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ABSTRACT

ematopoietic stem cell self-renewal, proliferation, and differentiation

are independently regulated by intrinsic as well as extrinsic mecha-

nisms. We previously demonstrated that proliferation of murine
hematopoietic stem cells is supported in serum-free medium supplemented
with two growth factors, stem cell factor and interleukin 11. The survival of
hematopoietic stem cells is additionally improved by supplementing this
medium with two more growth factors, neural growth factor and collagen
1 (four growth factors) or serum-free medium conditioned by the
hematopoietic stem cell-supportive stromal UG26-1B6 cells.! Here, we
describe a robust and versatile alternative source of conditioned medium
from mouse embryonic fibroblasts. We found that this conditioned medium
supports survival and phenotypic identity of hematopoietic stem cells, as
well as cell cycle entry in single cell cultures of CD34 CD48 CD150*
Lineage’ SCA1* KIT" cells supplemented with two growth factors. Strikingly,
in comparison with cultures in serum-free medium with four growth fac-
tors, conditioned medium from mouse embryonic fibroblasts increased the
numbers of proliferating clones and the number of Lineage' SCA1* KIT" cells,
with both two and four growth factors. In addition, conditioned medium
from mouse embryonic fibroblasts supported self-renewal in culture of cells
with short- and long-term hematopoiesis-repopulating ability in vivo. These
findings identify conditioned medium from mouse embryonic fibroblasts as
a robust, alternative, serum-free source of factors to maintain self-renewal of
in vivo-repopulating hematopoetic stem cells in culture.

Introduction

A major challenge in hematology is to decipher through which mechanisms and
conditions hematopoietic stem cells (HSC) are maintained in the bone marrow. An
additional promise of the efforts to meet this challenge is the identification of
niche factors, which could be utilized to supplement protocols to expand murine
and human HSC ex vivo. Although many investigators have described possible
mediators of HSC maintenance in vivo, the precise factors or their combinations
are still to be elucidated in detail. Also, whereas in most culture protocols, the
expansion of hematopoietic colony-forming cells can readily be achieved, main-
taining or expanding HSC with long-term repopulation (LTR) capacity in numbers
relevant for clinical applications is a subject of intense investigation.” Hence, there
is a continued need to understand how HSC are maintained by the bone marrow
niche and to determine which factors are involved.
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In the bone marrow, the main function of the microenvi-
ronment, or niche, is to limit recruitment of HSC into the
cell cycle during stress responses. However, to expand,
HSC must divide and retain their LTR ability. In vivo, this
process is tightly regulated, so that not all LTR-HSC are
recruited and then depleted, but a significant portion of
these cells return to quiescence and, thus, self-renew. Since
the role of the bone marrow niche is to limit the cell cycle
of HSC activation,’ it is likely that extrinsic factors govern
the retention of stem cell properties of HSC during their cell
cycle progression. However, the exact factors mediating
these processes have, to date, not been identified.

To identify possible factors involved in the maintenance
and expansion of HSC, we generated murine stromal cell
lines from different tissues of the mid-gestation mouse
embryo.*” Two of these, UG26-1B6 and EL08-1D2, support
the maintenance of both murine HSC and human cord
blood CD34" cells.* Interestingly, we found that UG26-1B6
stromal cells support the maintenance of HSC in a non-con-
tact setting,”” and we showed that repopulating HSC could
be maintained in conditioned medium (CM) from this cell
line.! In the latter study, we further identified nerve growth
factor (NGF) and collagen 1 (Coll) to be the most effective
substitute for UG26-1B6-CM. The main effect of this CM
seemed to be to improve survival of phenotypic HSC to
almost 97% of the input cells during culture, allowing for
almost complete recruitment of cells into cell division.' In
addition, the CM supported symmetrical cell division of
HSC with LTR ability, which is a requirement for expansion
of these cells.

