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hematopoietic stem cells in ambient air
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IN USA

Abstract

Hematopoietic cell transplantation (HCT) is a treatment for malignant and non-malignant
disorders. However, sometimes the numbers of donor hematopoietic stem cells (HSC) are limiting,
which can compromise the success of HCT. We recently published that collection and processing
of mouse bone marrow (BM) and human cord blood cells in a hypoxic atmosphere of 3% O, or in
ambient air (~21% O5,) in the presence of cyclosporine A yields increased numbers of HSC. We
now show that collection and processing of mouse BM cells in ambient air in the presence of
specific combinations of anti-oxidants and/or inhibitors of epigenetic enzymes can also enhance
the collection of HSC, information of potential relevance for enhanced efficacy of HCT.
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Introduction

Hematopoietic stem cells (HSCs) reside in a hypoxic microenvironment /n vivo (~1-5%
05). [1-6] However, upon contact with atmospheric levels of oxygen in ambient air (~21%
05), HSCs rapidly begin the process of differentiation to form hematopoietic progenitor
cells (HPC). Most studies and hematopoietic cell transplantation (HCT) are carried out with
cells collected in ambient air, but our previous work demonstrated that collection of cells in
a hypoxia chamber (at 3% O,), not in ambient air, greatly increased HSC recovery from
mouse bone marrow (BM) and human cord blood (CB). [7-8] We termed the phenomenon
of ambient oxygen induced loss of HSCs as extraphysiologic oxygen shock/stress
(EPHOSS). We could counteract the effects of EPHOSS generated when collecting mouse
BM or human CB in ambient air if the collections in air were done in the immediate
presence of cyclosporine A. However, use of cyclosporine A is not without technical
problems, as the potency of cyclosporine A can vary from batch to batch and the exact
amount of cyclosporine A used has to be carefully titrated, plus exposure of cells to
cyclosporine A for too long can have toxic effect on the cells. [9]
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In order to delineate alternative means to collect mouse BM cells in ambient air but without
loss of HSC, we assessed the collection of mouse BM cells in ambient air, but in the absence
and presence of different compounds and their combinations to attempt to mimic the effects
of ‘hypoxia harvest’ on HSCs. We found that combinations of either antioxidants or of
epigenetic enzyme inhibitors, but not in the presence of only single agents, could enhance
collection of mouse BM HSCs, and of additional interest, could further enhance the
collection of HSCs after collection/processing in a 3% O, hypoxic environment. These
studies are of potential interest for clinical translation.

Female, 8-10 week old C57BL/6, Boy/J and C57BL/6J x Boy/J F1 (herein referred to as F1)
mice were obtained from the on-site breeding core facility at Indiana University School of
Medicine. All animal procedures were approved by the Indiana University Committee on
Use and Care of Animals. Animals were maintained under temperature- and light-controlled
conditions (21-24°C, 12 hour light/dark cycle) and were group-housed according to age and
sex. Mice were fed ad /ibitum. Where indicated, BM was flushed from the femurs of
C57BL/6 mice either at ambient air conditions or in a hypoxia chamber kept at 3% O, as
previously published. [7]

Inhibitors, antibodies and flow cytometry

All inhibitors used were from Selleck Chemicals (Houstin, TX). All inhibitors were used at
the concentrations indicated. Inhibitors were present in all media starting at when the BM
was flushed from the mouse femurs. All cells were in the presence of the inhibitor(s) for at
least 1 hour prior to use in experiments. The inhibitors were not washed out. However, in the
case of the transplantation experiments inhibitors were diluted out while creating the proper
cell dose for transplantation. For flow cytometry, HSC were stained at room temperature for
15 minutes with the following antibodies: Lineage cocktail (Lin)-FITC (BioLegend; cat. #
133302), ckit-APC-H7 (BD Bioscience; clone # 2B8), Scal-PE/Dazzle "'594 (BioLegend;
clone # D7), FIt3-APC (BioLegend; clone # A2F10) and CD150-BV421 (BD Bioscience;
clone # Q38-480). HSC populations are defined as Lin~Scal*ckit™ (LSK) CD150™" (see
gating strategy provided in Figure 1A). CD3-APC-H7 (BD Bioscience; clone #145-2C11),
B220-PE-CF594 (BD Bioscience; clone # RA3-6B2), CD11b-BV421 (BD Bioscience; clone
#M1/70), CD45.1-FITC (BD Bioscience; clone # A20), CD45.2-APC (BD Bioscience;
clone #104) were used for /n vivo transplantation to assess donor BM cell engraftment.
FACS analysis was performed with a modified BD Bioscience LSRII and FlowJo software
(version 7.6.2; TreeStar, WA). The negative portion was determined by using relevant
isotype antibody controls.

