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SUMMARY

Hematopoietic stem cells (HSCs) are considered one of the most promising therapeutic targets for the treatment of various blood disor-
ders. However, due to difficulties in establishing stable maintenance and expansion of HSCs in vitro, their insufficient supply is a major
constraint to transplantation studies. To solve these problems we have developed a fully defined, all-recombinant protein-based culture
system. Through this system, we have identified hemopexin (HPX) and interleukin-1a as responsible for HSC maintenance in vitro. Sub-
sequent molecular analysis revealed that HPX reduces intracellular reactive oxygen species levels within cultured HSCs. Furthermore,
bone marrow immunostaining and 3D immunohistochemistry revealed that HPX is expressed in non-myelinating Schwann cells,
known HSC niche constituents. These results highlight the utility of this fully defined all-recombinant protein-based culture system
for reproducible in vitro HSC culture and its potential to contribute to the identification of factors responsible for in vitro maintenance,

expansion, and differentiation of stem cell populations.

INTRODUCTION

Hematopoietic stem cells (HSCs) maintain the ability to
self-renew and differentiate within their in vivo microenvi-
ronment, the bone marrow (BM). From a clinical perspec-
tive, HSCs are important because they can generate the
full blood cell repertoire upon transplantation (Eaves,
2015) and are therefore critical determinants of clinical
BM transplant success. Additionally, in combination with
gene therapy approaches HSCs also offer the significant po-
tential to treat a range of inherited hematological disorders.
However, our ability to maintain and expand HSCs outside
of their in vivo microenvironment is currently limited.

The current protocols for ex vivo expansion of HSCs can
be broadly divided into two groups, based on their use of
cell-intrinsic or cell-extrinsic factors (Walasek et al., 2012).
Cell-intrinsic factors include exogenous expression tran-
scription factors such as HoxB4 (Sauvageau et al., 1995),
and chromatin remodeling factors such as Bmil (Iwama
et al., 2004). Such approaches have to date required genetic
modification that limits their direct translational applica-
tion. By contrast, cell-extrinsic factors such as cytokines
are simply added to the culture media and act on unmodi-
fied HSCs.

Cytokines and other extrinsic factors are present in
the specialized BM microenvironments, the so-called

BM niche, and are thought to be involved in migration,
quiescence, and differentiation of HSCs (Kiel and Morri-
son, 2008). Many different cell types have been proposed
as the candidate for the BM niche, including osteoblasts
(Calvi et al., 2003; Zhang et al., 2003), endothelial
cells (Kiel et al., 2005), chemokine ligand 12 (CXCL12)-
abundant reticular cells (Sugiyama et al., 2006), mesen-
chymal stem cells (Mendez-Ferrer et al.,, 2010), and
non-myelinating Schwann glial cells (Yamazaki et al.,
2006, 2011).

BM niche cells are thought to secrete numerous factors
such as stem cell factor (SCF) (Barker, 1994) and thrombo-
poietin (TPO) (Ku et al., 1996), which are generally neces-
sary for HSC maintenance. These cytokines have long
been added to culture media to investigate HSC prolifera-
tion and reconstitution ability. However, there are con-
cerns about data reproducibility between laboratories,
with such discrepancies often being ascribed to differences
in experimental culture conditions.

HSCs have been widely analyzed using liquid or methyl-
cellulose culture in the presence of fetal bovine serum
(FBS). FBS contains myriad of growth factors, adhesion
molecules, and other components, and also protects cells
from rapid changes in pH. However, because of the high de-
gree of unknown factors, FBS is now often replaced with
serum-free medium containing BSA fraction V (BSA-FV;
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Figure 1. Heterogeneity in BSA-FV Lots
Affects HSC Maintenance

(A) Percentage of single (D34~ HSCs forming
colonies after in vitro culture for 11 days with
cytokines and various BSA-FV lots. Mean +
SEM from three independent experiments
(n =30 per BSA-FV culture condition).

(B) Percentage peripheral blood (PB)
chimerism from 40 CD34 KSL cells, cultured
for 1 week with cytokines and various BSA-FV
lots and transplanted into lethally irradi-
ated recipients together with 10° bone
marrow (BM) competitor cells. PB chimerism
12 weeks after transplantation. Mean + SD of
three independent experiments (n = 10 mice
per BSA-FV culture condition).

(C and D) Protein analysis of total BSA-FV
(C) and albumin-depleted BSA-FV (D) by
SDS-PAGE.

(E) The ratio of proteins identified by HPLC-
MS analyses in different lots of BSA-FV (BSA-
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process of plasma proteins) (Guilbert and Iscove, 1976)
for in vitro HSC culture. BSA-based serum-free cultures
have been well established for pluripotent stem cells. How-
ever, stable in vitro expansion of HSCs remains difficult
and non-reproducible. This is at least in part due to the
use of different batches (lots) of BSA-FV by different
laboratories.

To address these issues, we tested 15 different lots of
commercially available BSA-FV; each exhibited different
abilities to maintain HSCs and unique protein profiles. To
identify the best molecular candidates for HSC mainte-
nance in BSA-FV, we developed a fully defined culture sys-
tem using all-recombinant proteins. Using this approach,
we provide evidence that HSC maintenance is strongly sup-
ported by two factors in BSA-FV, interleukin-1a (IL-1a) and
hemopexin (HPX). Further investigation found that HPX
reduced HSC intracellular reactive oxygen species (ROS)
levels and that HPX was present on non-myelinating
Schwann cells, a constituent of HSC niche in BM. These
findings highlight the utility of all-recombinant protein-
based systematic analysis for ex vivo HSC self-renewal
and differentiation, and identification of bona fide growth
factors that contribute to these cell-fate decisions.

HSC Maintenance Depends on Varying Levels of
Unidentified Proteins Contained in BSA-FV

During our attempts at in vitro maintenance of HSCs, we
realized that different BSA-FV lots varied tremendously in
their colony-forming ability. We therefore evaluated 15
different lots of BSA-FV based on the ability to support
colony formation from single CD34" KSL HSCs (Osawa
et al.,, 1996). After 11 days in culture with each BSA-
FV lot, we confirmed that 5 out of 15 lots showed
very poor colony-formation ability (Figure 1A). We next
cultured HSCs with the remaining ten lots of BSA-FV
for 1 week and examined their blood system repopulating
potential using competitive repopulation assays. To our
surprise, different lots of BSA-FV varied in the ability to
accelerate HSC-mediated blood system reconstitution
(Figure 1B), and did not correlate with colony formation.
Culture in BSA-FV #1 resulted in peripheral blood (PB)
chimerism (at 12 weeks after the transplantation) of
more than 50%, while BSA-FV #15 cultured cells were
essentially undetectable. We hypothesized that these re-
sults were due to different compositions of unknown
factors in each lot of BSA-FV.
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To test this hypothesis, we attempted to detect the pres-
ence of unknown factors in BSA-FV using SDS-PAGE anal-
ysis. In addition to the major albumin protein, a number
of unidentified bands were detected in BSA-FV #1, #8,
and #15 (Figures 1C and 1D). Interestingly, in agreement
with lot-to-lot variability in band patterns, further high-
performance liquid chromatography-mass spectrometry
(HPLC-MS) analysis revealed that different lots of BSA-FV
exhibit distinct protein profiles (Figure 1E and Table S1).
These results suggest that differences in HSC maintenance
can be ascribed to varying levels of unidentified proteins
contained in BSA-FV.

