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SUMMARY

Isolation of long-term hematopoietic stem cell (HSC) is possible by utilizing flow
cytometry with multiple cell surface markers. However, those cell surface pheno-
types do not represent functional HSCs after in vitro culture. Here we show that
cultured HSCs express mast cell-related genes including Cd244. After in vitro cul-
ture, phenotypic HSCs were divided into CD244" and CD244" subpopulations,
and only CD244 cells that have low mast cell gene expression and maintain
HSC-related genes sustain reconstitution potential. The result was same when
HSCs were cultured in an efficient expansion medium containing polyvinyl
alcohol. Chemically induced endoplasmic reticulum (ER) stress signal increased
the CD244™ subpopulation, whereas ER stress suppression using a molecular
chaperone, TUDCA, decreased CD244" population, which was correlated to
improved reconstitution output. These data suggest CD244 is a potent marker
to exclude non-functional HSCs after in vitro culture thereby useful to elucidate
mechanism of functional decline of HSCs during ex vivo treatment.

INTRODUCTION

Hematopoietic stem cells (HSCs) replenish the entire blood system when needed, and transplantation of
HSCs remains as one of the most effective treatments for patients with genetic diseases and hematopoietic
malignancies (Seita and Weissman, 2010). Identification of multiple cell surface markers, e.g., c-Kit, Sca-l,
CD34, SLAM family members, EPCR, CD45RA, CD49f, and CD90 (Balazs et al., 2006; Kiel et al., 2005; Notta
etal., 2011; Oguro et al., 2013; Osawa et al., 1996), and utilization of unique cellular properties, e.g., dye-
efflux and high aldehyde dehydrogenase 1-A1 activity (Goodell et al., 1996; Storms et al., 1999), have
enabled prospective isolation of HSCs from bone marrow (BM) and umbilical cord blood. To this day,
long-term reconstitution into recipient mice remains as the only reliable test of HSC functionality. In steady
state (dormant) conditions, HSCs can be successfully enriched; however, surface marker phenotypes
change and become distorted upon multitude of hematopoietic stress, e.g., inflammation and ex vivo cul-
ture (Zhang and Lodish, 2005). Functionality of HSCs is especially difficult to predict after in vitro cell cul-
ture, solely based on phenotype, even though we rely heavily on it to study normal and malignant HSC
biology. One of the few markers that have been proposed to predict reconstitution potential after
in vitro culture is CD48, as functional HSCs are enriched in the CD48" fraction within c-kit"Sca-l"Lineage™
(KSL) cell population after culture (Noda et al., 2008). Yet, CD48 negativity cannot always represent HSC
functionality. For instance, we and others have previously demonstrated that HSCs in culture are vulnerable
to endoplasmic reticulum (ER) stress responses fueled by accumulation of unfolded/misfolded proteins
(Miharada et al., 2014; van Galen et al., 2014; Walter and Ron, 2011). In our previous work we could amelio-
rate ER stress pathways using bile acids (BAs) and significantly enhance reconstitution potential of HSCs
after in vitro culture (Miharada et al., 2014; Sigurdsson et al., 2016). However, a standard HSC staining
including CD48 was not able to point out noticeable differences between samples cultured with or without
BA, indicating increased functionality (Miharada et al., 2014). The discovery of additional cell surface
markers that correlate with reconstitution capacity after in vitro culture would be highly beneficial and
reduce dependency on the transplantation assay in HSC biology.

In this study our aim was to discover key signatures and cell surface markers representing the functional
decline of HSCs during ex vivo culture. We performed gene expression profiling to compare fresh and
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Figure 1. Transplantation of HSCs cultured with various bile acids

(A) The gating strategy for isolating CD150*CD48 KSL cells from murine bone marrow.

(B) Experimental design of the competitive reconstitution assay. Fifty (50) CD150*CD48 KSL cells were isolated from BM of Ly5.1 mice (donor, two mice
per experiment were used) and cultured in Stemspan SFEM medium supplemented with 100 ng/mL mSCF and 100 ng/mL hTPO with or without 100 uM
of different types of bile acids (BA) for 7 or 14 days. Cells were then transplanted into lethally irradiated Ly5.2 mice (recipient, 5-18 mice) along with
2 x 10° total BM cells derived from Ly5.1/5.2 (F1) mice (competitor). Donor contribution (chimerism) was monitored by analyzing peripheral blood (PB)
every month.
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Figure 1. Continued

(C) Peripheral blood analysis of the transplanted mice. Chimerism in PB at 16 weeks of transplanted mice are shown. Mean + SD from three independent
experiments (n = 5-18) are displayed. Significance was calculated using one-way ANOVA within the same culture days. *p < 0.05, **p < 0.01, ***p < 0.001,
**+p < 0.0001.