In comparisons aimed at defining stem cell-maintaining
factors from different stromal cells, factors characterizing
the developmental origin of stromal cells should be distin-
guished from factors required for their HSC-maintaining
function.® A problem with this approach is that for optimal
filtering for functional secreted HSC-supportive factors,
multiple sources of stromal cells secreting such factors to
support HSC self-renewal without the requirement of
direct stroma-contact should be available. To date, only two
such cell lines have been described.'®” Here, we describe
mouse embryonic fibroblasts (MEF) as an additional source
of mid-gestation stromal cells to maintain phenotypic HSC
with repopulating activity. CM from MEF (MEF-CM) has
previously been used to maintain both murine and human
embryonic stem cells.” Interestingly, MEF-CM also facili-
tates the differentiation of embryonic stem cells into the
hematopoietic lineage.”” Whether and how MEF-CM
affects adult HSC and their repopulating activity under
serum-free conditions remain to be established.

We here show that MEF-CM maintains the self-renewal
of murine HSC with repopulating ability in single cell cul-
tures. MEF represent a robust and easily accessible stromal
cell source to study the mechanisms of the maintenance of
HSC by niche factors and identify further factors support-
ing expansion of HSC with repopulating ability.

Methods

Mice

Eight- to 10-week old C57BL/6] (B6; CD45.2), BG.SJL-
Ptprca.Pep3b/Boy] (Ly5.1; CD45.1), 12952/SvPasCrl (129; CD45.2)
mice were obtained from Charles River Laboratories (Lyon,
France). All experiments were approved by the Government of
Upper Bavaria. Animals were housed in micro-isolators under spe-

cific pathogen-free conditions, according to Federation of
Laboratory Animal Science Associations and institutional recom-
mendations.

Primary cells and mouse embryonic fibroblasts

MEF were generated from embryos (E11.5 or E18.5) using a
generic protocol" without trypsin digestion of the embryonic tis-
sue. The dissected embryos were cultured in MEF medium (see
Online Supplementary Methods) at 37°C and passaged four times
every 3 to 4 days.

Generation of conditioned medium

CM was prepared essentially as described previously.' In brief,
70,000/cm® MEF (passage 4) were cultured to near confluence in
MEF medium (for details see Omnline Supplementary Methods).
Twelve hours later the cells were y-irradiated (30 Gy X-Ray;
Gulmay Type RS225), washed twice with Dulbecco phosphate-
buffered saline (DPBS; Gibco) and cultured for 72 h with serum-
free medium (SEM; StemSpan, Stemcell Technologies).!

Flow cytometry analyses

Surface antigens were stained with antibodies from either
Invitrogen- or eBioscience-ThermoFisher (Online Supplementary
Table S1). Flow cytometry was performed on a CyAn ADP Lx P8;
cell sorting was performed using an Astrios high speed sorter
(both from Beckman-Coulter). Data were analyzed with FlowJo
software (TreeStar).

Cell sorting and single cell cultures

For single cell cultures, single murine CD34 CD48 CD150*
Lineage SCA1* KIT* (LSK) cells (CD34 SLAM cells) were sorted
directly into a 96-well round-bottomed plate on an Astrios high
speed cell sorter (Beckman Coulter). Single cells were deposited
with an efficiency of 90%. These CD34" SLAM cells comprise
both CD34 and CD34"" populations, as these have been reported
to contain similar frequencies of long-term repopulating cells.”
These plates were preloaded with 100 uL of filtered (0.20 um,
Sartorius) CM supplemented with murine stem cell factor (SCF:
100 ng/ml) and murine interleukin-11 (IL-11; 20 ng/mlL) (two
growth factors; 2GF), both from R&D Systems (BioTechne).
Additional cultures were further supplemented with Coll (300
pg/mL; BioVendor) and human NGF (250 ng/mL; R&D Systems-
BioTechne) (four growth factors; 4GF). Every 24 h, the number of
cells per well was enumerated using a light microscope. After 5
days, cells that had divided at least once were harvested, pooled,
stained with antibodies, and analyzed by flow cytometry. In some
experiments, colony-forming ability of pools from divided cells
was assessed using standard assays (M3434; Stemcell
Technologies).