HSC Maintenance Varies Depending on Different Lots
of BSA-FV

To assess the ability of BSA-FV to augment cytokine-medi-
ated HSC maintenance, we cultured 40 CD34 KSL cells
in the presence of 1% BSA-FV, SCF, TPO, and 30 different
individual ligands. These 30 ligands were selected based
on the expression of their receptors on CD34~ HSCs,
identified from a previously published DNA microarray
expression dataset. After 1 week, cultured cells were then
transplanted into lethally irradiated recipient mice along
with competitor cells and the ratio of PB chimerism deter-
mined 12 weeks after transplantation. To our surprise, the
effect of each cytokine on the maintenance of HSCs
changed dramatically when different BSA-FV lots were
used. For instance, although IL-11 was reported to promote
the growth of primitive hematopoietic progenitors in
cooperation with IL-4 (Jacobsen et al., 1995), the ratio of
chimerism induced by IL-11 was higher than that of con-
trol when BSA-FV #1 was used (Figure 2A), but the opposite
result was obtained for BSA-FV #8 (Figure 2B). In addition,
PB chimerism was detected in the presence of epidermal
growth factor, insulin-like growth factor 2, or platelet-
derived growth factor (PDGF) when BSA-FV #1 was used,
whereas we could not observe any PB chimerism under
the same conditions when BSA-FV #8 was used. From the
viewpoint of reproducibility, these results suggest that sim-
ple addition of BSA-FV to cell culture should be reconsid-
ered for efficient in vitro maintenance of HSCs. To further
confirm these results, we repeated the same experiment
focusing on IL-1a, CXCL10, IL-4, and IL-11. The results
clearly demonstrated that, as was the case for IL-1«, the ef-
fect of the cytokine on the ratio of PB chimerism depended
on the BSA-FV lot (Figures 2C and 2D).

Recombinant Protein-Based Culture Is a Promising
Standard Culture System for HSC Maintenance and
Expansion

To improve reproducibility in HSC proliferation, we estab-
lished a standard BSA-FV free HSC culture system. After
trial and error, we focused on a purified recombinant serum
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albumin (RSA). We first analyzed the effect of four different
RSAs on HSC maintenance and the ratio of chimerism (Fig-
ure 3A). Although RSA produced by rice (#C and #D) did
not show any effect, RSA produced by yeast (#A and #B) ex-
hibited repopulation ability and multi-lineage output (Fig-
ure S1A), regardless of lot or manufacturer. Furthermore,
human RSA (HSA) and mouse RSA (MSA) produced by yeast
equally maintained HSC reconstitution ability and multi-
lineage output (Figures 3B and S1B). These results indicate
that culture conditions containing RSA could be a prom-
ising candidate for recombinant protein-based culture
systems.

To assess the ability of HSC to proliferate in RSA cultures,
we compared single HSC growth in RSA- and BSA-FV #8-
based cultures. RSA-cultured HSCs exhibited growth ki-
netics equivalent to those cultured in BSA-FV #8 (Fig-
ure 3C). HSCs were also cultured with RSA for 1 week,
and tested for their potential to reconstitute the blood sys-
tem. We found that the ratio of PB chimerism after the
transplantation was lower than that of BSA-FV #1, but
similar to that of BSA-FV #8 (Figure 3D). RSA-, as well as
BSA-FV #1- and #8-cultured HSCs, all displayed increased
PB chimerism following transplantation over freshly iso-
lated CD34 KSL HSCs (Figure 3D). A 7-day culture with
RSA increased PB chimerism by approximately 2-fold.

Using the above recombinant protein-based culture sys-
tem, we reassessed the effect of the 30 ligands to maintain
HSCs ex vivo. These experiments identified several factors
that increased the ratio of PB chimerism at 12 weeks after
transplantation (Figure 3E). These results were distinct
from the BSA-FV-based cultures, highlighting the BSA-
mediated augmentation of ligand effects. Among these 30
ligands we focused on IL-la, which exhibited highly
elevated reconstitution ability when added to the RSA-
based culture. IL-1a has been previously reported to sup-
press colony formation of mouse KSL cells (Yonemura
et al., 1996). However, competitive repopulation assays af-
ter in vitro culture showed a significantly higher ratio of PB
chimerism compared with controls (Figures S2A and S2B).
In addition, 16 weeks after transplantation we performed
secondary transplantation and found that IL-1a exhibits
much higher levels of chimerism than controls (Fig-
ure S2C). As IL-1a did not alter the proliferation kinetics
of HSC:s in vitro (Figure S2D), these findings strongly sug-
gest that IL-1a is a bone fide HSC maintenance factor.

Hemopexin Contained in BSA-FV Is Responsible for
HSC Maintenance

HSC maintenance factors may not necessarily be ligands of
receptors expressed on HSCs. As shown in Figure 1E, HPLC-
MS analysis of BSA-FV #1, #8, and #15 revealed distinct
protein profiles. Integrating these protein profiles with
the HSC repopulation assay data allowed us to shortlist
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Figure 2. The Ratio of Peripheral Blood
Chimerism Depends on BSA-FV Lot

(A and B) Percentage PB chimerism from 40
CD347KSL HSCs cultured for 1 week in the
presence of 30 different cytokines, SCF, TPO,
and BSA-FV #1 (A) or #8 (B), and trans-
planted into lethally irradiated recipient
mice together with 10° BM competitor cells.
PB chimerism at 12 weeks after trans-
plantation (n = 5 mice per BSA-FV culture
condition). Mean + SD from two independent
experiments, calculated as a ratio relative
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putative HSC maintenance factors for investigation with a
recombinant protein-based culture system. To determine
the functional significance of these factors, we prepared
recombinant proteins and assessed their effect on HSC
repopulating ability by competitive repopulation assays
following 1 week of culture with or without each recombi-
nant protein.

One factor tested by this system, HPX, significantly
increased levels of PB chimerism when added to the
in vitro HSC culture in both primary and secondary trans-
plantation recipients (Figures 4A, 4B, and S3A). Further
studies demonstrated that as little as 5 ng/mL HPX could
induce this increase in HSC repopulating ability (Fig-
ure S3B). To assess whether HPX is present in other lots
of BSA-FV, we analyzed HPX levels in different lots of
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BSA-FV by western blotting, and found that three out of
eight BSA-FV lots (#A, #B, and #H) contained a significant
amount of HPX (Figure 4C). Consistent with this observa-
tion, competitive repopulation assays clearly demonstrated
that HSCs cultured with HPX-positive BSA-FV exhibited
higher chimerism than HPX-negative controls (Figure 4D).

HPX is a heme-binding plasma glycoprotein (Muller-
Eberhard, 1988) that prevents heme-mediated oxidative
stress (Tolosano and Altruda, 2002). Given the described
negative effects of ROS on HSC function, we hypothesized
that HPX enhances HSC function through inhibiting
oxidative stress. We therefore evaluated the in vitro effect
of HPX on ROS production in HSCs (Figure S3C). Consis-
tent with our hypothesis, we observed a significant reduc-
tion of ROS activity in HSCs cultured with HPX, compared
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Can Replace BSA-FV for Ex Vivo Culture of
HSCs

(A) Percentage PB chimerism from 40
CD347KSL cells, following 1 week of culture
with cytokines and 1% RSA produced by
either yeast (A and B) and rice (C and D). PB
chimerism 12 weeks after transplantation
into lethally irradiated recipients together
with 10° BM competitor cells (n = 8 mice per
RSA culture condition). Mean + SD from two
independent experiments.

(B) As in (A) but cultured with 1% MSA
or HSA. Mean + SD from three independent
experiments (n = 8 mice per RSA culture
condition).

(C) Single CD34KSL HSCs were cultured for
1 week in 96-well microtiter plates in S-Clone
SF-03 supplemented with SCF, TPO, and 1%
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microscope. Mean + SEM (n = 40 per RSA
culture condition).