(D-F) Cell surface expression of CD48 on KSL fraction of HSCs cultured with or without BA. Representative FACS plots (C) and summary of the flow cytometry
analyses (D and E) are shown. Mean =+ SD (n = 3) are displayed.

cultured HSCs and discovered up-regulation of genes that are highly expressed in mast cells. In addition,
we identified Cd244 as one of the top up-regulated genes. After in vitro culture, HSC population repre-
sented by CD48~KSL was subdivided into CD244" and CD244 populations. CD244-CD48~KSL expressed
high levels of HSC-related genes, whereas CD244"CD48 KSL expressed mast cell-related genes, and only
CD244~CD487KSL cells exhibited long-term reconstitution potential. ER stress induction is correlated to
CD244 expression, as treatment with an ER stress inducer, tunicamycin, reduced the ratio of
CD244-CD48 KSL cells, whereas addition of the BA, TUDCA, increased the ratio of CD244- HSCs. Further-
more, this was also the case when HSCs were cultured in the efficient expansion medium containing poly-
vinyl alcohol (PVA) (Wilkinson et al., 2019).

Our data show that CD244 is a potent marker to represent functionally impaired HSCs enabling prospective
evaluation of HSC after extensive in vitro culture.

RESULTS

CDA48 is unable to distinguish functional HSCs after in vitro culture

We have previously reported that two specific types of BAs, TUDCA and taurocholic acid (TCA), can main-
tain functionality of HSCs in vitro (Miharada et al., 2014; Sigurdsson et al., 2016); however, no clear differ-
ence was observed in the frequency of CD487KSL cells after in vitro culture of fetal liver HSCs (Sigurdsson
et al,, 2016). To reproduce the result using adult HSCs from murine BM, CD150"CD48 KSL cells were
cultured with different BA, analyzed, and transplanted into lethally irradiated mice (Figures 1A and 1B). Pe-
ripheral blood (PB) analyses showed that long-term engraftment of HSCs cultured with TUDCA and TCA
was significantly higher than under other conditions (Figure 1C). Flow cytometry analyses of cultured
HSCs using KSL and CD48 staining did not show significant differences between TUDCA/TCA and control
condition, despite showing improvement in transplantation chimerism (Figures 1D-1F). These results sug-
gest that CD48 negativity is not sufficient to detect HSC functionality after in vitro culture.

Induction of mast cell-related genes in HSCs after in vitro culture

To discover transcriptional changes occurring during the in vitro-cultured HSCs and to identify additional
markers that represent functionality/impairment of HSCs after in vitro culture, we performed a gene expression
profiling of freshly isolated HSCs compared with in vitro-cultured HSCs. CD487KSL cells were freshly isolated
from 10-week-old mice (YF) and then cultured in serum-free medium supplemented with 100 ng/mL of murine
stem cell factor (MSCF) and human thrombopoietin (hTPO) for 14 days, and then CD487KSL cells were re-iso-
lated (YC) (Figure 2A). Comparison of transcriptional profiles of these samples revealed significant changes of
gene expression patterns (Figure 2B). Genes down-regulated upon in vitro culture mainly included genes that
are known for their functions in HSC regulations or as markers of HSCs, e.g., KIf4, Procr, Fgd>5, HIf, NrdaT,
and Nr4a2 (Balazs et al., 2006; Calvanese et al., 2019; Freire and Conneely, 2018; Gazit et al., 2014; Komorowska
etal., 2017; Park et al., 2019). This might suggest that the CD48~KSL population contains only a small fraction of
functional HSCs and/or cells with profoundly reduced HSC function after in vitro culture. In contrast, up-regu-
lated genes included genes that are normally highly expressed in mast cells, such as Mcpt1/2/4/8, Cpa3,
Cmal, Ccl2, and Gzmb (Dwyer et al., 2016) (Figure 2C). Using gene set enrichment analysis (GSEA) (Subramanian
et al., 2005) we could identify a variety of gene signatures that changed between samples (Table S1) including
loss of a long-term HSC signature and induction of the mast cell signature (Figure 2D). In addition, signature of
unfolded protein response (UPR) induction was found in the cultured HSCs (Figure 2D), in line with our previous
study (Miharada et al., 2014).

Mast cells are immune cells playing major roles in pathogen surveillance as well as promoting host defense
through cellular communications with other immune cell types (Abraham and St John, 2010). Mast cells are
characterized by existence of histamine-rich granules that are released upon various stimulations, particu-
larly immunoglobulin E (IgE) binding to their cell surface FC receptor, which is a key reaction during allergic
responses (Galli and Tsai, 2012). Expression of multiple mast cell-related genes including mature mast cell
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Figure 2. Gene expression changes in CD48 KSL cells upon in vitro culture and aging
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(A) Experimental design of the gene expression analysis. Five hundred CD487KSL cells were sorted from BM of young (10 weeks old, YF) mice. Cells were also
cultured in Stemspan SFEM medium supplemented with 100 ng/mL mSCF and 100 ng/mL hTPO for 14 days, and CD48 KSL cells were re-sorted.
(B) Volcano plot showing differentially expressed genes between YF and YC. Significant difference was defined as p < 0.001 and log, fold change < -2 (blue)

or >2 (red).
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(C) Heatmaps showing a list of differentially expressed genes. Significant difference was defined as p < 0.0001 and log; fold change < —3 or >3. Blue

arrowheads indicate CD markers.