In vivo transplantation assay

An in vivo repopulation assay using competitive transplantation
was performed as described previously.®* For this purpose, 20
wells showing at least one cell division of CD34° SLAM cells from
129xLy5.1 F1 (129Ly5.1; CD45.1xCD45.2) donors were harvested,
pooled, and transplanted into lethally irradiated 129xB6 F1 (129B6;
CD45.2) recipient mice, together with 1x10° bone marrow cells
and 5x10° spleen cells from 129B6 mice. Donor cell engraftment
was analyzed every 5, 10 and 16 weeks in the peripheral blood
and 16 weeks after transplantation in the bone marrow cells, as
described previously.”*"*

Apoptosis assay
Apoptosis was determined in 48 h cultures of LSK cells in 12-
well plates, prefilled with 2 mL SEM or MEF-CM with the growth



factors indicated. After culture, LSK cells were permeabilized and
stained using the FITC Annexin V Apoptosis Detection Kit I
according to the manufacturer’s instructions (BD-Biosciences).

Statistical evaluation

For statistical evaluation of the experiments, the non-parametric
Mann-Whitney U test was used (Prism, GraphPad Software). A P
value <0.05 was considered statistically significant. Data are pre-
sented as dot plots of columns with means + standard deviation.

Results

Here, we describe cultures in which sorted single CD34
SLAM cells from the bone marrow of B6 or 129Ly5.1 mice
were cultured either in SFM, or in serum-free MEF-CM sup-
plemented with either 4GF (SCE, IL-11, NGE, and Coll) or
2GF (SCF and IL-11). The single cell cultures were moni-
tored for the presence and number of cells each day for a
total of 5 days (Figure 1A). These experiments showed that
in SEM 4GF the number of wells with dividing cells was
increased compared to those in SEM 2GF (60% vs. 42%,
respectively) (Figure 1B). Although in the current experi-
ments SEM 4GF yielded lower survival than previously
reported,' our results show that the extra addition of NGE
and Coll to SFM 2GF improved survival of murine CD34
SLAM cells.

To further define stromal cell factors substituting CM in
HSC cultures, we realized that additional sources of CM
will be needed to optimally define factors maintaining HSC
self-renewal. Hence, we chose to study a robust, readily
available and non-transformed source of mid-gestation
embryonic stromal cells: MEE. Considering that UG26-1B6
was the only cell line consistently supporting HSC in non-
contact cultures,” we not only added 2GF but also explored
adding 4GF to MEF-CM. In a first series of experiments, we
found that CM from E11.5 or E13.5 MEF with 4GF support-
ed cell cycle recruitment of single CD34" SLAM cells to a
similar extent (Online Supplementary Figure S1A). Since E18.5
embryos used for support of embryonic stem cells are typ-
ically isolated at E13-E14,” consistently yield more cells
than E11.5 embryos, and MEF-CM from both sources
behaved similarly, we performed all following experiments
with E13.5 MEF-CM. To assess the variability of different
MEEF-CM, we prepared MEF from seven individual
embryos and found that although at the beginning of cul-
ture recruitment into cell division varied among different
individual MEF-CM preparations, 4 and 5 days after the
start of cultures, the growth kinetics were remarkably con-
sistent (Online Supplementary Figure S1B).

To further optimize cell cultures, we compared CM gen-
erated from freshly isolated MEF or from previously frozen
MEE Here we found that CM from both fresh and previ-
ously frozen MEF stimulated cell cycle recruitment and
maintenance of proliferation to a similar extent (Online
Supplementary Figure S2A). Another important issue was to
consider whether CD34° SLAM cells from different mouse
strains we routinely use in transplantation assays®"*'* would
differ in culture with MEF-CM. We found that CD34
SLAM cells isolated either from B6 or 129Ly5.1 mice
showed indistinguishable results in terms of proliferation
and the number of dividing cells (Online Supplementary
Figure S2B).