(D) As in (A) but for either freshly isolated
HSCs cultured for 7 days with 1% BSA-FV #1,
#8, #15, or RSA. Mean + SD from two inde-
pendent experiments (n = 10 mice per RSA
culture condition).

(E) Percentage PB chimerism of 40 CD34KSL
HSCs (cultured for 1 week in the presence
of different cytokines, SCF, TPO, and RSA)
12 weeks after transplantation into lethally
irradiated recipient mice together with 10°
BM competitor cells. Mean + SD from two
independent experiments (n = 5 mice per
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with control cultured HSCs (Figure 4E). HPX did not
alter HSC proliferation kinetics in vitro (Figure S3D), high-
lighting that HPX enhances HSC maintenance rather than
cell proliferation.

HPX expression has previously been reported in liver,
CNS, retina, and peripheral nerves (Chen et al., 1998;
Swerts et al., 1992; Tolosano et al., 1996). Given that pe-
ripheral nerves include non-myelinating Schwann cells,
which are also a constituent of HSC niche (Yamazaki
et al.,, 2011), we were interested in whether this BM
cell type also expressed HPX. We therefore investigated
HPX expression by immunostaining BM sections along
with glial fibrillary acidic protein (GFAP) expression, and
confirmed overlapping expression of HPX and GFAP in
all sections (Figures 4F and 4G). Furthermore, using a
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recently developed whole-body imaging by tissue decolor-
ization technique, we performed 3D immunohistochem-
istry of whole BM and further confirmed co-localization
of HPX and GFAP (Figure 4H and Movie S1). While the
majority of HPX co-localized with GFAP, HPX staining
was also seen elsewhere within the BM, suggesting that
other BM niche cells express HPX. These results raise the
intriguing possibility that HPX protects HSCs from oxida-
tive stress in specialized BM niches, although further
work is necessary to define the role of HPX in vivo.
Finally, we attempted to quantitate the effects of HPX
and IL-1a on in vitro HSC maintenance and expansion us-
ing limiting dilution analysis by transplanting 1,000, 100,
and 10 cells (following a 7-day culture) alongside 2 x 10°
BM competitors. Surprisingly, all mice displayed significant
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Figure 4. The All-Recombinant Protein-Based Culture System Contributes to Identification of HSC Maintenance Factors Contained
in BSA-FV

(A and B) The percentage PB chimerism from 40 CD34~KSL HSCs following culture for 1 week in the presence SCF, TPO, RSA, and with or
without HPX (10 ng/mL) before transplantation into lethally irradiated recipient mice together with 10° BM competitor cells. PB
chimerism measured over 24 weeks post transplantation (n =4 or 5 mice per culture condition) and displayed as total PB chimerism (A) and
blood-lineage chimerism (B) within the myeloid (Gr-1/Mac-1%), B cell (B220"), and T cell (CD3™) lineages at 12 weeks. Mean + SD from two
independent experiments.

(legend continued on next page)
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donor cell chimerism (>90% in some mice) within the PB
after 4 weeks (Figure S4). While these results precluded
quantitation of HSC frequency, they do highlight the abil-
ity of RSA-based cultures to expand blood system reconsti-
tuting cells in vitro. After all, single HSCs on average give
rise to approximately 200 progenies during the 7-day RSA
culture (Figure 3C), yet substantial PB chimerism was de-
tected from aliquots of 100 and 10 HSC progenies (1/2
and 1/20 HSC equivalents, respectively).

DISCUSSION

Reproducibility is of central importance in experimental
science. Unfortunately, in the case of in vitro maintenance
of HSCs, reproducible results are often not obtained. Several
factors are likely responsible, including the variability of
culture reagents, insufficient culture conditions, and (im)
purity of phenotypic HSCs. Data presented here highlight
the wide variety of in vitro HSC maintenance capabilities
of different BSA-FV preparations. To overcome these limita-
tions, we have developed a fully defined all-recombinant
protein-based system for the in vitro culture of murine
HSCs. Using this system, we have demonstrated that IL-1a
and HPX, often contained within BSA-FV, significantly
enhance in vitro maintenance of HSCs. This system there-
fore provides a basis on which to develop a reproducible
in vitro HSC maintenance and expansion culture system.

Development of stable in vitro expansion conditions for
HSCs would have important implications for both basic
research and clinical use. In particular, stable ex vivo
expansion of HSCs would reduce current shortages in do-
nors for clinical BM transplantation and could afford
ex vivo gene correction approaches for inherited hemato-
logical disorders. Furthermore, recent efforts to generate
HSCs in vitro by directed differentiation and reprogram-
ming are currently limited by our inability to maintain
any HSCs generated in vitro. Here, we propose an all-re-
combinant protein-based system with which to develop
such culture conditions, and systematic approaches by
which to develop optimal conditions.

Based on DNA microarray data, we tested the functions
of 30 different candidate factors by adding them one

by one to HSC culture medium. Consequently, we were
able to identify two HSC maintenance factors, IL-1a and
HPX. In previous studies, IL-1a was reported to support
the proliferation of mouse HSCs in cooperation with IL-3
(Jubinsky and Stanley, 1985; Mochizuki et al., 1987), while
another group reported that the same factor reduces
the colony-forming and reconstitution ability of HSCs
(Yonemura et al.,, 1996). These contradictory results
highlight the problems of using variable reagents such
as conditioned medium or FBS. In the present study,
we were able to reveal that IL-1a in fact contributes to the
PB reconstitution potential of HSCs (Figures S1A and
S1B). However, we note that high concentrations of IL-1a
(100 ng/mL) inhibited colony formation (data not shown).

Furthermore, we were able to identify HPX as an HSC
maintenance factor contained within BSA-FV. HPX is
thought to inhibit heme-induced ROS generation. While
hematopoietic defects in HPX knockout mice have not
been described (Tolosano et al., 1999), our results demon-
strated that HPX reduced ROS level of cultured HSCs and
improved their reconstitution capability. HPX is unlikely
to be the only HSC maintenance factor in BSA-FV, and we
believe that protein profiling of “good” BSA-FV batches,
as described here, will allow further identification of novel
HSC maintenance and expansion factors.

In conclusion, we believe that the all-recombinant pro-
tein-based system described here is an exciting research
tool for generating highly robust and reproducible data,
and one that will provide important contributions in
our efforts to identify growth and differentiation factors for
HSCs, as well as many other different stem cell populations.

EXPERIMENTAL PROCEDURES

HSC Purification
Mouse CD34 KSL HSCs were purified from BM cells of 8- to 10-
week-old mice. See Supplemental Experimental Procedures for a
detailed description.

HSC Culture
CD34 KSL HSCs were deposited into 96-well microtiter plates con-
taining 200 pL of serum-free medium S-Clone SF-03 (Sanko

(C) Immunoblotting for HPX of albumin-depleted BSA-FV.

(D) Lethally irradiated recipient mice were transplanted with 10° BM competitor cells and 40 CD34~KSL HSCs cultured for 1 week with 1%
BSA-FV or 1% RSA with or without HPX (all in the presence of SCF and TPO). Percentage PB chimerism at 12 weeks post transplantation (n =
5 mice per BSA-FV culture condition). Mean + SD of three independent experiments.

(E) Effect of HPX on ROS levels of in vitro cultured HSCs, as measured by flow cytometric analysis of HySOx staining. Mean fluorescence

intensity (MFI) values + SD (n =5 per culture condition).

(Fand G) Fluorescence imaging of BM sections co-stained with anti-HPX (red), anti-GFAP (green), and DAPI (blue) antibodies. Scale bars:

(F) 100 pum; (G) 4 pum.

