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Abstract

Ex vivo expansion of hematopoietic stem cells (HSCs) is one of the most promising strategies

to increase the availability of transplantable HSCs and improve bone marrow transplantation
outcomes. We recently demonstrated that mouse HSCs could be efficiently expanded in
polyvinyl alcohol (PVA)-containing culture medium using only recombinant stem cell factor and
thrombopoietin cytokines. However, the behavior of human HSCs in these simple PVVA-based
media was not fully elucidated. In this study, we analyzed the compatibility of PVA of different
hydrolysis rates (HR) and molecular weights (MW) to support functional human and mouse HSCs
ex vivo. Human and mouse HSCs proliferated more frequently in media containing PVA with
lower HR than with higher HR, but both PVA types supported HSC multilineage reconstitution
potential. Importantly, human HSCs cultured in PVA-containing media engrafted not only in
irradiated recipients but also in non-irradiated recipients. Our results demonstrate that human
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HSCs can be maintained ex vivo using PVA-based culture systems and suggest approaches for
future optimization of human HSC expansion.
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1. Introduction

Hematopoietic stem cell (HSC) transplantation is now a standard therapy for the treatment
of various hematological disorders such as leukemias and inherited anemias (Passweg et

al., 2016). The bone marrow (BM) has long been the major source of HSCs, but in recent
years use of umbilical cord blood (UCB) HSCs has become more frequent. However, the
number of HSCs in a single UCB is often low (Notta et al., 2011; Wilkinson et al., 2020a).
This represents a major limitation to the wider application of this otherwise accessible HSC
source for transplantation. The generation of ex vivo culture systems that efficiently expand
human HSCs are therefore essential for the greater clinical use of UCB HSCs. A number

of protocols to expand human HSCs are being trialed (Cohen et al., 2020; Dahlberg et

al., 2011; Delaney et al., 2010; Papa et al., 2020). It has long been thought that serum
albumin is the key factor to maintain and expand HSCs within ex vivo cultures (leyasu et
al., 2017). However, we previously showed that bovine serum albumin (BSA) can be a major
source of biological variability in HSC cultures (leyasu et al., 2017) and recently discovered
that serum albumin could be entirely replaced with polyvinyl alcohol (PVA) (Wilkinson et
al., 2019). PVA is a large class of synthetic resins formed by the hydrolysis of polyvinyl
acetate and can vary in both molecular weight (MW) and hydrolysis rate (HR). Mouse HSCs
could be cultured for more than one month in PVVA-containing culture conditions while
maintaining their functional properties (Wilkinson et al., 2019). Given that PVA is a Good
Manufacturing Practice (GMP) compatible reagent, such an approach is potentially directly
translatable to human HSC expansion for clinical applications. Here, we detail how PVA
MW and HR influence the ex vivo culture of human UCB CD34* hematopoietic stem and
progenitor cells (HSPCs) and mouse BM HSCs. Our results highlight how the selection of
the appropriate PVA type is key for optimizing HSC expansion ex vivo.

2. Materials and methods

2.1. Mice

C57BL/6-CD45.2 and C57BL/6N-CD45.1 (PepboyJ) mice were purchased from Japan SLC,
Sankyo-Laboratory Service, The Jackson Laboratory or bred in-house. NOG (NOD.Cg-
Prkdcscid |L-2ry"ll/SzJ) mice were purchased from In Vivo Science. All mice were housed
in specific-pathogen-free condition. All animal protocols were approved by the Animal Care
and Use Committee of the Institute of Medical Science University of Tokyo and/or the
Animal Care and Use Committee of RIKEN Tsukuba Branch.
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2.2. Mouse and human HSCs

23. PVA

Mouse HSCs were obtained from mouse BM as previously described (Wilkinson et al.,
2019; Wilkinson et al., 2020b). Anonymized human cord blood CD34" cells were purchased
from Cell Engineering Division, BioResource Research Center, RIKEN.