When comparing single cell cultures with MEF-CM 2GF
and 4GE we found that although survival was similar in
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MEF-CM with 2GF or 4GF (Figure 1C, D), MEF-CM 2GF
stimulated the cell cycle more efficiently compared to MEF-
CM 4GF (Figure 1E). Indeed, cultures with MEE-CM 2GF
showed larger clones at days 2 and 3 of culture (Figures 1C,
E), while the time to first division was similarly shortened
(Figure 1F), resulting in comparable increased clone sizes
(Figure 1G) for both MEF-CM conditions compared to SEM
4GE Overall, the percentage of wells with cells, wells with
dividing cells, and mean clone size were significantly
increased when using MEF-CM with either 2GF or 4GF as
compared with SEM 4GF (Figure 1C-E, G).

To study whether these differences in number of dividing
cells were attributable to cell death, we determined apopto-
sis in cultures of LSK cells under SEM 4GF, MEF-CM 2GF or
MEF-CM 4GF conditions. These experiments show that
after 48 h of bulk culture, LSK cells cultured in MEF-CM
2GF maintained a higher percentage of viable cells and a
lower percentage of apoptotic cells compared with cells cul-
tured in MEF-CM 4GF or SEM 4GE, confirming the positive
effect of MEF-CM for survival (Figure 24, B).

Flow cytometric analyses of pooled clones from single
cell cultures may reveal patterns of differentiation behavior
as well as retention of LSK phenotypes.” Our experiments
showed that the relative numbers of CD11b* Gr1™* and
Gr1" myeloid cells were unchanged in all three culture con-
ditions (Figure 2C, D, Online Supplementary Figure S3 for iso-
type controls). However, the number of LSK cells recovered
after 5 days of single cell culture was consistently higher in
cultures with MEF-CM 2GF (Figure 2E, 2F). In addition,
cells from MEF-CM 2GF cultures showed a significantly
increased number of colonies in semi-solid medium com-
pared with those from MEF-CM 4GF and SEM 4GF cultures
(Figure 2G). These results suggest that whereas myeloid dif-
ferentiation progresses at similar rates under all culture con-
ditions, MEF-CM 2GF appears to maintain the HSC pheno-
type and progenitor function best in culture.

To determine whether this culture condition would also
support self-renewal of murine CD34" SLAM cells with
repopulating ability, we collected wells containing divided
cells after 5 days of culture and transplanted pools of 20 of
these clones per lethally irradiated recipient (Figure 3A).
Analysis of donor engraftment in the peripheral blood after
5,10 and 16 weeks showed increased engraftment of donor
cells from cultures in MEF-CM 2GF as compared to the
MEF-CM 4GF or SEM 4GF-cultured CD34 SLAM cells
(Figure 3B). At the early 5-week timepoint, engraftment
from MEF-CM 2GF cultures was particularly prominent,
suggestive of production of short-term repopulating cells in
culture, followed by a stable level of engraftment at later
time points (Figure 3B). With regard to differentiation of the
transplanted clones, donor HSC cultured in either MEF-CM
4GF or 2GF showed higher lymphoid engraftment through-
out the 16-week observation period (Figure 3C).
Furthermore, donor HSC cultured in MEF-CM 2GF showed
a high level of myeloid engraftment at all time points as
compared with HSC cultured in MEF-CM 4GF or SEM 4GF
(Figure 3D).