(D) Gene set enrichment analysis (GSEA) of the microarray data comparing YF and YC. NES, normalized enrichment score; NOM p-val, nominal p value; FDR

g-val, false discovery rate g-value. See also Table S1.

genes such as Fcerla, which codes FceRla, were observed in the YC cells. However, flow cytometry analysis
was not able to detect FceRI protein on the cell surface and morphological analyses of re-isolated YC cells
did not observe the typical granule-rich morphology (data not shown), suggesting that YC cells were not
fully differentiated toward mast cells. Mast cells are known to share crucial genes with basophils (Dwyer
et al., 2016), but GSEA did not observe enrichment of a basophil signature in both cultured CD487KSL cells
and CD244"CD48 KSL cells (data not shown). SCF is a strong inducer of mast cell differentiation, whereas
TPO signaling is considered to inhibit mast cell differentiation (Martelli et al., 2008). Both SCF and TPO are
used as standard cytokines in mouse and human HSC culture. However, our gene expression analysis
showed that expression levels of Mpl, TPO receptor, were significantly down-regulated (Figure 2C), pre-
sumably failing to suppress induction of mast cell genes during the in vitro culture.

Aging is also known as a trigger of functional decline of HSC (Sudo et al., 2000). Therefore, we also analyzed
if aging stress also induces mast cell signature. Gene expression profiles of HSCs isolated from young mice
(YF) and from aged (18 months) mice (AF) were compared (Figure S1A). GSEA revealed that the mast cell
signature was rather enriched in YF (Figure S1B). This finding indicates that induction of UPR genes and the
mast cell signature might be specific for ex vivo culture conditions.

CD244 can functionally subdivide the CD48 KSL population after in vitro culture

We identified that the cell surface marker Cd244 was one of the significantly up-regulated genes in the
in vitro-cultured CD487KSL cells (Figure 2C). Cd244 is a member of the SLAM family of genes and is
expressed in various immune cells including NK cells, y3T cells, CD8" a.fT cells, monocytes, basophils, eo-
sinophils, dendritic cells, and mast cells (McArdel et al., 2016). The CD244 molecule plays roles in immune
responses partially through its binding to CD48 (Agresta et al., 2018; Elishmereni et al., 2014; Waggoner and
Kumar, 2012). CD244 has been reported as a negative marker for HSC isolation but is currently considered to
be redundant with other SLAM markers when purifying fresh HSCs from steady-state mice (Kiel et al., 2005;
Oguro et al., 2013). Freshly isolated CD150*CD48LSK cells were mostly negative for CD244, whereas after
in vitro culture for 14 days CD48 KSL cells were subdivided into CD244"* and CD244 populations and a vast
majority of CD48" cells were CD244" (Figures 3A and 3B). The expression pattern of two frequently used
HSC markers, CD34 and CD150 (Kiel et al., 2005; Osawa et al., 1996), was abnormal compared with freshly
isolated cells (Figure S2A). We also checked the expression of EPCR (Procr, CD201) on the cultured cells,
since EPCR is known as a potent marker of human HSCs both before and after in vitro culture and to enrich
for functional murine HSC after 5-FU treatment (Fares et al., 2017; Umemoto et al., 2018). Flow cytometry
analyses of cultured HSCs showed that a vast majority of CD2447KSL cells were positive for EPCR while
EPCR*KSL cells contained both CD244" and CD244 fractions (Figure S2A). To compare the proliferative sta-
tus of CD244~CD48 KSL cells (CD244 HSCs) and CD244~CD48 KSL cells (CD244"HSCs), cell cycle profiles
of these subpopulations were analyzed using Ki-67 staining after 7 days’ culture. CD2447HSCs contained
the highest proportion of Ki-67-positive cells, indicating least cycling of this population (Figures S2B and
S2C). In addition, we measured protein synthesis rates in different subpopulations using L-homopropargyl-
glycine (L-HPG) incorporation into newly synthesized proteins. The results indicate that CD244~CD48~KSL
cells have the lowest protein synthesis levels among the different subgroups. However, between
CD2447HSCs and CD244"HSCs there was not a significant difference (Figures S2D and S2E). To further char-
acterize these subpopulations, CD244"HSCs and CD244" CD244"HSCs were isolated from 7-day cultured
HSC samples (Figure 3C) and expression levels of representative genes in HSCs or mast cell regulation were
analyzed using quantitative RT-PCR. Significantly higher expression levels of HSC-related genes (Fgd5, HIf,
Fhl1 and Mpl) were observed in CD244~HSCs, whereas higher expression of mast cell-related genes (Cpa3,
Gzmb, and Mcpt8) was detected in CD244"HSCs (Figure 3D). However, morphologies of these two types of
HSCs are similar (Figure S2F).