All PVA were purchased from SIGMA (Cat# 348406, 363146, 363103, P8136, 363170,
363081, 363065, 363138). Their molecular weights and hydrolysis rates were summarized
in Fig. 1a. To obtain 10% (w/v) PVA solution, all PVAs were respectively dissolved in water
by autoclaving.

2.4. Mouse HSC culture

Mouse HSC cultures were performed as previously described (Wilkinson et al., 2020b).
Briefly, mouse CD34~KSL HSCs were seeded in fibronectin (FN)-coated 96-well plates
and cultured in the medium consisted with F12 medium (Life Technologies), 1% ITS-X
(Life Technologies), 1% penicillin/streptomycin/glutamine (P/S/G; Life Technologies), 10
mM HEPES (Life Technologies), 0.1% PVA (348406, 363146, 363103, P8136, or 363081)
or 0.1% recombinant human serum albumin (rHSA; Albumin Biosciences), 10 ng/ml
recombinant mouse stem cell factor (mSCF; Peprotech) and 100 ng/ml recombinant mouse
thrombopoietin (MTPO; Peprotech). Cytokines were dissolved in PVA-or rHSA-containing
culture medium. Cell cultures were performed at 37 °C with 5% CO, and 20% O,.

2.5. Competitive transplantation assay

Cultured HSCs derived from C57BL/6N-CD45.1 mice were transplanted with 1 x 108 whole
BM cells obtained from C57BL/6N-CD45.1/ CD45.2 (F1) mice into lethally irradiated (9.5
Gy) C57BL/6N-CD45.2 mice. Peripheral blood (PB) was collected every 4 weeks after
transplantation. PB mononuclear cells were stained with the combination of 7 antibodies;
anti-mouse CD45.1-PE/Cy7 (Biolegend), anti-mouse CD45.2-BV421 (Biolegend), anti-
mouse CD11b-PE (eBiosciences), anti-mouse Ly-6G/Ly-6C-PE (eBiosciences), anti-mouse
CD45RA-APC/ eFluor780 (eBiosciences), anti-mouse CD4-APC (eBiosciences), and anti-
mouse CD8-APC (eBiosciences). Cells were analyzed by FACS Aria Special Order
Research Product (SORP Aria). For secondary BM transplantation, total BM cells were
obtained from the primary mice and 1 x 108 cells were transferred into lethally irradiated
C57BL/6N-CD45.2 mice. The chimerism was analyzed as above.

2.6. Human CD34" cell culture and transplantation

A single donor derived CB CD34* cells were used for each experiment. Frozen CD34" cells
were thawed and seeded into Ultra low attachment 96-well U-bottomed tissue culture plates
(Corning) in PVVA-containing medium consisted with IMDM (Life Technologies), 0.1% PVA
(348406, 363146, 363103, P8136, 363170, 363081, 363065, 363138) or 0.1% rHSA, 1%
ITS-X (Wako), 1% GlutaMax (Life Technologies), 10 mM HEPES (Life Technologies),

20 ng/ml recombinant human SCF, and 50 ng/ml recombinant human TPO. Cell cultures
were performed at 37 °C with 5% CO5 and 20% O,. Medium was completely changed
every 3—4 days. At day seven of culture, cells were used for cell count (using a Vi-CELL
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XR; Beckman Coulter), flow cytometric analysis or transplantation. For flow cytometric
analysis, cells were stained with anti-human CD45RA-FITC (BioLegend), anti-human
CD90-PE (BioLegend), anti-human CD34-APC (BioLegend), anti-human CD38-PE/Cy7
(BD) and Brilliant Violet 421 (BV421) conjugated anti-human CD49f (BD). Cells were
analyzed by FACS Verse. For transplantation, 5 x 104 cells were cultured for 7 days in
PVA-containing medium and intravenously transplanted into sub-lethally (2 Gy) irradiated
NOG mice. The chimerism of human CD45* cells in the PB and BM cells were analyzed
at 16 weeks post-transplantation by flow cytometry following staining with anti-mouse
CDA45-PE/Cy7 (eBioscience), anti-human CD45-FITC (BD), anti-human CD19-PE (BD),
anti-human CD33-APC (BD), anti-human CD3-APC/Cy7 (BioLegend), and anti-human
CD34-BV421 (BD).