As in peripheral blood, donor engraftment in the bone
marrow was highest in mice repopulated with divided
donor CD34" SLAM cells from cultures in MEF-CM 2GF
(Figure 3E, Online Supplementary Figure S4A). More impor-
tantly, these mice also showed the highest regeneration of
the donor-derived CD48 LSK cells (Figure 3F). Compared to
mice receiving cells from SEM 4GF cultures, both cultures
under MEF-CM 4GF and 2GF conditions showed higher
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Figure 1. Single cell cultures in serum-free medium and mouse embryonic fibroblast-conditioned medium. (A) Experimental design: single CD34 SLAM cells from
129Ly5.1 mice were sorted into a 96-well round-bottomed plate with SFM and MEF-CM, supplemented with either murine SCF (100 ng/mL) and murine IL-11 (20 ng/mL)
alone (2GF) or with additional human NGF (250 ng/mL) and Col1 (100 ng/mL) (4GF). Cells were microscopically inspected and counted every 24 h for 5 days. (B) Heat
maps of the number of calculated cell divisions per well for each CD34 SLAM cell at each day of culture. Left heat map: culture in SFM 2GF; right heat map: culture in
SFM 4GF. Each row represents cell divisions of a single cell in a single well. (C) Heat maps of the number of calculated cell divisions per well for each CD34 SLAM cell
at each day of culture. Left heat map: culture in MEF-CM 4GF; right heat map: culture in MEF-CM 2GF. Again, each row represents cell divisions of a single cell in a single
well. (D) Percentage of wells with detectable cells per day from each plate cultured in SFM 4GF, MEF-CM 4GF, and MEF-CM 2GF. (E) Percentage of wells with divided cells
(>2 cells) from each plate cultured in SFM 4GF, MEF-CM 4GF, and MEF-CM 2GF. (F) Mean hours of time to first division of cells cultured in SFM 4GF, MEF-CM 4GF, and
MEF-CM 2GF. (G) Mean clone size per day from each plate cultured in SFM 4GF, MEF-CM 4GF, and MEF-CM 2GF. Representative examples of two plates are shown in
(B) and (C). Panels (D-G) show the results of at least four independent experiments with separate donor mice totalling: n=11 for SFM 4GF, n=15 for MEF-CM 4GF, and
n=11 for MEF-CM 2GF. In all graphs, black dots represent results for SFM 4GF, blue dots represent results for MEF-CM 4GF and red dots represent results for MEF-CM
2GF. *P<0.05 using the non-parametric Mann-Whitney U-test of comparisons between SFM 4GF and either MEF-CM 4GF or MEF-CM 2GF. MEF: mouse embryonic fibro-
blasts; SFM: serum-free medium; CM: conditioned medium; 2GF: two growth factors (i.e., stem cell factor [SCF] and interleukin-11 [IL-11]); 4GF: four growth factors (i.e.,
SCF, IL-11, nerve growth factor [NGF] and collagen 1 [Col1]); SLAM: CD48 CD150" Lineage SCA1* KIT*; FACS: fluorescence activated cell sorting.
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generation of the donor pool of short- and LTR cell-
enriched fractions of CD34* and CD34 CD48 LSK cells
(Figure 3G, Online Supplementary Figure S4B, C), respective-
ly. However, the total number of CD34 CD48 LSK cells
was higher in mice receiving cells from MEF-CM 2GF cul-
tures than in those receiving cells from MEF-CM 4GF and
SEM 4GF cultures (Figure 3G).

Discussion

Some of the biggest challenges in hematology are to
understand how niche cells regulate self-renewal and sur-

murine HSC in culture. MEF are derived from primary
material, which can be easily generated, even from most
mouse mutants causing embryonic lethality, and used by
many investigators to study mechanisms of embryonic
stem cell regulation. Here, we demonstrate that MEF are a
robust alternative in protocols aimed at maintaining and
expanding HSC. Furthermore, MEF can be used to identify
secreted factors involved in HSC maintenance. We show
that MEF-CM not only supports the survival of HSC-
enriched CD34 SLAM cells in cultures supplemented with
2GE but also improves their self-renewal under both 2GE
and 4GF conditions.