To compare long-term reconstitution potential of these two populations, CD244 and CD244" HSCs were
separately isolated from 7-day cultured HSC samples and transplanted into lethally irradiated mice.
Monthly PB analysis showed that CD244~HSCs showed long-term reconstitution of the hematopoietic sys-
tem of transplanted mice while engraftment levels of CD244"HSCs was low (Figure 3E). Both CD244" and
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Figure 3. CD244 expression divides CD48 KSL cells into functionally distinct subpopulations after in vitro culture

(A) Experimental design of the in vitro culture experiment. One hundred CD487KSL cells were sorted from BM of young mice and cultured in Stemspan SFEM
medium supplemented with 100 ng/mL mSCF and 100 ng/mL hTPO for 7 days.

(B) Expression patterns of CD244 and CD48 on the cell surface of fresh and 14 days cultured KSL cells. Representative FACS plots on KSL population are
shown.

(C and D) gRT-PCR analysis for HSC-related genes and mast cell-related genes in CD244*CD48 KSL cells compared with the CD244"CD48~KSL
counterpart. Representative FACS plot and gating of CD244"CD48 KSL cells (green) and CD244~CD48 KSL cells (red) on 7 days cultured KSL cells are
shown in (C). Relative expression levels of genes in CD244"CD48 KSL cells to CD244~CD487KSL are shown in (D).

(E) Competitive reconstitution assay. After 7 days’ culture, two subpopulations were sorted and 1,000 of CD244™ or 1,500 of CD244*CD48 KSL cells were
separately transplanted into lethally irradiated recipient mice (seven mice) with 2 X 10° total BM cells (competitor). Chimerism was monitored by analyzing
PB every month. Significance was calculated using Student’s t test at each time point. Mean + SD from two independent experiments (n = 7) are displayed.
**xn < 0.0001.

(F) Lineage balance of donor-derived cells in the PB of recipient mice. Mean + SD from two independent experiments (n = 6) are displayed. **p < 0.01,
****n < 0.0001. Each color represents different lineages.

(G) Analysis of BM from engrafted mice after 16 weeks. Chimerism in each cell fraction is shown. Significance was calculated using Student’s t test. Mean +
SD from two independent experiments (n = 6) are displayed. **p < 0.01.

(H and 1) Limiting dilution assay for CD244~CD487KSL cells. CD244~CD487KSL cells were re-sorted after 7 days’ in vitro culture and 200, 40, or 10 cells were
transplanted to recipient mice in a competitive manner. Chimerism above 1% was judged as successful engraftment. The frequency of functional HSC was
calculated using ELDA (http://bioinf.wehi.edu.au/software/elda/). Chimerism of individual mice is shown in (I).

CD244"HSCs reconstituted Myeloid, B, and T cells with a modest difference; however, the PB profile of
CD244"HSC-engrafted mice was not accurate because of their low engraftment levels (Figure 3F). Analyses
of BM of the transplanted mice revealed that the reconstitution level of CD244 HSCs was significantly
higher than that of CD244"HSCs (Figure 3G). In order to estimate the frequency of functional HSC within
the CD244-CD487KSL fraction, limiting dilution assay was performed. After 7 days of culture,
CD244~CD48 KSL cells were re-sorted and 10, 40, and 200 cells were transplanted into lethally irradiated
recipient mice in a competitive manner. From this experiment we estimate the HSC frequency in the
CD244~-CD487KSL fraction to be 1/33.6 cells (Figures 3H and 3l).

In summary, our experiments indicate that the CD244~CD48 KSL fraction in culture is distinct from CD244™"
cells and highly enriched for functional HSCs.

ER stress induction and cytokine signals affect CD244 expression

We and others have previously demonstrated that induction of UPR and ER stress signals impair the poten-
tial of mouse and human HSCs (Miharada et al., 2014; van Galen et al., 2014) during in vitro culture. These
results were also confirmed with our gene expression analysis in this study (Figure 2D). We therefore asked
if ER stress induction would lead to the elevation of CD244 expression. Addition of a chemical ER stress
inducer, tunicamycin, increased the ratio of CD244"HSCs within CD487KSL cells (Figures 4A and 4B).
Conversely, addition of TUDCA, a BA known to suppress ER stress (Miharada et al., 2014; Ozcan et al.,
2006; Sigurdsson et al., 2020), resulted in increased frequency of CD2447HSCs (Figures 4A and 4B). Of
note, the frequency of KSL cells did not significantly differ in both cases and CD48 negativity was marginally
affected while the frequency of CD244~CD48 population in KSL was significantly changed (Figure 4B).