(H) 3D fluorescence image of a representative tibia BM, stained with anti-HPX (red) and anti-GFAP (green). Scale bar, 150 pum.
Statistical significance denoted by **p < 0.05 and ***p < 0.005 as determined by unpaired t test.
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Junyaku) supplemented with 1% BSA (Sigma and Wako), MSA,
or HSA (Albumin Bioscience, Sigma, Bioverde) and cytokines
(50 ng/mL mouse SCE 50 ng/mL human TPO).

Competitive Repopulation Assays

Competitive repopulation assays were performed using the Ly5
congenic mouse system. Forty CD34 KSL cells from B6-LyS5.1
and the BM competitor cells (1 X 10°) from B6-F1 mice were trans-
planted into B6-LyS5.2 mice irradiated at a dose of 9.8 Gy. See Sup-
plemental Experimental Procedures for a detailed description.

Sample Purification for Mass Spectrometry

Depletion of albumin from BSA-FV was performed using Melon
Gel IgG Spin Purification Kit (Thermo Scientific) according to the
manufacturer’s instructions.

BM Immunofluorescence and 3D Imaging

Frozen BM sections were prepared and immunostained according
to the Kawamoto method (Kawamoto, 2003). 3D imaging was per-
formed as previously described (Susaki et al., 2015).
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Supplementary Experimental Procedures

Mice
C57BL/6 (B6-Ly5.2) mice were purchased from SLC (Shizuoka, Japan) and B6-Ly5.1
from Sankyo Lab Service (Tsukuba, Japan). All animal care was in accordance with the

guidelines of the University of Tokyo.

Purification of murine hematopoietic stem cells

Mouse CD34’KSL HSCs were purified from BM cells of 8 to 10 week-old mice. Whole
bone marrow cells were stained with an antibody cocktail consisting of biotinylated
anti-Gr-1 (#13593185), -Mac-1 (#13011285), -CD4 (#13004285), -IL-7R (13127185),
and -Ter-119 (#13592185) (eBioscience, San Diego, CA), and -B220 (#13045285) and -
CDS8 (#13008185) monoclonal antibodies (BioLegend, San Diego, CA) (lineage
cocktail). Lineage-positive cells were depleted with anti-Biotin MicroBeads
(MiltenyiBiotec, Auburn, CA) using LS columns (MiltenyiBiotec). The lineage-
depleted fraction was then further stained with fluorescein isothiocyanate (FITC)-
conjugated anti-CD34 (#11034185, BD Bioscience, California, CA), phycoerythrin
(PE)-conjugated anti-Sca-1 (#108108, eBioscience), and allophycocyanin (APC)-
conjugated anti-c-Kit antibodies (#17117183, BioLegend). Biotinylated antibodies were
detected with streptavidin-APC-Cy7 (#47431782, BioLegend). Analysis and cell sorting
were performed on a FACS Aria (BD Bioscience) and results were analyzed with

FlowlJo software (Tree Star, Ashland, OR).

Hematopoietic stem cell culture system

CD34'KSL HSCs were deposited into 96-well micro-titer plates containing 200 ul of
serum free medium S-Clone SF-03 (Sanko Junyakulne, Tokyo, Japan) supplemented
with 1% BSA (Sigma, and Wako, Japan), MSA or HSA (Albumin Bioscience, Sigma,
Bioverde) and cytokines (50 ng/ml mouse SCF, 50 ng/ml human TPO).

Competitive repopulation assays



40 CD34KSL cells from B6-Ly5.1 and the BM competitor cells (1x10°) from B6-F1
mice were transplanted into B6-Ly5.2 mice irradiated at a dose of 9.8 Gy. Following
transplantation, peripheral blood (PB) cells of the recipients were stained with PE-
conjugated anti-Ly5.1 (BioLegend) and FITC-conjugated anti-Ly5.2 (BD Bioscience).
The cells were further stained with PE-Cy7-conjugated anti-Mac-1 and -Gr-1, Pacific
Blue (PB)-conjugated anti-B220 and APC-Cy7-conjugated anti-CD3 antibodies
(BioLegend) and analyzed using a FACS Aria. Secondary BM transplantation assay
were performed by transferring 1 x 10° BM cells from the primary recipient mice into
lethally irradiated B6-Ly5.2 mice. PB cells were collected from secondary recipient mice
at 4, 8, 12 and 16 weeks post-transplantation and analyzed as above. For limiting
dilution assays, 1000, 100, and 10 (seven-day) cultured cells were aliquoted by FACS
and transplantation into lethally-irradiated mice together with 2x10° BM competitor

cells. PB cells were collected at 4 weeks post-transplantation and analyzed as above.

Purification samples for Mass Spectrometry analysis

Depletion of albumin from BSA-FV was performed using Melon Gel IgG Spin
Purification Kit (Thermo Scientific) according to the manufacturer’s instructions.
Briefly, 500 ul of 10% BSA-FV in 10 mM HEPES pH7.3 was diluted 1:10 in Melon
Gel Purification Buffer and applied to Melon Gel spin columns. After incubation for 5
min at room temperature with rotation, spin columns were centrifuged and flow through
was used for mass spectrometry analysis (Medical & Biological Laboratories CO.,

LTD.).

Western blotting

500 pg of BSA-FV was subjected to albumin depletion. Total flow-through of Melon
Gel was applied to SDS-PAGE, transferred to PVDF membranes and blots were
incubated with rabbit polyclonal anti-hemopexin antibody (#ab133415, 1:1000, Abcam)
for 30 min at room temperature. Following incubation with an appropriate secondary
antibody, immunoreactivity was detected by chemiluminescence using Image Quant

LAS4000 (GE Healthcare Life Science).



ROS detection assay

CD34KSL cells were collected after 2 days of culture and stained with HySOx
(excitation: 555 nm, emission: 575 nm; Goryo Chemical, Hokkaido, Japan), for 30
minutes at 37°C. After washing, cells were analyzed for ROS accumulation by FACS

Aria. Cellular ROS were quantified by mean fluorescence intensity (MFI).

Immunofluorescence staining of BM sections

Frozen BM sections were prepared and immunostained according to the Kawamoto
method (Kawamoto, 2003). BM sections were fixed using dry ice/ethanol or 4%
paraformaldehyde (PFA). Immunofluorescence data were obtained and analyzed with a
TCS SP2 AOBS confocal microscope (Leica, Microsystems, Tokyo). The
immunofluorescence-microscopy images of BM sections were automatically obtained,
using integrated reader software, from multiple replicates. Markers and antibodies used
were: Alexa 488-conjugated goat anti-Rabbit IgG, and Alexa 647-conjugated goat anti-
rabbit IgG (Molecular Probes, Carlsbad, CA, USA); rabbit anti-GFAP (#Z20334, Dako,
Glostrup, Denmark); sheep anti-hemopexin (#MAB7007, R&D systems); 4, 6-
diamidino-2-phenylindole (DAPI), a DNA marker.

3D imaging

3D imaging was performed as previously described (Susaki et al., 2015). In brief, after
tibias were collected and fixed in 4% PFA solution, bone marrow plugs were extracted
from bones by flushing. Upon DAPI staining, marrow plugs were treated with
ScaleCUBIC-1 (Reagent-1) for one week followed by ScaleCUBIC-2 (Reagent-2) for
another week. To visualize GFAP" cells and hemopexin’, cells were stained overnight
with antibodies. Images were acquired using a ZEISS Z1 Lightsheet microscope

(ZEISS) and 3D reconstitutions were performed with Imaris software (Bitplane).