The additional use of MEF-CM prepared under serum-
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free conditions improves survival and self-renewal of
CD34 SLAM cells. In this respect, MEFE-CM performs the
same survival-promoting function as the CM from the stro-
mal cell line UG26-1B6 that we studied previously.! As in
our previous study, the stromal CM did not seem to affect

vival of HSC and to develop methods with which HSC can
be robustly and reproducibly expanded i vitro. In the cur-
rent work, we used MEF as a source of secreted HSC-regu-
latory molecules and found that CM prepared from these
stromal cells promoted the survival and self-renewal of
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Figure 2. Maintenance of LSK cells and differentiation of CD34- SLAM cells in single cell cultures. Cells were cultured in either SFM 4GF, MEF-CM 4GF, or MEF-CM
2GF as indicated. (A) Representative flow cytometric plots of annexin V and propidium iodide (Pl) staining of sorted LSK cells cultured for 48 h. (B) Percentage of
viable (annexin V- PI) and apoptotic (annexin V*) LSK cells after 48 h of culture. (C) Representative flow cytometric plots of non-lymphoid cells stained for myeloid
markers CD11b and Grl. (D) Percentage of CD11b*Gri™ monocytic cells (left plot) and CD11b*Grl" granulocytic cells (right plot) after 5 days of culture. (E)
Representative flow cytometry plots of cultured CD34 SLAM cells stained for lineage markers (CD3¢, CD11b CD45R Grl), and additionally stained for KIT and SCA1.
(F) Percentage of LSK cells 5 days after culture of CD34 SLAM cells. (G) Total numbers of CFC, 5 days after culture of CD34'SLAM cells. The experiments in panels
(B) and (G) were performed independently three times with one 96-well plate for each condition per experiment. The experiments in panels (C-F) were performed
independently three times with a total of either four (SFM 4GF, MEF-CM 2GF) or five (MEF-CM 4GF) 96-well plates evaluated. As in Figure 1, black dots represent
results for SFM 4GF, blue dots represent results for MEF-CM 4GF and red dots represent results for MEF-CM 2GF. *P<0.05 using the non-parametric Mann Whiney
U-test for comparisons between SFM 4GF and either of the two MEF-CM conditions. MEF: mouse embryonic fibroblasts; SFM: serum-free medium; CM: conditioned
medium; 2GF: two growth factors (i.e., stem cell factor [SCF] and interleukin-11 [IL-11]); 4GF: four growth factors (i.e., SCF, IL-11, nerve growth factor [NGF] and col-

lagen 1 [Col1]); SLAM: CD48 CD150" Lineage SCAL1* KIT*; LSK: Lineage' SCA1* KIT*; CFC: colony-forming cells.
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proliferation rate. However, compared to the serum-free
cultures, the MEF-CM shortened the time to first division.
As such, the proliferation process as a whole was affected
in that larger clones were detected after 5 days. The
processes of survival, cell cycle (recruitment), and self-
renewal are not only independently regulated in murine
HSC,' but also in human HSC.” Thus, similarly to the
UG26-1B6-derived CM, MEF-CM can be used to define
stromal factors beneficial for survival and self-renewal of
murine HSC, and possibly also human HSC.

In our previous study, we showed that some of those fac-

- S. Romero Marquez et al.