Since TPO signaling is known to inhibit mast cell differentiation (Martelli et al., 2008), we next analyzed the
influence of cytokine concentration during the in vitro culture on the frequency of the CD244-CD48KSL
population. High TPO and low SCF concentrations have recently been reported as the optimal culture con-
dition for HSCs (Kobayashi et al., 2019; Wilkinson et al., 2019). In contrast, our results showed that a com-
bination of high concentration (100 ng/mL) of both SCF and TPO maintained the highest
CD244~CD487KSL population in culture. Although lower concentrations of SCF and TPO both resulted
in lower frequency of the CD244~CD48~KSL fraction, there was a tendency that a lower concentration of
TPO reduced the CD244~CD48~KSL fraction more than the same SCF concentration (Figures 4C and S3).

These findings indicate that in vitro culture-induced ER stress and cytokine signals could be one of the crit-
ical causes of functional impairment of HSCs in cell culture that can be measured by CD244 elevation.

Gene expression profiling of CD244 and CD244* HSCs

To explore the key molecular changes that impair HSC functionality, we compared gene expression profiles be-
tween fresh HSCs and CD244"/CD244 HSCs after 7 days’ culture in the conventional culture condition.
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Figure 4. ER stress induction and cytokine signals affect CD244 expression

(A) Expression patterns of CD244 and CD48 on KSL cells after in vitro culture in Stemspan SFEM medium supplemented with 100 ng/mL mSCF and 100 ng/
mL hTPO for 7 days, and with or without 0.5 ug/mL Tunicamycin or 100 pM TUDCA. Representative FACS plots are shown.

(B) Summary of the flow cytometry analyses. Frequencies of KSL cells, CD48" fraction in KSL population, and CD244~CD48" fraction in KSL population are
shown. Mean =+ SD from two independent experiments (n = 5-11) are displayed. Significance was calculated using one-way ANOVA within each population.
*p < 0.05, **p < 0.01, ****p < 0.0001.

(C) A heatmap showing frequencies of CD244~CD48 KSL cells after 7 days’ culture with various SCF/TPO concentrations. Mean values of Zscore (n = 3) in
each fraction are displayed.

CD244~CD48™KSL cells were freshly isolated from young (8 weeks old) mice (N) and cultured for 7 days, and then
CD244~CD48 KSL cells (CN) or CD244"CD48~KSL cells (CP) were re-isolated (Figure 5A). Gene expression anal-
ysis revealed that there were more differentially expressed genes between N and CN cells than between CN and
CP cells, although critical functional difference was seen between CN and CP (Figure 5B). Among significantly
differentially expressed genes between three types of cells, multiple expression patterns were detected; in
both up- and down-regulated genes, some of the genes showed significant changes between N and CN that
were at the same degree in CP cells, which were presumably more directly affected by in vitro culture. This group
contained Nrda1, Fosb, KIf4, MlIt3, Gata2 (down-regulated) and Gm40022, Beat1, Atf5 (up-regulated) (Figure 5C).
Other than these, a part of genes exhibited gradual changes in expression levels, meaning that the expression
levels of those genes are more linearly correlated to the reconstitution potential of the cells. This group contained
Apoe, Vwf, HIf, Procr (down-regulated) and Cd244, Ccl5, Nrp1, Cd34 (up-regulated) (Figure 5C). Similarly, GSEA
on both N versus CN and CN versus CP observed significant enrichment of gene signatures in various fashions.
For instance, tumor necrosis factor alpha (TNFa) signaling, epidermal growth factor (EGF) signaling, and hypoxic
response signatures, which have been implicated in HSC function (Doan et al., 2013; Miharada et al., 2011; Suda
etal., 2011; Yamashita and Passegué, 2019), were gradually lost in accordance with loss of reconstitution capacity
(N > CN > CP), whereas cell cycle-related hallmarks, chromosome segregation, and UPR signatures were grad-
ually induced (N < CN < CP) (Figure 5D and Table S2). In contrast, signature of transforming growth factor B
(TGFB) signaling (Yamazaki et al., 2009) was uniquely enriched in N (N > CN = CP) and interferon alpha (IFN)
signaling pathway was induced in CN (N < CN = CP), suggesting that these pathways might more directly reflect
environmental changes upon in vitro culture (Figure 5D and Table S2). Thus, including CD244 as a marker enables
one to dissect cellular and molecular changes during the transformation of HSCs upon in vitro culture.