Statistical analysis
Mean values of two groups were compared using two-tail unpaired t testing. All

statistical analyses were performed on Prism 7 software (Graphpad, San Diego, CA).



Supplemental Figure and Figure Legends
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Supplementary Figure 1: Multi-lineage HSC output following RSA-based culture
(A) Ratio of myeloid (Gr-1/Mac-1"), B cell (B220") and T cell (CD3") PB chimerism
from 40 CD34-HSCs cultured for seven days in various lots of RSA (A-D)
supplemented with SCF and TPO. Mean ratios + SDs at 12 weeks post-transplantation,
as described in Figure 3A (n =5 per BSA-FV culture condition).

(B) Ratio of myeloid (Gr-1/Mac-1"), B cell (B220") and T cell (CD3") PB chimerism
from 40 CD34-HSCs cultured for seven days in mouse RSA (MSA) or human RSA
(HSA) supplemented with SCF and TPO. Mean ratios + SDs at 12 weeks post-

transplantation, as described in Figure 3B (n = 5 per RSA culture condition).



Supplemental Figure 2
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Supplementary Figure 2: IL-1a enhances in vitro HSC maintenance

(A,B) 40 CD34°KSL HSCs were cultured for one week with 1% HSA, SCF, TPO and 20
ng/ml IL-10. before transplantation into lethally irradiated mice together with 10° BM
competitor cells. (A) Time course analysis of PB chimerim. (B) The donor-derived PB
cell ratio 12 weeks after transplantation. The data presented are the mean ratios + SDs
of two independent experiments (n = 5 per culture condition).

(C) Secondary competitive repopulation analysis of BM from mice in (A). Data are the
mean £ SD of donor-derived PB cells (n = 10 per culture condition).

(D) Proliferation of HSCs with RSA with IL-1a in vitro. Single CD34' KSL HSCs were
cultured for one week in 96-well micro-titer plates in S-Clone SF-03 supplemented with
SCF, TPO and 1% RSA (black line) with or without 20 ng/ml IL-1a. Cell numbers were
counted every 24 hours under a microscope. Data are the mean = SEM (n = 40 per
culture condition).

Statistical significance denoted by ** (P<0.05), *** (P<0.005) or N.S. (not significant)

as determined by unpaired t testing.
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Supplementary Figure 3: Hemopexin enhances engraftment of in vitro cultured
HSCs

(A) Secondary competitive repopulation analysis of BM from mice in Figure 4A. Data
are the mean + SD of donor-derived PB cells (n = 10 per culture condition).

(B) 40 CD34KSL cells were cultured for 1 week with 1% MSA, SCF, TPO and various
concentrations of HPX before transplantation into lethally irradiated recipient mice
together with 10° BM competitor cells. The donor-derived chimerism was measured 12
weeks after transplantation. Data are the mean = SD of donor-derived cells in the PB (n
= 5 per culture condition) of two independent experiments.

(C) Representative flow cytometric plots displaying HySOx staining (a measure of ROS
levels) of HSCs cultured in vitro with or without HPX.

(D) Proliferation of HSCs with RSA with HPX in vitro. Single CD34'KSL HSCs were
cultured for one week in 96-well micro-titer plates in S-Clone SF-03 supplemented with
SCF, TPO and 1% RSA (black line) with or without 10 ng/ml HPX. Cell numbers were
counted every 24 hours under a microscope. Data are the mean = SEM (n = 40 per

culture condition).



Statistical significance denoted by ** (P<0.05), *** (P<0.005) or N.S. (not significant)

as determined by unpaired t testing.
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Supplementary Figure 4: Limiting dilution analysis of RSA-cultured HSCs

40 CD34KSL HSCs were cultured for one week with 1% HSA, SCF, TPO with or
without 20 ng/ml IL-1at or 10 ng/ml HPX. 1000 (left bar), 100 (middle bar) and 10
(right bar) cultured cells were then aliquoted by FACS and transplantation into lethally
irradiated mice together with 2x10° BM competitor cells. PB chimerism at 4 weeks

post-transplantation are displayed.



Supplemental Table 1

BSA-FV #1 BSA-FV #8 EISSA'FV
Accession Name Peptides Accession Name Peptides Accession Name Peptides
number (95%) number (95%) number (95%)
430794280 serum albumin precursor [Bos 1129| |eii30794280 serum albumin precursor [Bos 823 gi[3079428 |serum albumin precursor [Bos 6361
taurus] taurus] 0 taurus]
51“5442570 ALB protein [Bos taurus] 971 %‘“5442570 ALB protein [Bos taurus] 700} §l|74267% ALB protein [Bos taurus] 575
§1\29649095 ;l;l:/xss]emlransfemn precursor [Bos 654] |0i|27806789|transthyretin precursor [Bos taurus] 216 §1|9902896 lcz:);'::nupsl]emenl C3 preproprotein [Bos 130
RecName: Full=Serotransferrin;
Short=Transferrin; AltName: . N .
2i[2501351 [Full=Beta-1 metal-binding globulin; 636| |eil1699167 E%‘gf"‘;ﬁ:]y chain constant region 63 §1|2780678 transthyretin precursor [Bos taurus] 9)
AltName: Full=Siderophilin; Flags:
Precursor
4il77736171 |hemopexin precursor [Bos taurus] 186| [gil99028960|complement C3 preproprotein [Bos 55| |gi1099399 |Apolipoprotein H (beta-2- 8§
taurus] glycoprotein I) [Bos taurus]
gi[11405122 | protein HP-20 homolog precursor . alpha-1-acid glycoprotein precursor gi[7435386 .
5 [Bos taurus] 96| |2i[94966811 [Bos taurus] 42 o IGL@ protein [Bos taurus] 53]
gi[11405075 [protein HP-25 homolog 1 precursor 55| gi[29649095| TPA: serotransferrin precursor [Bos 41 gi|1515563 |Unknown (protein for MGC:159378) 51
3 [Bos taurus] 8 taurus] 60 [Bos taurus]
2i[27806789 [transthyretin precursor [Bos taurus] 53| |2il74353860(IGL@ protein [Bos taurus] 40| ‘2"1508867 E‘];‘Z‘:Zﬁfi‘s’]b“h“ lambda light chain 51
2i[11405210 | protein HP-25 homolog 2 precursor 39) £i[29648675| TPA: complement factor I [Bos 37 gi[7773588 |serum amyloid P-component 49)
8 [Bos taurus] 6 taurus| 3 precursor [Bos taurus]
gil6 beta-2-glycoprotein I [Bos taurus] 37| |gi|77735367|ribonuclease UK 114 [Bos taurus] 36 522974613 fe?i?;c;f)fe?x; ;oggl:gn:xsﬂactor H- 42

. Immunoglobulin light chain, lambda . Ig heavy chain precursor gi[2964909 |TPA: serotransferrin precursor [Bos
292096963 | e cluster [Bos taurus] 34| |8ilO8750 | B/MT.4A.17.H5.A5) - bovine 2 [ss taurus] 38
gl\ 11681290 T:‘rsjlobln subunit alpha [Bos 3| §l\29647889 TPA: proteoglycan 4 [Bos taurus] 24 §1|7581295 F’lé):sn;ierzslpha chain precursor 16

. . immunoglobulin lambda light chain
227819608 |hemoglobin subunit beta [Bos taurus] 31 %“29648787 TPA: keratin 6A [Bos taurus] 19 2i3431970 constant region 3 allotypic variant 16|
IGLC3b [Bos taurus]
1 C2 precursor [Bos 134319701 |fmmunoglobulin lambda light chain i7740425 |collagen alpha-1(I) chain precursor
gi[77735935 aurus] P 30| § constant region 3 allotypic variant 18] g [Bosgtaumsl; P 15
IGLC3b [Bos taurus]