tors, in particular NGF and Coll, may substitute for the
UG26-1B6-CM." Indeed, in the present study, culture of
CD34 SLAM cells in SEM 4GF improved survival over cul-
tures in SEM 2GE Importantly, the MEF-CM 2GF condition
promoted both survival and cell cycle recruitment of single
CD34 SLAM cells compared to SEM 4GE It is also note-
worthy that cultures in MEF-CM 2GF produced significant-
ly more repopulating cells and maintained cells repopulat-
ing hematopoiesis at significantly higher levels throughout
the engraftment period. The addition of extra NGF and
Coll to MEF-CM 2GF cultures did not additionally improve
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Figure 3. Self-renewal of repopulating hematopoietic stem cells in single cell cultures. (A) Experimental design: CD34 SLAM cells (positive for both CD45.1 and
CD45.2) were sorted as single cells into 96-round-bottomed plates prefilled with SFM 4GF, MEF-CM 4GF, or MEF-CM 2GF as specified in Figure 1. To determine self-
renewal of repopulating cells in cultures of single cells, 20 wells in which at least one cell division had occurred (cell clones) were harvested and transplanted into
lethally irradiated (CD45.2) primary recipients together with competitor cells (CD45.2) as described in the Methods section. (B) Donor cell engraftment in peripheral
blood, 5, 10, and 16 weeks after transplantation of divided CD34 SLAM cells previously cultured under the specified conditions. (C) Percentages of the lymphoid
(CD3e+ and CD45R (B220)+ cells) and (D) myeloid (CD11b* Gr1*) engraftment in peripheral blood, 5, 10, and 16 weeks after transplantation of growing clones from
5-day cultures as fractions of the total (donor + recipient = 100%) CD45* lymphoid and myeloid compartments, respectively. (E) Percent donor engraftment in CD45*
cells of the bone marrow after transplantation of divided cells from single cell cultures. (F) Representative flow cytometric plots of donor and recipient cells in the
Lineage cell fraction from the bone marrow (upper row) and the donor-derived Lineage fraction (lower row), showing myeloid progenitors (SCA1 KIT*) cells and LSK
cells (Lineage SCA1' KIT* cells; lower row), 16 weeks after transplantation. (G) Absolute number of HSC-enriched CD34 CD48 LSK donor cells from the bone marrow
of mice transplanted with 20 clones each from single cell cultures. For gating of CD34 CD48 LSK cells from the LSK cells shown in the previous panel (F), see Online
Supplementary Figure S4C. The absolute number of cells was calculated by multiplying relative numbers of Lineage and LSK cells by the total number of donor cells
in the bone marrow (Online Supplementary Figure S4A) The results shown here represent three independent experiments with a total of 11 recipients transplanted
with divided cells from cultures in SFM 4GF, 13 recipients transplanted with divided cells from cultures in MEF-CM 4GF, and 8 recipients with divided cells from cul-
tures in MEF-CM 2GF. As in Figure 1, black dots represent results for SFM 4GF, blue dots represent results for MEF-CM 4GF and red dots represent results for MEF-
CM 2GF. *P<0.05 using the non-parametric Mann Whitney U-test for comparisons between SFM 4GF and either of the two MEF-CM conditions. LT-HSC: long-term
hematopoietic stem cells; CM: conditioned medium; 2GF: two growth factors (i.e., stem cell factor [SCF] and interleukin-11 [IL-11]); 4GF: four growth factors (i.e., SCF,
IL-11, nerve growth factor [NGF] and collagen 1 [Col1]); SFM: serum-free medium; FACS: fluorescence activated cell sorting; PB: peripheral blood; BM: bone marrow;
LSK: Lineage SCA1" KIT".
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survival, or the maintenance of LSK cells in culture or
repopulating activity of growing clones. This suggests that
although NGF and Coll improve HSC survival in culture,
the two factors do not cooperate or synergize with other
MEF-CM factors in maintaining or expanding HSC with
repopulating ability.

F-CM has previously been used to maintain murine
embryonic stem cells.” A proteomic study of serum-free
MEF-CM showed a considerable amount of different colla-
gens — types al (I, II, and IV), a2 (I), pro-collagens (type
Va2), and collagen remodeling enzymes (MMP-2 and -3,
PCOLCE, and TIMP2),"® suggesting that perhaps adding
more collagen could be counter-productive. The effects of
different concentrations of soluble collagen on the produc-
tion of short- and long-term repopulating cells have, as far
as we know, not been explored. However, NGF was not
detected in this study of MEF-CM," suggesting a low con-
centration of this cytokine or that other factors in the MEF-
CM can substitute for NGE Thus, it is likely that in combi-
nation with MEF-CM, the precise concentrations of NGE-
like activity and Coll are critical in collaborating with other
soluble factors to promote survival and self-renewal. These
results indicate that precise titration of growth factors and
collagen concentrations and assessment of collaborative
and synergistic interactions with other stromal factors in
the MEF-CM are needed, as noted in other studies."””