In vitro colony-forming unit (CFU) assay

Mouse BM cells were seeded in triplicate in 1.0 mL of methylcellulose culture medium (1%
methylcellulose) supplement with 30% FBS, 2 mM L-glutamine, 0.1 mM 2-
mercaptoethanol, 0.1 mM hemin (Sigma-Aldrich), 5% vol/vol pokeweed mitogen mouse
spleen cell conditioned medium and cytokines: 1 U/mL recombinant human erythropoietin
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(Amgen; Thousand Oaks, CA), 50 ng/mL recombinant mouse SCF (R&D Systems). Plates
were incubated at 5% CO5 and lowered 5% O in a humidified chamber. The number of
colonies was scored at day 7 with an inverted microscope.[7,10]

In vivo transplantation

F1 mice (CD45.1*CD45.2*) were lethally irradiated (550cGy, two doses, 24 hours apart)
and transplanted with 50,000 antioxidant or vehicle control treated C57BL/6
(CD45.1"CD45.2*) BM cells and 100,000 Boy/J (CD45.1*CD45.27) BM competitor cells
within 24 hours after irradiation. [7,11] Peripheral blood (PB) was collected at various time
points from host animals by submandibular vein bleeds. The blood samples were treated
with red blood cell lysis buffer and then washed in PBS+0.5% BSA buffer before staining
with CD45.1, CD45.2, CD3 (to determine T cells), B220 (to determine B cells) and CD11b
(to determine myeloid cells) antibodies as described above. Mice were sacrificed 12 weeks
after transplantation then BM cells were stained and analyzed by flow cytometry, but
peripheral blood was assessed at 4 and 12 weeks.

Statistical analysis

Results are expressed as mean values + standard deviation. Pvalue less than 0.05 (two-tailed
Student’s t-test) was considered as statistically significant.

Results and Discussion

Combination antioxidant treatment mimics ‘hypoxia harvest’

An environmental difference between ‘hypoxia harvest” and ‘normoxia (ambient air
collected) harvest’ is the oxygen level. We hypothesized that antioxidants, which inhibit the
oxidation of molecules, may be able to prevent the effect of oxidative stress on HSCs
induced by EPHOSS. Mouse BM cells were collected with 1 mM N-Acetyl-Cysteine
(NAC), a classic antioxidant which has been proved be useful in many oxidative stress
studies [12,13], in the flush media collected in ambient air. Cells were incubated with the
inhibitor for 1 hour and remained in all media for the rest of the experiment. In our system,
there was no significant change in numbers of collected HSC in ambient air in the presence
of 1 mM NAC (Figure 1B-C). A higher dose of NAC (3 mM) was tested, with no increase in
numbers of collected HSCs (data not shown). Then we added another antioxidant, ascorbic
acid 2-phosphate (AAP) [14], to check whether this anti-oxidant, alone or in combination
with NAC, could produce protection and increased numbers of HSCs collected in ambient
air under the stress of EPHOSS. Co-treatment with 1 mM NAC and 0.22 mM AAP, but not
AAP alone, significantly increased numbers of HSCs from 99 + 6 per million BM cells to
208 + 17 per million BM cells (p<0.001), which is similar to the number of HSC collected
in the hypoxia chamber without these added reagents: 235 + 25 per million BM cells (Figure
1A-C).

To check whether antioxidants treatment influenced HPC numbers, mouse BM cells treated
with either antioxidants or vehicle control were seeded in methylcellulose medium and
cultured for 7 days in the presence of cytokines. As shown in Figure 1D-F combination
antioxidant treatment resulted in significantly decreased numbers of granulocyte/
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macrophage (CFU-GM), erythroid (BFU-E), and granulocyte/erythrocyte/macrophage/
megakaryocyte (CFU-GEMM) progenitors, demonstrating that combination antioxidant
treatment produces the same decrease in progenitor cell numbers as does hypoxia collection
and processing (Figure 1D-F).