Human HSPCs sorting and culture

Frozen CD34" cells were thawed and washed with IMDM. The cells were stained with
anti-human CD45RA-FITC, CD90-PE, CD34-APC, CD38-PE/Cy7 and CD49f-BVv421.
Fifty cells from both cell populations, CD34+*CD38~CD90*CD45RACD49f* cells or
CD34*CD38°CD90*"CD45 RACD49f~ cells, were sorted using SORP Aria by direct
sorting into Ultra Low Cluster U-bottomed 96-well plates filled with media described above.
Sorted cells were cultured without medium change for 7 days in and cell numbers were
counted under the microscopy at day 7.

2.8. Non-conditioned transplantation

A single donor derived CB CD34cells were used for one experiment. 1 x 10 CD34*
cells were injected into 7-9 weeks old non-irradiated female NOG mice, or were cultured
in PVA-C or -H-containing medium for 7 days and then cells expanded from 5 x 104
CD34" were divided and transplanted into five non-irradiated NOG mouse. The chimerism
of human CD45* cells in the PB and/or BM cells were analyzed at 12—16 weeks post-
transplantation as described above.

2.9. Statistical analysis

Tukey-Kramer tests were performed following one-way ANOVA tests if significant
differences were detected in one-way ANOVA. In case of the comparison between two
groups, Welch’s #test were performed to determine the significance. All statistical analysis
were performed by using BellCurve for Excel (Social Survey Rearch Information Co., Ltd).

3. Results and discussion

We initially screened 8 different types of PVA (Fig. 1a) in mouse HSC cultures. Highly
purified mouse CD34~/1°Kit*Scal*Lin™ BM HSCs were cultured for 7 days in media
containing PVA (PVA-A to PVA-H) or rHSA. Consistent with our previous study (Wilkinson
et al., 2019), cells cultured in PVA with 87-89% HR (lower HR; LHR-PVA) divided much
more frequently than cells in PVA with > 98% HR (high HR; HHR-PVA) (Fig. 1a). In
contrast to HR, PVA MW minimally altered cell proliferation of mouse HSCs. The water
solubility of each PVA varied and 10% aqueous solutions of PVA-B, -D, and -E were

very viscous and hard to measure accurately. Based on the above results and the difficulty
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of dissolving PVA-B, -D, and -E, we selected two HHR-PVA (PVA-A and -C) and three
LHR-PVA (PVA-F, -G, and -H) types for analysis in competitive transplantation assays.

Transplantation of 7-day cultured mouse HSCs showed that PVA type altered functional
potential (Fig. 1b—c). PVA-A cultures poorly reconstituted hematopoiesis in the recipient
mice, suggesting PVA-A only weakly supported HSCs ex vivo. By contrast, PVA-C, -F,
and -H supported high multilineage chimerism in recipients (Fig. 1b—c). Interestingly, the
cells cultured in PVA-C and PVVA-H containing media displayed comparable hematopoietic
reconstitution in recipient mice, despite PVA-C supporting significantly less cellular
proliferation during the 7-day in culture (Fig. 1a—c). Secondary transplantation assays
further revealed that cells cultured in both PVA-F and PVVA-H retained strong HSC activity
in primary recipients. On the other hand, the chimerism of the PVA-C culture gradually
reduced over time (Fig. 1d). These results suggested that PVA-F and PVA-H supported
proliferation and expansion of mouse long-term (LT)-HSCs more efficiently than PVA-C,
and that PVA-F and PVA-H did not compromise HSC activity after active cell division.