In order to use MEF-CM in protocols for maintaining or
expanding HSC, the MEF and their CM need to be defined
precisely, particularly to minimize batch-to-batch variation.
Indeed, although MEF have been considered homogeneous,
it has been noted that within the morphologically indistin-
guishable fibroblasts, cells with different potentials may be
present.” Yet, our study shows that MEFE-CM prepared
from fresh MEF or previously frozen samples of MEE
showed minimal variation in their support of proliferation
and survival of HSC. The precise form in which the sup-
portive factors are presented to the HSC remains to be
established. We harvest serum-free medium from MEF
monolayers incubated with SFM. Thus, our MEF-CM will
not only include secreted factors, but also extracellular
matrix, matricellular proteins, and extracellular vesicles,
which may carry mRNA and regulatory micro-RNA.
Indeed, the matricellular protein CCN2 has been shown to
be important for HSC self-renewal," and purified extracel-
lular vesicles from different sources have been used to sup-
port growth of both murine” and human HSC.** Thus, it
will be of interest in future studies to dissect the identity of
HSC-supportive factors in the different structures included
in the CM.

Our study defines a novel source of stromal cells capable
of maintaining repopulating HSC i vitro under non-contact
conditions. In previous studies, we used different cell lines
to filter cell-type-specific factors and determine stromal fac-
tors required for HSC in co-cultures.® These efforts yielded
several new mediators of HSC self-renewal under stress
conditions in vivo.>'** Although these studies are helping to
dissect molecular mechanisms in the stromal cell-mediated
regulation of HSC, only the UG26-1B6 and EL08-1D2 (with
extra addition of WNTSA) cell lines were consistently
shown to maintain HSC under non-contact conditions."*”
Thus, together with these stromal lines, MEF can be used to
better define soluble factors critical for maintaining repopu-
lating activity in vitro, perhaps by combined analyses as we
have previously described for HSC-supportive stromal cells
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requiring direct contact with HSC.® Such knowledge will be
critical to improve protocols aimed at maintaining or
expanding HSC in vitro.

Current knowledge of such expansion protocols have
shown that precise titration of SCF, IL-11” and throm-
bopoietin,®* are critical for successful maintenance of
LTR-HSC activity. Moreover, since variations in batches
of bovine serum albumin (BSA) in SFM have been shown
to affect culture outcomes,” replacement of BSA with
hemopexin” or polyvinyl alcohol may lead to more con-
sistent results in HSC cultures.” In addition, new
approaches are aiming to replace cytokines by pharmaco-
logical substances directly modulating critical signaling
pathways to inhibit HSC differentiation, such as MEK
inhibitors,* arylhydrocarbon receptor antagonists,”* or
epigenetic regulators.”® Using these cytokines and sub-
stances, expansions of murine LTR-HSC numbers by an
estimated 10-fold in 10 days” and 236- to 899-fold in 28
days™ have been described. Although we did not quantify
the number of HSC in our experiments, we could assume
a moderate expansion of 3-fold after 5 days from our
transplantation experiments. If we further assume that
the expanding pool of differentiating cells would not
affect the number of ITR-HSC generated,* culture in
MEF-CM 2GF could result in 9-fold expansion after 10
days and over 200-fold expansion after 25 days. Thus,
even moderate improvements in expansion suggest that
combining factors isolated from MEF-CM with BSA
replacement agents or pharmacological inhibitors may be
viable strategies to improve HSC expansion protocols.

In summary, our results show that cultures of HSC in
E138.5 MEF-CM 2GF support induction and propagation of
cell division, as well as survival of individual HSC. More
importantly, MEF-CM supports self-renewal of LTR-HSC in
culture. Since MEF are easily generated, renewable and can
be genetically modified, MEF and their CM represent
promising tools in defining novel secreted stromal factors
for promoting survival, cell division and self-renewal of
HSC, which may help to improve in vitro expansion proto-
cols and HSC engraftment i# vivo. Furthermore, such studies
may facilitate the understanding of the mechanistic basis of
how stromal cells maintain HSC in the niche.
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