. immunoglobulin gamma 1 heavy . insulin-like growth factor-binding gi[1644144 |collagen alpha-1(II) chain isoform 2
5il91982959 chain constant region [Bos taurus] 27 |sil27807007 protein 3 precursor [Bos taurus] 16 27 recursor [Bos taurus] 14
4i[59858077 aspartate aminotransferase 1 [Bos 26 £i[29746137|PREDICTED: complement factor H- 15 2i[2818942 |similar to ubiquitin-S27a fusion 12

taurus] 3 related protein 2 [Bos taurus] 6 rotein [Bos taurus]

108750 Ig heavy chain precursor 23 2i[29648434| TPA: protein AMBP precursor [Bos 14 2i[3306883 [folate receptor alpha precursor [Bos 1
g (B/MT.4A.17.H5.A5) - bovine 1 taurus] 94 taurus]
2i[27048376 |beta-hexosaminidase subunit beta ) 2i[15379166 |extracellular matrix protein 1 1 2323380 immunoglobulin light chain variable 1
6 reproprotein [Bos taurus] 0 precursor [Bos taurus] 8 region [Bos taurus]

05147674 complement factor B precursor [Bos 21 |eitosi47674 complement factor B precursor [Bos 2 gi[2780700 |insulin-like growth factor-binding 10
taurus] taurus] 7 protein 3 precursor [Bos taurus]

- . - A — - - PR—T— - -

51\29647547 iiﬁsﬁumarylaceloacetase [Bos 1 51\31089343 i::?uz?oglobulln light chain [Bos 12| ei2323402 immunoglo m“mlsl]ght chain variable 10

41699167 1gG2a heavy chain constant region 16| [gi75812054 fibrinogen alpha chain precursor 1 gi/9514767 factor B precursor [Bos 1ol
[Bos taurus] [Bos taurus] 4 taurus]

2i[34319702 unmunog]ob.u]m Iambda.hght ,Cham 2i[29647631|TPA: keratin, type I cytoskeletal 14 2i|1537916 |extracellular matrix protein 1

6 constant region 3 allotypic variant 15} 5 [Bos taurus] 10} 60 recursor [Bos taurus] 9
IGLC3¢ [Bos taurus] P

gi[35842241 [PREDICTED: WASH complex . . gi[3584206 [PREDICTED: complement C4-A

3 subunit 7-like [Bos taurus] 13| |gi|77736171|hemopexin precursor [Bos taurus] 10 19 [Bos taurus] 9

gi[15612047 |fructose-bisphosphate aldolase A 1 2i[35842140PREDICTED: keratin, type I 9 2i[8400016 1 factor I p [Bos g

9 [Bos taurus] 9 cytoskeletal 1 [Bos taurus] 5 taurus]

i27807261 acidic mammalian chitinase I gi[11405185 |keratin, type II cytoskeletal 7 [Bos 9 2i/7583205 li in A-I preprop 7
¢ recursor [Bos taurus] 6 taurus] 6 [Bos taurus]
gi|11405137 [leucine-rich alpha-2-glycoprotein 1ol gi[35842249|PREDICTED: keratin, type I 9 gi[2964851 |TPA: serine peptidase inhibitor, 7
9 recursor [Bos taurus] 9 cytoskeletal 10-like [Bos taurus] 68 Kazal type S [Bos taurus]

RecName: Full=Keratin, type I
. L . N . cytoskeletal 17; AltName: . L. .
42323386 l:‘;:,‘:,“?g?sbt:kl:ul;]ght chain variable 10 ‘g‘1\16039554 Full=Cytokeratin-17; Short=CK-17; 9 %1’]1644504 Es;z:]gen-Z isoform I precursor [Bos 7
€ AltName: Full=Keratin-17;
Short=K17
130038325 cathepsin C [Bos taurus] 9 gi[15612088|CD5 antigen-like precursor [Bos 8 gi|11549734|serum amyloid A protein precursor 6
5 taurus] 0 [Bos taurus]

. fructose-bisphosphate aldolase B £i[35841720(PREDICTED: extracellular peptidase| gi[2550037 . . .
gi|77735921 Bos taurus] 6 9 inhibitor-like [Bos taurus] 8| 02 fibronectin precursor [Bos taurus] 5

129647522 | TPA: serpin peptidase inhibitor, clade immunoglobulin light chain variable insulin-like growth factor I [Bos
5 A (alpha-1 antiproteinase, of |eil323386 [T [gos ‘aums]g 8| |eistooros [P g * 4

i sin), member 3 [Bos taurus] g
215442581 IGK protein [Bos taurus] 5| |ai77735883 serum amyloid P-component 7 2i/2964843 [TPA: protein AMBP precursor [Bos 4
4 precursor [Bos taurus] taurus]
gi[39774086 vitamin D binding protein [Bos 5 gi[35842061|PREDICTED: complement C4-A 6 gi|5985807 |aspartate aminotransferase 1 [Bos 4
4 taurus] 9 [Bos taurus] 7 taurus]

N - . . TPA: serpin peptidase inhibitor, clade] . .
2i[11405229 A-Il p [Bos 5 gi[29647522 A (alpha-1 antiproteinase, 5| |giloao66811 alpha-1-acid glycoprotein precursor 4
8 taurus] 8 ) . [Bos taurus]

antitrypsin), member 3 [Bos taurus]
2i[35842140PREDICTED: keratin, type 1T . beta-2-glycoprotein 1 precursor [Bos 212964878 X .
5 cytoskeletal 1 [Bos taurus] 4| |gi|27806741 taurus] 5 7 TPA: keratin 6A [Bos taurus] 4

- PREDICTED: keratin, type | . . . .

%1\19468548 cytoskeletal 10-like isoform 2 [Bos 4| |eils9858077 ?:‘};z:ﬁ?te aminotransferase 1 [Bos 4 515|2964897 ;l:’]ﬁj.S?DS molecule-like [Bos 4
taurus]

gi[30466252 [carbonic anhydrase 2 [Bos taurus] 4| |gi|27807341|cathelicidin-1 precursor [Bos taurus] 2| |gi|395268 |conglutinin [Bos taurus] 3

278369426 prostaglandin reductase 1 [Bos 4 £i[29648031|TPA: apolipoprotein A-I-like [Bos 5) gi[3977408 |vitamin D binding protein [Bos 3
taurus] 0 taurus] 64 taurus]

41386683 tb:‘:er;‘-j]-mwmglobulm precursor [Bos 4 §1\37506586 ceruloplasmin precursor [Bos taurus] o §1|11405185 :(.:?‘:3, type II cytoskeletal 7 [Bos 3

. . . complement component C9 precursor| gi|7836935 1 C9p
gi/83405800 Legumain [Bos taurus] 4] |gi|78369352] [Bos taurus] 2| 5 [Bos taurus] 3
2i[30217950|epidermal growth factor receptor £i[30079777| DNA-directed RNA polymerase I gi[2780700 |insulin-like growth factor-binding

4 . 1 . 2|
1 [Bos taurus] 6 subunit RPA1 [Bos taurus] 9 protein 4 precursor [Bos taurus]




%]

superoxide di:

immunoglobulin gamma 1 heavy

RecName: Full=Lysozyme C;
AltName: Full=1,4-beta-N-

taurus]