Antioxidant treatment enhances HSC engraftment

To test the functional significance of antioxidant treatment on HSCs, lethally irradiated F1
mice were transplanted with 50,000 C57BL/6 BM cells treated with antioxidant combination
or vehicle control, and 100,000 competitive Boy/J BM cells. Significantly increased
engraftment in PB at 1 and 3 months and BM at 3 months post donor cell infusion was
observed in the combination antioxidant treated group, compared to the vehicle control
group (Figure 2A-B), consistent with our previously published findings of enhanced
engraftment when using hypoxia collected and processed mouse BM cells. [7] The increased
chimerism of the anti-oxidant treated cells was apparent for B cells, T cells and myeloid
cells (Figure 2C-E).

Epigenetic enzyme inhibitor treatment mimics and expands on hypoxia harvest

We also considered the possibility of chromatin remodeling and/or epigenetic change(s)
during EPHOSS, and conducted a small-scale epigenetic inhibitor library screen to test
whether selected epigenetic inhibitors could prevent the EPHOSS-induced HSC cell loss.
Aurora A Inhibitor | (s1451) is an inhibitor of Aurora kinase. RG108 (s2821), is an inhibitor
of DNA methyltransferase. Olaparib (s1060) is an inhibitor of PARP1/2. As shown in Figure
3A, combinatory inhibitor treatment (with inhibitors in all medias from flush through
experimental processing) for cell collection in ambient air with 10uM s1451 + 10uM s2821,
or 10uM s1451 + 10uM s1060 significantly increased numbers of collected HSCs in air (2.1
to 2.3 fold change; Figure 3A). As shown in Figure 3B-D, the combination of other
inhibitors of Aurora kinase (s1103 and/or s1147; 10uM) with other inhibitors of DNA
methyltransferase (s1200 and/or s1782; 10uM), or other inhibitors of PARP1/2 (s1004s
and/or s2886; 10uM) also significantly increased HSC numbers. Thus, using combinations
of anti-oxidants, or an inhibitor of Aurora kinase with either an inhibitor of DNA
methyltransferase, or of PARP1/2 enhanced collections of mouse BM HSC in the presence
of ambient air resulted in numbers that equated with those cells collected in hypoxia.

Of additional interest, combinatory inhibitor treatment for cells collected in the hypoxia
chamber also showed dramatic increases of HSC compared to the numbers of HSCs
collected in hypoxia without these reagents (Figure 3E). Thus, we have now identified a
number of different means to further enhance collection of HSCs even during hypoxic
collection of the BM cells.

Conclusions

Our previous study showed that brief exposure of mouse BM cells to air limits the efficiency
of HSC recovery. [7,8] In this present study, based on the fact that the only difference
between ‘normoxia harvest’ and ‘hypoxia harvest’ is the oxygen level, we tested several
antioxidants and their combinations and found using /n vitro and in vivo assays that one
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antioxidant combination (NAC + AAP) could mimic ‘hypoxia harvest’. We also evaluated
epigenetic enzymatic regulators by conducting a small-scale epigenetic enzyme inhibitor
library screen, and found that some combinations of epigenetic enzyme inhibitors could also
mitigate the apparent EPHOSS-induced HSC differentiation in air.

HCT, especially with CB, is limited to a degree by the numbers of HSCs found in single CB
collections. [9,15,16] Means to enhance the collection of HSCs could have significant
therapeutic effect. We have now identified with mouse BM cells alternative means to
enhance the collection of HSC, information that may be of relevance to future efforts to
enhance HCT. We consider this a start, not an end, to determining the most efficacious
means to enhance the collection of HSC from different tissue sources. It is likely that other
means may work to enhance collections of HSC. Whether these combinations of reagents
will be useful for collection of human HSCs remains to be determined. Also, it may be
possible to enhance the engraftment of these increased numbers of collected HSCs by
increasing the homing capacities of these cells. [16-18]
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Abbreviations

HCT hematopoietic cell transplantation
HSC hematopoietic stem cell

BM bone marrow

HPC hematopoietic progenitor cell

CB cord blood

EPHOSS extraphysiologic oxygen shock/stress

F1 C57BL/6J x Boy/J

Lin lineage

LSK Lin~Scal*ckit*

CFU colony-forming unit

PB peripheral blood

NAC N-Acetyl-Cysteine

AAP ascorbic acid 2-phosphate

CFU-GM  granulocyte/macrophage progenitor

BFU-E erythroid progenitor

Blood Cells Mol Dis. Author manuscript; available in PMC 2019 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Caietal.