CD244 enriches functional HSCs after in vitro culture with PVA

High-efficiency in vitro expansion of phenotypic HSCs has been described using a culture medium contain-
ing polyvinyl alcohol (PVA) and a low concentration of SCF (Wilkinson et al., 2019). We used the CD244
marker to ask if there is functional heterogeneity in expanded HSCs after culture in PVA medium. Purified
CD150"CD487KSL cells were cultured for 7 days in PVA medium supplemented with 10 ng/mL of mSCF and
100 ng/mL of mTPO according to the original report (Figure 6A). Unlike the conventional culture condition,
CD48"KSL population contained CD244"* and CD244" fractions, whereas all CD244KSL cells were CD48™
(Figure 6B). A small fraction of CD244~CD487KSL cells (<10%) was identified in the PVA culture, and these
cells were also positive for EPCR (Figure S4). Alternative analysis of the PVA data showed that
CD244 CD48"KSL cells contained more EPCR™ cells, whereas EPCR"CD48 KSL cells clearly contained
CD244" cells (Figure S4). Based on our flow cytometry analysis we decided to transplant
CD244~-CD487KSL, CD244-CD48"KSL, and CD244*CD48*KSL cells from the PVA culture. The transplan-
tation experiment revealed that the highest reconstitution in PB was found within the CD244~CD48~KSL
cells and significantly lower but stable long-term reconstitution was seen in CD244 CD48"KSL cells,
whereas CD244"CD48"KSL failed to engraft (Figure 6C). The balance of three lineages in the PB of the
long-term (16 weeks) reconstituted mice was similar between CD244-CD48 KSL and CD244 CD48*KSL
cells (Figure 6D). However, analyses of BM of the transplanted mice revealed that contribution of donor
cells in the HSC population was mostly observed in the CD244~CD48~HSCs-engrafted mice (Figure 6E).

These findings reveal that cells equipped with long-term reconstitution potential are limited, even when
using PVA expansion medium, and that CD244 negativity is a potent marker to efficiently enrich functional
HSCs after ex vivo expansion.

DISCUSSION

The long-term reconstitution assay has been recognized as an exclusive and conclusive method to prove
the functional potential of HSCs. However, transplantation assays require a large number of recipient an-
imals, long time periods of monitoring, and high costs. Therefore, developing methods that allow for the
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Figure 5. Gene expression profiling of CD244" and CD244* KSL cells

(A) Experimental design of the gene expression analysis. Five hundred CD244°487KSL cells were sorted from BM of 10-week-old mice (N) and were also
cultured in Stemspan SFEM medium supplemented with 100 ng/mL mSCF and 100 ng/mL hTPO for 7 days, and CD244~KSL (CN) and CD244"KSL (CP) cells
were re-sorted.

(B) Volcano plot showing differentially expressed genes between CP versus N (left), CN versus N (center), and CP versus CN (right). Significant difference was
defined as p < 0.01 and log; fold change < =2 (blue) or >2 (red).

(C) K-mean clustering of genes showing different expression patterns between the three cohorts and heatmaps of selected genes. Significant difference was
defined as p < 0.001 and log; fold change < —2 or >2.

(D) Overlap of hallmarks and GO terms between the three groups based on GSEA. See also Table S2.

prospective evaluation of reconstitution potential of HSCs is of great benefit. The biggest challenge is to
identify reliable markers that reflect reconstitution potential of HSCs under non-steady-state conditions,
e.g., in vitro culture. This study has revealed that phenotypic murine HSCs after in vitro culture have quite
distinct gene expression patterns, particularly the reduction of HSC genes and the induction of mast cell-
related genes (Figures 2C and 2D). Although decreased expression levels of HSC-related genes may be a
major part of the functional retardation, unexpected elevation of some genes is also considered a critical
reason of failed reconstitution. For instance, granzyme B (Gzmb) has been reported to have negative
impact on the long-term reconstitution potential of HSCs (Carnevalli et al., 2014).

Among them, we particularly identified CD244 as a robust marker that represents the decline of reconsti-
tution potential of murine HSCs after in vitro culture. CD244 expression is low on freshly isolated HSCs (Kiel
et al., 2005; Oguro et al., 2013); however, in vitro culture clearly induced CD244 expression (Figures 3B and
3C). Of note, CD244"CD48~KSL (CD244"HSCs) did not efficiently engraft to transplanted recipient mice,
whereas CD244" cells still sustained reconstitution potential (Figure 3E). The potential of CD244 negativity
in combination with CD48 was further supported by experiments using a new HSC expansion system with
PVA (Wilkinson et al., 2019). After culturing with the PVA system, long-term reconstitution ability was mainly
found in the CD244~CD48 KSL population (Figures 6C and éE) that comprised only 10% of the total cul-
ture. Including CD244 as a marker for in vitro cultured HSC is thus highly beneficial and allows for a
higher-resolution comparison of gene expression profiles between freshly isolated HSCs and in vitro
cultured HSCs.

Although functional HSCs are highly enriched in the CD244-CD48 KSL fraction after in vitro culture, the
frequency is still lower than of fresh BM cells. This might be explained by a lack of yet-unidentified addi-
tional marker(s) to capture all functional HSC. From the gene expression analysis data (Figures 2C and
5C) we have tested some additional cell surface molecules (e.g., CD53 and Nrp1) but so far not found addi-
tional markers to further subdivide CD244~HSCs. Alternatively, such markers might not be cell surface mol-
ecules but cellular characteristics reflecting metabolic conditions.

In summary, we conclude that CD244 is an important marker to distinguish functional versus non-functional
HSCs after culture. Including CD244 as a marker to evaluate in vitro-cultured HSCs may help to prospec-
tively estimate reconstitution potential and therefore contribute to further improvement of in vitro HSC
expansion systems.