Having characterized how mouse HSCs responded to different PVA types, we next cultured
human UBC CD34* HSPCs in PVA-based media. Similar to mouse HSCs, more frequent
human cell proliferation was observed after 14-day culture with LHR-PVVA compared

to the culture with HHR-PVA except for PVA-C (Fig. 2a). However, the number of

cells in HHR-PVA and LHR-PVA were not so significantly different at Day-7 (Fig. S2).

To evaluate the reactivity of HSCs and HPCs to PVA, CD34* cells were fractionated

and cell subsets cultured in PVA-containing media. When phenotypically purified human
HSCs (CD347CD38"CD90*CD45RA-CD49f* cells: CD34*49f* cells) were cultured in
PVA-containing media for 7 days, minimal proliferation was observed in HHR-PVA,

while more frequent proliferation was observed in the LHR-PVA (Fig. 2b). On the other
hand, phenotypic multipotent progenitor cells (CD34*CD38"CD90"CD45RA-CD49f
CD34%49f cells) slowly proliferated in PVA-A, C and D and failed to proliferate in PVA-B
(Fig. 2b). Although CD34%49f" cells tended to proliferate more frequently than CD34*49f*
cells, only PVA-H displayed a significant difference. Flow cytometric analysis confirmed
that after 7-14-day cultures, phenotypic CD34+*CD38~ HSPCs were maintained in all PVA
types (Fig. S1a-b). Additionally, this analysis revealed that LHR-PVA cultures contained
more CD90~49f* cell population than cells in HHR-PVA (Fig. S3).

The engraftment potential of human CD34" cells cultured in PVA-A, -C, -F, and -H

were next assessed by transplantation into irradiated immunodeficient NOD.Cg-Prkdcscid
IL-2ry™!/SzJ (NOG) mice. PVA-G was not included in this analysis because mouse
HSCs cultured in PVA-G displayed poor long-term hematopoietic reconstitution capacity.
CD34" cell samples obtained from two distinct donors were individually evaluated in
these transplantation experiments. In both of experiment, the cells cultured in all PVAs
could reconstitute human hematopoiesis in the recipient mice, although the percentages

of chimerism varied (Fig. 3a). Notably, PVA cultured HSPCs generally displayed higher
BM engrafted than albumin-based cultures. Additionally, PVA-A, -C, -F, and -H supported
multilineage reconstitution of B-, T-, and myeloid lineage (Fig. 3b).
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We previously reported that mouse HSCs expanded in PVA could home to the BM

and produce B, T, and myeloid cells even when the recipient mice did not receive any
pre-conditioning such as irradiation (Wilkinson et al., 2019). It has been reported that non-
cultured UCB CD34* cells can also home to the non-irradiated immunodeficient recipient
mouse BM (Brehm et al., 2012; Mclntosh et al., 2015). The BM microenvironment in
non-irradiated recipient mice should be much competitive than that in irradiated mice

for cultured human CD34* cells to home and engraft. To test whether PVA-cultured

human cells could achieve the same results, we transplanted 7-day PVA-C and -H cultured
human hematopoietic cells into non-conditioned NOG mice (cultures initiated with 1 x 104
CD34* cells). Although the PVA-H cultured cell chimerism was significantly lower in one
experiment (Fig. S3), human hematopoiesis was detected in non-conditioned recipient PB
and BM at 16-week after transplantation for all groups, confirming that PVA-cultured human
HSPCs retained the capacity to engraft in non-conditioned recipients. (Fig. 3c, Fig. S4).

Based on these results, we conclude that these PVVA-based culture conditions can maintain
human HSCs capable of engraftment in irradiated and non-irradiated recipients. However,
further optimization of human HSC culture conditions is warranted. For example, the
addition of UM171, reported to support HSC expansion ex vivo (Fares et al., 2014),

may promote expansion of human HSCs in these PVA culture conditions. With future
improvements, we believe that this proof-of-concept for non-conditioned transplantation of
PVA-culture expanded human CD34* cells may become feasible for patients.

