikawa S-I, Miura
Y, Suda T: In vivo and in vitro stem cell function of c-kit and Sca-
1 positive murine hematopoietic cells. Blood 80:3044, 1992

55. Dexter TM, Spooncer E, Simmons P, Allen TD: Long-term
marrow culture: An overview of techniques and experience, in
Wright DG, Greenberger JS (eds): Long Term Bone Marrow Culture.
New York, NY, Liss, 1984, p 57

56. Harrison DE, Jordan CT, Zhong RK, Astle CM: Primitive
hematopoietic stem cells: Direct assay of most productive popula-
tions by competitive repopulation with simple binomial, correlation
and covariance calculations. Exp Hematol 21:206, 1993

57. Morse HC, Shen F-W, Hammerling U: Genetic nomenclature
for loci controlling mouse lymphocyte antigens. |mmunogenetics
25:71, 1987

58. Mishell BB, Shiigi SM: Selected Methods in Cellular Immu-
nology. San Francisco, CA, Freeman, 1980, p 23

59. Harrison DE, Stone M, Astle CL: Effects of transplantation
on the primitive immunohematopoietic stem cell. J Exp Med
172:431, 1990

60. TestaNG, Molineux G: Haemopoiesis: A Practical Approach.
New York, NY, Oxford, 1993

61. Lowry PA, Deacon DM, Whitefield P, Rao S, Quesenberry
M, Quesenberry PJ: The high—proliferative-potential megakaryocyte
mixed (Hpp-Meg-Mix) cell: A trilineage murine hematopoietic pro-
genitor with multiple growth factor responsiveness. Exp Hematol
23:1135, 1995

62. Taswell C: Limiting dilution assays for the determination
of immunocompetent cell frequencies. |. Data analysis. J Immunol
126:1614, 1981

63. Moore KA, Pytowski B, Witte L, Hicklin D, Lemischka IR:
Hematopoietic activity of a stroma cell-derived transmembrane
protein containing epidermal growth factor-like repeat motifs. Proc
Natl Acad Sci USA 94:4011, 1997

64. Uchida N, Fleming WH, Alpern EJ, Weissman IL: Heteroge-
neity of hematopoietic stem cells. Curr Opin Immunol 5:177, 1993

20z aunr g0 uo 3senb Aq Jpd'Le€1/1L9G20v L/LEEYIZL/68/HPd-8]01E/POOG/JoU SUOKEDIIqNdYSE//:d)Y WOl papeojumoq