Limitations of the study

This study particularly targeted murine HSC, and therefore the ability of CD244 negativity as a marker for
HSC of other species, e.g., human, is unknown. In addition, whether CD244 expression is implicated in
different stress conditions is unclear at this moment.
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Figure 6. CD244 expression distinguishes functionally distinct subpopulations after in vitro culture in PVA medium

(A) Experimental design of the in vitro culture experiment. One hundred CD48~KSL cells were sorted from BM of young mice and cultured in PVA containing
medium (Wilkinson et al., 2019) supplemented with 10 ng/mL mSCF and 100 ng/mL hTPO for 7 days.
(B) Expression patterns of CD244 and CD48 on the cell surface of KSL cells after in vitro culture in PVA medium. A representative FACS plot on KSL population

is shown.

(C) Competitive reconstitution assay. After 7 days' culture, three subpopulations were sorted and 500 of CD244~CD48 KSL cells, CD244~CD48*KSL cells, or
CD244"CD48"KSL cells were separately transplanted into lethally irradiated recipient mice with 2 x 10° total BM cells. Chimerism was monitored by
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Figure 6. Continued

analyzing PB every month. Significance was calculated using one-way ANOVA at each time point. Mean £ SD from two independent experiments (n =
12) are displayed. **p < 0.01, ***p < 0.001, ****p < 0.0001

(D) Lineage balance of donor-derived cells in the PB of recipient mice. Significance was calculated using one-way ANOVA at each time point. Mean + SD
from two independent experiments (n = 12) are displayed. *p < 0.05, **p < 0.01, ****p < 0.0001. Each color represents different lineages.

(E) Analysis of BM from engrafted mice after 16 weeks. Chimerism in each cell fraction is shown. Significance was calculated using one-way ANOVA within
each population. Mean £ SD from two independent experiments (n = 5) are displayed. ****p < 0.0001.
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RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the lead contact, Kenichi Miharada (kenmiharada@kumamoto-u.ac.jp).

Materials availability

This study did not generate new unique reagents.

Data and code availability

® Microarray data have been deposited at GEO and a re publicly available as of the date of publication.
Accession number is listed in the key resources table.

® This paper does not report original code.

® Any additional information required to reanalyze the data reported in this paper is available from the
lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice

B6.SJL (Ly-5.1) male mice (8-10 weeks old) were obtained from The Jackson Laboratory. Young (10 weeks
old) and aged (18 months old) C57BL/éJ (Ly-5.2) male mice were obtained from Janvier Labs. All animals
were maintained in individually ventilated racks and given autoclaved food and water ad libitum. All exper-
iments were approved by the Lund University Animal Ethical Committee, Swedish Board of Agriculture and
Animal Research Facility of The University of Tokyo guidelines.

METHOD DETAILS

Flow cytometry

Adult BM cells were isolated by crushing tibias, femurs and iliac bones of 8 to 10 weeks old mice with a mortar
and pestle in PBS. c-Kit positive (c-Kit") cells were enriched using magnetic separation system (MACS) with anti-
c-Kit magnetic beads (Miltenyi Biotec). The enriched cells were stained with a combination of antibodies (please
see STAR Methods for detail) All antibodies were used at a ceoncentration of 1:250. Anti-CD3, -B220, -CD11b,
-Gr-l and Ter119 antibodies were used as lineage antibody mix. Dead cells were excluded using 7-Amino-Acti-
nomycin-D (7AAD) staining. Cells were sorted on FACS Aria lll or analyzed on FACS LSRIl or LSR Fortessa (BD).
Collected data were analyzed on the FlowJo software (Tree Star).

In vitro culture of HSCs

In conventional setting, CD150"CD48KSL cells were sorted from 10 weeks old mice and cultured in
StemSpan™ SFEM medium (STEMCELL Technologies) supplemented with 100 ng/mL of mouse stem
cell factor (mSCF) and 100 ng/mL of human thrombopoietin (hTPO) for 7 or 14 days. Alternatively, cells
were cultured in PVA containing medium (Wilkinson et al., 2019) for 7 days. Briefly, 10 mM HEPES, 1 x
Penicillin—streptomycin—glutamine, 1 X Insulin—transferrin-selenium—ethanolamine (all Thermo Fischer)
and 1 mg/mL polyvinyl alcohol (87-90%-hydrolyzed, Sigma-Aldrich) were added to F12 medium, and
conditioned medium was supplemented with 10 ng/mL of mSCF and 100 ng/mL of mouse thrombopoie-
tin (mTPO).

HSC culture with chemical compounds

Different types of primary bile acids (tauroursodeoxycholic acid: TUDCA, taurochenoceoxycholic acid:
TCDCA, taurocholic acid: TCA, tauro-a-muricholic acid: TaMCA, tauro-B-muricholic acid: TBMCA)
were dissolved in water or ethanol, and separately added to the cell culture with the concentration of
100 uM. Tunicamycin was dissolved in water and added to the culture with the concentration of
0.5 pg/mL.