We were interested to observe differences in the reactivity of human and mouse HSCs to
PVA-A. As shown in Fig. 1a and Fig. 3, PVA-A support long-term repopulating ability of
human HSC but not of mouse HSCs. However, the difference in the reactivity to PVAs
between mouse and human HSCs might be due to the purity of HSC fraction tested. Human
CD34" cells are a much more heterogeneous population of stem and progenitor cells than
the highly-purified CD347°Kit*Scal*Lin™ mouse HSCs we used in the mouse HSC assays.
Culture and transplantation of a purified human HSC fraction, such as CD34%49f* cell
fraction, should help to answer this question in future.

Our results highlight the importance of the selecting the most supportive PVA for ex vivo
expansion cultures. From the 8 PVA types tested, PVA-H was most supportive for mouse
HSC expansion. Our data also suggest that PVA type may differentially support LT-HSCs,
ST-HSCs, and other cell types. For example, the high reconstitution in primary recipients
but low reconstitution in secondary recipients from PVA-G cultures suggests it promoted
ST-HSC generation. Additionally, despite large differences in cellular proliferation in PVA-
C and PVA-H, similar levels of long-term reconstitution were observed, suggesting PVA-H
may also support expansion of non-engrafting cells. However, we cannot discount these
similar reconstitution levels were due to saturation in the recipient mice.

We hope that future molecular studies comparing HSCs within these different PVA cultures
will help to decipher the function of PVA in supporting HSCs. While we have found that
PVA stabilizes cytokines in media similar to rHSA (Nishimura et al., 2019), we believe
PVA likely plays additional roles in supporting HSCs. PVA may work as the carrier of
other substances such as trace elements or amino acids that are necessary for cell survival,
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proliferation, and maintenance of HSCs. The difference of MW and HR possibly give
different performance of PVA as a carrier. We hope that if the mechanisms of how PVA
functions in HSC culture can be uncovered, one of the most uncontrollable somatic stem
cells, the HSC, may finally become “controllable”.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

PVA chemical properties alter ex vivo expansion of functional mouse HSCs. a, Summary of
PVA polymers used in this study and cell numbers derived from single CD34™KSL mouse
HSCs after seven days culture in various PVA containing media (PVA-A to PVA-H). Cell
count was performed at day 7 of culture. b, Competitive transplantation of culture-expanded
cells started from 100 HSCs against to 1 x 108 whole bone marrow (BM) cells. Donor
peripheral blood (PB) chimerism in recipient mice at 4 to 16 weeks post-transplantation
were analyzed by flow cytometry. Statistical significance was calculated using analysis of
variance (ANOVA, Tukey-Kramer). *p < 0.05, **p < 0.01; NS, not significant. ¢, Donor

PB chimerism at 16 weeks after transplantation. Multi lineage (B cell, T cell and Myeloid)
reconstitution was detected in the recipient mice by using anti-CD45R (B220), anti-CD3
and anti-Gr-1/anti-Mac-1 antibodies, respectively. Statistical significance was calculated
using analysis of variance (ANOVA, Tukey-Kramer). *p < 0.05, **p < 0.01; NS, not

significant. d, Secondary transplantation of PVA-cultured mouse HSCs. 1 x 108 whole bone
marrow cells from primary recipient mice were transferred into lethally irradiated secondary
recipient mice and chimerism in recipient mice PB was analyzed over 12-weeks. Statistical
significance was calculated using ANOVA and Tukey-Kramer. **p < 0.01.
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Fig. 2.
Effect of different PVA hydrolysis rates and molecular weights on ex vivo cultured

human cord blood CD34* hematopoietic stem and progenitor cells. a, Human cord blood
CD34* cells were cultured in PVA media and cell numbers were counted at day 14.