2i[12927751 ) )
0 [Cu-Zn] precursor [Bos taurus] 3| |eilo1982959 chain constant region [Bos taurus] 25| [eil126607 acetylmuramidase C; Flags: 2
: _ Precursor
gi|11405231 |plasma kallikrein precursor [Bos 3 gi|14835627 |keratin, type II cytoskeletal 4 [Bos . apolipoprotein C-III precursor [Bos
4 taurus] 6 taurus] 0| |il47564119 taurus] !
2i[33336089 | hepatocyte growth factor activator 3 122773998 immunoglobulin delta heavy chain 2i[3431970 immunoglot?ulin lambda .light f:hain
1 preproprotein [Bos taurus] & membrane bound form [Bos taurus] 4 26 ;:g?‘séa;: F;g; :l:fralsl;)typlc variant 15
UL
41184000195 gh:spsl.rog]ycerate mutase 2 [Bos 3| |ei7s832116 ime.r»alpha-trypsin inhibitor heavy ol £i[3108934 |immunoglobulin light chain [Bos 3
uru _ cham ﬂ4 Qrgcu?sor [BOS. taurus] 35 Faurus]
41194966763 | haptoglobin precursor [Bos taurus] 3 51\39774086 ;/naml.r D binding protein [Bos 2| |ei2323384 lm@unog]obulin light chain variable 7
aurus
. hosphatidylett lamine-bindi 229149067 . 113584214 rPeRg’SICEB';)ESu;::;tin type IT
2i|75812940 protein 1 [Bos taurus] 2| 5 CD44 antigen precursor [Bos taurus] 2| %9 evtoskeletal 1' Bos t > yp]e 3]
r ] _ . _ y 0s taurus
2i/61888856 tgorsep]hosphate isomerase [Bos 2 51\30079574 3/:;;)111}? vesllcle ;nembrane }.‘)rotein 5| gi[7773593 |complement C2 precursor [Bos 3
_ urus -1 homolog [Bos taurus 5 taurus]
gi[37506586 ceruloplasmin precursor [Bos taurus] 2 gi[43213424|DNA excision repair protein ERCC- 1 2i[4542997 |spleen trypsin inhibitor I precursor
8. . 2. 6-like 2 [Bos taurus] 9 [Bos taurus] 3
gi[35842141|PREDICTED: keratin, type IT 2 2i[32966412|protocadherin-17 precursor [Bos 1 2i[4138668 |thrombospondin-1 precursor [Bos
7 cytoskeletal 3 [Bos taurus] 8 taurus] 5 taurus] 2
215612058 i[16444871 [stcrile alpha motif domain-containi i TPA: insulin-like growth factor-
3 arylsulfatase G [Bos taurus] 2| g ‘ pro teinaSP[];(:?aluru:]mam containing 1 %‘1‘2964879 binding protein 6 precursor [Bos 2|
taurus]
gi[27806591 | glutathione peroxidase 1 [Bos taurus] 2| %1“5612052 E::j;?-hke protein KIFCI [Bos 1 51‘2780690 clusterin preproprotein [Bos taurus] 2|
. immunoglobulin heavy chain . alpha-2-HS-glycoprotein precursor £i1946705 |PREDICTED: ribonuclease 4 [Bos
gil34538498 constant region [Bos taurus] 2| [gil27806751 [Bos taurus] ! taurus] : 2
415088675 ;r};lmutnoglo;aulin lambda light chain 29 gi\ 11405137 [leucine-rich alpha-2-glycoprotein 1 2i[2780675 |alpha-2-HS-glycoprotein precursor o
_ 0s taurus precursor [Bos taurus] 1 [Bos taurus]
gi|14874412|Unknown (protein for MGC:159455) 29 gi[35907080|PREDICTED: collagen alpha-1(V) 1 2i[1579540 |Fc fragment of IgG, low affinity Ilc,
8 [Bos taurus] 5 chain-like [Bos taurus] 59 receptor for (CD32) [Bos taurus] 2
434319701 immunoglobulin lambda light chain RecName: Full=Serum albumin;
3 constant region 3 allotypic variant 9| |gi[1351907 [AltName: Full=BSA; AltName: 821| |gil6006423 [hemoglobin alpha chain [Bos taurus] 2]
IGLC3b [Bos taurus] Allergen=Bos d 6; Flags: Precursor
131089343 i lobulin light chain [B . i : i
% | :::::::]mg obulin light chain [Bos 7| |eil74267962| ALB protein [Bos taurus] 702] gi[2974886 |PREDICTED: protein phosphatase 1
_ _ 36 1M [Bos taurus]
gi[29648728| TPA: hyaluronan synthase 2-like . prepro complement component C3 2i[2780733 P
3 [Bos taurus] 3| |gil83764016 [Bos taurus] 55 5 cathelicidin-7 precursor [Bos taurus] 1
gi[18717127|dual specificity mitogen-activated . 1 comp 3 [Bos 2i[11405075|protein HP-25 homolog 1 precursor
1 protein kinase kinase 2 [Bos taurus] 2| |gi4093220 taurus] 3 3 [Bos taurus] ey !
. . . . RecName: Full=Protein-lysine 6-
. prepro complement component C3 1112269759 |alpha-1-acid gl t ¥
ail83764016( 00 ) 1 § ‘ [Bpos ] glycoprotein precursor 4 %“85 O8187 | xidase; AltName: Full=Lysyl 1
. _ oxidase; Flags: Precursor
gl‘ 14874545 Fibrinogen alpha chain [Bos taurus] 1 gi[11432628 serotransferrin precursor [Bos taurus] 40| gi[2964872 | TPA: hyaluronan synthase 2-like 1
2 [Bos taurus]
RecName: Full=Serotransferrin;
. . . Short=Transferrin; AltName:
i[30079766|t i 1 t ; . i ine-ri i
% | [g:ssctgs nlJ:l]‘l elongation factor SPT6 1| |eii2501351 |Full=Beta-1 metal-binding globulin; 40 ;;1\11405137 leucine-rich alpha-2-glycoprotein 1
AltName: Full=Siderophilin; Flags: precursor [Bos taurus]
Precursor
gi|16445294| gelsolin isoform a precursor [Bos . complement factor [ Bi . RecName: Full=Serum albumin;
H ums) 1| |gils4000165 mm‘l’s] precursor [Bos 37| |gil1351907 |AltName: Full=BSA; AltName: 685
i Allergen=Bos d 6; Flags: Precursor
gi[30079505|gamma-glutamyltransferase 5 1 gi|15155636|Unknown (protein for MGC:159378) 2i[1544257 .
8 precursor [Bos taurus] 0 [Bos taurus] 37 04 ALB protein [Bos taurus] 573
(15155445 . . immunoglobulin lambda light chain .
%l‘ MSH3 protein [Bos taurus] 1 51‘34319703 constant region 3 allotypic variant 26 21‘8376401 I[Jgeopl'? com;;lemem component C3 130]
IGLC3d [Bos taurus] S taurus
RecName: Full=Beta-2-glycoprotein
gi[15795405|Fc fragment of IgG, low affinity Ilc, gi[33128412|proteoglycan 4 precursor [Bos . 1; AltName: Full=Apolipoprotein H;
9 receptor for (CD32) [Bos taurus] 1 o taurus] 20| |gil2506196 |Short=Apo-H; AltName: Full=Beta- 88
2-glycoprotein I; Short=B2GPI;
Short=Beta(2)GPI; Flags: Precursor
. i lobulin lambda light chain
. complement factor D precursor [Bos 34319700 [ MMUROBIO0 1t ¢ .
gi[77735465 {aurus] P [ 1 % ‘ constant region 2 allotypic variant 20[ |gil6 beta-2-glycoprotein I [Bos taurus] 88
IGLC2c [Bos taurus]
RecName: Full=Serum albumin; . . . -
4i[1351907 | AltName: Full=BSA; AltName: 1125 gi|13408570 |keratin, type II cytoskeletal 6A [Bos £i[9209696 |Immunoglobulin light chain, lambda
6 taurus] 19 5 gene cluster [Bos taurus] 48
Allergen=Bos d 6; Flags: Precursor - rus
. immunoglobulin lambda light chain . . . .
2i[74267962 | ALB protein [Bos taurus] 978 %”34319702 constant region 3 allotypic variant 16} £il1399486 ;:glr; ::;%‘l;;br l];‘:eljmbda[-gke & ] 45
IGLC3¢ [Bos taurus] ursor LBos taurus
RecName: Full=Serotransferrin;
gil11432628 ) . insulin-lik th factor bindi Short=Transferrin; AltName:
5 serotransferrin precursor [Bos taurus] 643( |gil163190 ;";L:eli“:_; [;i?;’um;]c or binding 14| |gi]2501351 [Full=Beta-1 metal-binding globulin; 37]
AltName: Full=Siderophilin; Flags:
Precursor
RecName: Full=Beta-2-glycoprotein
1; AltName: Full=Apolipoprotein H; .
gi[2506196 |Short=Apo-H; AltName: Full=Beta- 37| |gil27806743|protein AMBP precursor [Bos taurus] 14 %“ 11432628 serotransferrin precursor [Bos taurus] 37
2-glycoprotein I; Short=B2GPI;
Short=Beta(2)GPI; Flags: Precursor
2i[10993999[ Apolipoprotein H (beta-2- . i lobulin light chai iabl i
3 lycoprotein T) [Bos taurus] 37| |gil2323404 region [Bos taurus]g chain vanable 12 531487454 Fibrinogen alpha chain [Bos taurus] 16|
2i[74353860(IGL@ protein [Bos taurus] 33| [gil1276627 ;/ariable r'e "i’(')':“ fx:f‘giih;h“;‘]‘ 12] %2164‘”44 collagen “Eg‘“‘(‘(n) CJ'“““ isoform | 14
g , uru. precursor 0S taurus
£i[13994863 [immunoglobulin lambda-like 2114874545 .. . . . fibrinogen A-alpha chain [Bos
5 polypeptide 1 precursor [Bos taurus] 32 o Fibrinogen alpha chain [Bos taurus] 11{ |gil3789962 taurus]g P L 14]
2i[29647425| TPA: complement component 2 . fibrinogen A-alpha chain [Bos 113296650 Lo
5 precursor [Bos taurus] 30 |gil3789962 taurus] 11 %8‘ polyubiquitin-C [Bos taurus] 14]
gi[11112028 1 2 precursor 30| 2i[26211830|keratin, type I cytoskeletal 14 [Bos 10 gi[3505374 [putative ubiquitin C variant 5 13
0 [Bos taurus] 1 _ taum.s] 49 [Taeniopygia guttata]
gi[6006425 |hemoglobin alpha chain [Bos taurus] 30) %1“1600405 keratin, type Il eytoskeletal 75 [Bos 10 £i[2964785 TPA: ubiquitin C [Bos taurus] 13