Cell cycle analysis

Freshly isolated total BM cells or in vitro cultured cells were stained with HSC markers including CD244, and
then fixed and permeabilized using BD Cytofix/Cytoperm Fixation and Permeabilization Kit (BD). Fixed
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cells were then stained with anti-Ki67 antibody and DAPI. Cell cycle status was determined based on the Ki-
67 expression and DNA replication on FACS Fortessa.

Protein synthesis rate analysis

Protein synthesis rate was measured using L-homopropargylglycine (L-HPG) incorporation into newly synthe-
sized proteins. HSCs were culture in standard conditions as described above. 50 pM L-HPG in fresh medium
was added to cells on day 7 and incubated for 30 min. After surface staining for HSC markers, cells were fixed
and permeabilized using BD Cytofix/cytoperm kit. L-HPG was detected with an Alexa Fluor 488 azide using
Click-iT plus. MFI measurements were done in different populations of cultured cells using FACS Aria lll.

Microarray analysis

To compare gene expression profiles of freshly isolated HSCs and cultured HSCs, CD48 KSL cells were
sorted from BM of 10 weeks old or 18 months old C57BL/6 SJL mice. A part of young HSCs were then
cultured in the conventional condition, and 14-days later CD487KSL fraction was re-sorted. Total RNA
was isolated from the sorted cells using RNeasy® Micro Kit (Qiagen) according to the manufacturer’s pro-
tocol. After the quality/quantity determination of the extracted RNA, cDNA was synthesized and amplified
using Ovation® Pico WTA System V2 (NuGEN).

In order to compare gene expression profiles of CD244" and CD244"HSCs, CD244~CD48 KSL cells were
sorted from BM of 10 weeks old mice, and a part of cells were cultured in the conventional condition,
and 7 days later CD244-CD487KSL and CD244"CD487KSL fractions were re-sorted. Total RNA was iso-
lated as mentioned above. After the quality/quantity determination, extracted RNA was amplified and con-
verted to cDNA using GeneChip® 3’ IVT Pico Reagent Kit (Affymetrix).

Fragmented and labeled double-strand cDNA were hybridized to Affymetrix Mouse Genome 430 PM Array
Plates using an Affymetrix GeneTitan® system controlled by the Affymetrix GeneChip® Command
Console® software v4.2 or v4.3.3. The fluorescent signals were measured with an Affymetrix GeneTitan®
system controlled by the Affymetrix GeneChip® Command Console® software v4.2 or v4.3.3. Gene level
summarized probe set signals in log, scale were calculated from Affymetrix CEL files by using the RMA
algorithm as implemented in the Affymetrix GeneChip® Expression Console® v1.4 Software. Sample pro-
cessing was performed at a Genomics Core Facility, “KFB - Center of Excellence for Fluorescent Bio-
analytics” (Regensburg, Germany; www.kfb-regensburg.de). Differential genes were called using the
Limma R package using a p value cut off of 0.01 or 0.05. Gene clustering was performed using k-means/me-
dians clustering on MeV v4.8. Overlap of differentially expressed genes between multiple cohorts were
defined using an online tool Venny v2.1 (https://bioinfogp.cnb.csic.es/tools/venny/). The microarray data
are available at the GEO database under the accession number GSE162408.

Long-term competitive repopulation assay

Competitive repopulation assay was performed using the CD45 congenic mouse system. Ten to fifteen
hundred (1,000-1,500) freshly isolated various HSC populations (donor) were mixed with 2 x 10° total
BM cells (competitor), and then transplanted into mice irradiated with 900 cGy (recipient). Every 4 weeks
after transplantation, PB from tail vein of recipient mice was collected and stained with anti-CD45.1,
-CD45.2, -CD3, -Gr-1, -CD11b, and -B220 antibodies after red blood cell lysis using NH4Cl. After long-
term (16 weeks) monitoring, BM of the engrafted primary recipient mice was analyzed. Donor contribution
(chimerism) was determined as a formula of % donor/(% donor + % competitor) X 100.

Limiting dilution assay

Different number (200, 40, 10) of CD244~CD48 KSL cells re-isolated from 7 days cultured HSC were trans-
planted with 2 x 10° total BM cells as competitor cells into lethally irradiated recipient mice. Every 4 weeks
after transplantation, PB was analyzed. Chimerism exceeding 1% in PB at 16-weeks was judged as a suc-
cessful engraftment.

Quantitative RT-PCR

CD244" or CD244" CD487KSL cells were directly sorted into lysis buffer, and total RNA was isolated using
RNeasy Micro Kit. CT values were averaged, and relative expression compared to HPRT was calculated us-
ing 27T formula. For the information about used probes, please see STAR methods.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical significance was determined using the Bon-ferroni method for comparison of multiple groups or
the two-tailed Student’s t-test for comparison of two groups. Details of used method are described in Fig-
ure Legends. All statistical analyses were performed on Prism (GraphPad).

The frequency of HSCs in the limiting dilution assay was calculated using ELDA (Hu and Smyth, 2009).
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