Three independent experiments were performed with cord blood CD34™ cells derived from
different donors. Cell cultures were started from 7 x 103 (Exp.1) or 5 x 103 (Exp. 2 and 3)
CD34* cells. Mean + S.D is shown. Statistical significance was calculated using ANOVA
followed by Tukey-Kramer; *p < 0.05, **p < 0.01. b, Proliferation of the two different
CD34" cell fractions after 7-day culture in PVA-containing media. Fifty cells were sorted
into four wells in a 96-well plate and cell numbers in each well were counted at 7-day.
Statistical significance was calculated using ANOVA and Tukey-Kramer. **p < 0.01.
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Fig. 3.

Effect of PVA HR and MW on ex vivo human CD34* engraftment potential. a, Mean human

CD45* PB and BM chimerism at 16 weeks post-transplantation. Culture expanded human
hematopoietic cells derived from 1 x 104 CD34* cells in 7-day-culture were transplanted
into sub-lethally irradiated NOG (NOD.Cg-Prkdcscid 11-2ry"!/SZJ) mice (n = 5 mice per
group). Statistical significance was calculated using ANOVA followed by Tukey-Kramer;
*p < 0.05, **p < 0.01. Exp: Experiment. PB: Peripheral Blood. BM: Bone Marrow. NS:
Not Significant. b, The frequency of B, T, myeloid and CD34* cells in human CD45* cells
in PB (upper) and BM (lower) at 16 weeks post-transplantation. Anti-CD19, -CD3, -CD33
and -CD34 antibodies were used to detect B, T, myeloid and CD34" cells, respectively.

¢, Transplantation of 1 x 10% non-cultured CD34" cells or 7-day cultured hematopoietic
cells into non-irradiated NOG mice (n = 5 mice per group). For each NOG mouse, non-
cultured CD34* cells (1 x 104 cells) or the cells expanded from 1 x 104 CD34* cells

were transplanted from one UCB donor (see Fig. S3 for biological replicate). Statistical
significance was calculated using ANOVA followed by Tukey-Kramer; PB: Peripheral
Blood. BM: Bone Marrow. *P < 0.05, NS: Not Significant.
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Reagent or resource Source I dentifier
Antibodies

PE-Cy7 anti-mouse CD45.1 BioLegend Cat# 110730
BrilliantViolet421 anti-mouse CD45.2 BioLegend Cat# 109832

PE anti-mouse CD11b (M1/70) eBioscience Cat# 12-0112-82
APC-eFluor780 anti-mouse CD45RA (RA3-6B2)  eBioscience Cat# 17-0452-83
APC anti-mouse CD4 (RM4-5) BioLegend Cat# 100516
APC anti-mouse CD8 (536.7) eBioscience Cat# 17-0081-83
FITC anti-human CD45RA BioLegend Cat# 304106

PE anti-human CD90 BioLegend Cat# 328110
APC anti-human CD34 BioLegend Cat# 343607
PE-Cy7 anti-human CD38 BD Cat# 335790
Brilliant Violet421 anti-human CD49f BD Cat# 562582

PE-Cy7 anti-human CD45

FITC anti-human CD45

PE anti-human CD19

APC anti-human CD33

APC-Cy7 anti-human CD3

Brilliant Violet421 anti-human CD34
Human cord blood CD34+ cells
Human cord blood CD34+ cells

Chemicals, Peptides, and Recombinant Proteins

Recombinant human serum albumin
Recombinant mouse thrombopoietin
Recombinant mouse stem cell factor
PVA

Recombinant human thrombopoietin
Recombinant human stem cell factor

BellCurve for Excel

Other

eBiosciences
BD

BD

BD
BioLegend
BD

RIKEN BRC

StemExpress

Albumin Biociences
Peprotech

Peprotech

Sigma

R&D
R&D

Social Survey Rearch Information

Co., Ltd

Cat# 25-0451-82
Cat# 555482
Cat# 555413
Cat# 551378
Cat# 344818
Cat# 562577

Cat# CB3401C

Cat# 1002

Cat# 315-14
Cat# 250-03

Cat# 348406, 363146, 363103, P8136, 363170,

363081, 363065, 363138

Cat# 288-TPN/CF
Cat# 255-SC
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