RecName: Full=Aspartate
aminotransferase, cytoplasmic;

gi[12206511 N _ 2i|29747446|PREDICTED: keratin, type IT gi[2818991 | . . Lo
5 ::;T;n::{af::i;‘?sl;ﬁr‘?:: N 26) 0 cytoskeletal 1 [Bos taurus] 7 similar to polyubiquitin [Bos taurus] 13
AltName: Full=Transaminase A
%‘“5470790 fumarylacetoacetase [Bos taurus] 17 51‘2%47630 Fgfl tl;i:*um:? type Leytoskeletal 10 %“2818983 similar to polyubiquitin [Bos taurus] 13
8115442576 FAH protein [Bos taurus] 17| |gil27805977 keratin, type I cytoskeletal 10 [Bos 2il2780650 olyubiquitin-B [Bos taurus] 13
1 P! g taurus] 5 polyubiq
. . . PREDICTED: keratin, type I
£i[7547266 Fngsl :;iig]cm‘“ constant region 16 f‘“g468548 cytoskeletal 10-like isoform 2 [Bos i[163575 | polyubiquitin, partial [Bos taurus] 13
taurus]
. . ) . PREDICTED: immunoglobulin
g“ 11989260 fiﬁzﬁg& Z:rii{] complex 13 ;5“3 S841646] 1, ibda-like polypeptide 5-like [Bos 2i|163573 | polyubiquitin, partial [Bos taurus] 13
C " C taurus)
RecName: Full=Folate receptor
alpha; Short=FR-alpha; AltName:
. immunoglobulin lambda light chain . immunoglobulin lambda light chain . Full=Folate receptor 1; AltName:
fl‘343 19700 constant region 2 allotypic variant 13 g“343 19699 constant region 2 allotypic variant §l“ 1028296 Full=Folate-binding protein 1; 11
IGLC2b [Bos taurus] IGLC2a [Bos taurus] Short=FBP; AltName: Full=Milk
folate-binding protein; Flags:
Precursor
. immunoglobulin lambda light chain . . . - . .
2i[34319700 nstant region 2 allotypic variant 1 gi[15742777|keratin, type I cytoskeletal 17 [Bos 2323374 immunoglobulin light chain variable 1
8 constantregion = allotypic variaj 6 taurus] & region [Bos taurus]
IGLC2c¢ [Bos taurus] &
42323380 ;jrinol:]noglozbtl;l&:ulsl]ght chain variable 10 ?\29648977 ;2‘;2,:5?)5 molecule-like [Bos 4i2323376 ;g:;n[ogl}osbt:::ulslwght chain variable 1
egion [Bos taurus
. immunoglobulin light chain variable . immunoglobulin light chain variable . immunoglobulin light chain variable
82323376 region [gos taurus]g 10] [2i2323380 region [gos laurus]g 92323386 region [lgos taurus]g 1
9i[2323374 1m91unoglobulm light chain variable 10| [gi2323376 1m1?1unoglobulm light chain variable 2i[2964785 TPA: ubiquitin B-like [Bos taurus] 10
region [Bos taurus] region [Bos taurus] 57
. dipeptidyl peptidase 1 precursor [Bos gi[35842141|PREDICTED: keratin, type II . insulin-like growth factor binding
gil75812938 taurus] ) 7 cytoskeletal 3 [Bos taurus] £il163190 protein-3 [Bos taurus] 10
2i[35906462 [PREDICTED: protein piccolo-like 9 2i[2964798 |TPA: folate receptor 1-like [Bos 10
8 [Bos taurus] 49 taurus]
42323400 lmrT)unoglobulm light chain variable 10
region [Bos taurus]
22964867 |TPA: complement factor I [Bos g
56 taurus]
. immunoglobulin lambda light chain
gil975844 variable region, partial [Bos taurus] 8

10




	An All-Recombinant Protein-Based Culture System Specifically Identifies Hematopoietic Stem Cell Maintenance Factors
	Introduction
	Results
	HSC Maintenance Depends on Varying Levels of Unidentified Proteins Contained in BSA-FV
	HSC Maintenance Varies Depending on Different Lots of BSA-FV
	Recombinant Protein-Based Culture Is a Promising Standard Culture System for HSC Maintenance and Expansion
	Hemopexin Contained in BSA-FV Is Responsible for HSC Maintenance

	Discussion
	Experimental Procedures
	HSC Purification
	HSC Culture
	Competitive Repopulation Assays
	Sample Purification for Mass Spectrometry
	BM Immunofluorescence and 3D Imaging

	Supplemental Information
	Author Contributions
	Acknowledgments
	References