References
1

10

11.

12.

13.

14.

15.

16.

17.

18.

Page 6

CFU-GEM Myranulocyte/erythrocyte/macrophage/megakaryocyte progenitor

. Morrison SJ, Scadden DT. The bone marrow niche for haematopoietic stem cells. Nature. 2014;

505:327-334. [PubMed: 24429631]

. Mendelson A, Frenette PS. Hematopoietic stem cell niche maintenance during homeostasis and

regeneration. Nat Med. 2014; 20:833-846. [PubMed: 25100529]

. Parmar K, Mauch P, Vergilio JA, et al. Distribution of hematopoietic stem cells in the bone marrow

according to regional hypoxia. Proc Natl Acad Sci USA. 2007; 104:5431-5436. [PubMed:
17374716]

. Nombela-Arrieta C, Pivarnik G, Winkel B, et al. Quantitative imaging of haematopoietic stem and

progenitor cell localization and hypoxic status in the bone marrow microenvironment. Nat Cell Biol.
2013; 15:533-543. [PubMed: 23624405]

. Spencer JA, Ferraro F, Roussakis E, et al. Direct measurement of local oxygen concentration in the

bone marrow of live animals. Nature. 2014; 508:269-273. [PubMed: 24590072]

. Mohyeldin A, Garzon-Muvdi T, Quinones-Hinojosa A. Oxygen in stem cell biology: a critical

component of the stem cell niche. Cell Stem Cell. 2010; 7:150-161. [PubMed: 20682444]

. Mantel CR, O’Leary HA, Chitteti BR, et al. Enhancing Hematopoietic Stem Cell Transplantation

Efficacy by Mitigating Oxygen Shock. Cell. 2015; 161:1553-1565. [PubMed: 26073944]

. Broxmeyer HE, O’Leary HA, Huang X, Mantel C. The importance of hypoxia and extra physiologic

oxygen shock/stress for collection and processing of stem and progenitor cells to understand true
physiology/pathology of these cells ex vivo. Curr Opin Hematol. 2015; 22:273-278. [PubMed:
26049746]

. Broxmeyer HE. Enhancing the efficacy of engraftment of cord blood for hematopoietic cell

transplantation. Transfus Apher Sci. 2016; 54:364-372. [PubMed: 27211041]

. Broxmeyer HE, Hoggatt J, O’Leary HA, et al. Dipeptidylpeptidase 4 negatively regulates colony-
stimulating factor activity and stress hematopoiesis. Nat Med. 2012; 18:1786-1796. [PubMed:
23160239]

Broxmeyer HE, Pelus LM. Inhibition of DPP4/CD26 and dmPGE(2) treatment enhances
engraftment of mouse bone marrow hematopoietic stem cells. Blood Cells Mol Dis. 2014; 53:34—
38. [PubMed: 24602918]

Tothova Z, Kollipara R, Huntly BJ, et al. FoxOs are critical mediators of hematopoietic stem cell
resistance to physiologic oxidative stress. Cell. 2007; 128:325-339. [PubMed: 17254970]

Hu L, Cheng H, Gao Y, et al. Antioxidant N-acetyl-L-cysteine increases engraftment of human
hematopoietic stem cells in immune-deficient mice. Blood. 2014; 124:e45-e48. [PubMed:
25287706]

Li CJ, Sun LY, Pang CY. Synergistic protection of N-acetylcysteine and ascorbic acid 2-phosphate
on human mesenchymal stem cells against mitoptosis, necroptosis and apoptosis. Sci Rep. 2015;
5:9819. [PubMed: 25909282]

Broxmeyer, HE., Farag, SS., Rocha, V. Cord Blood Hematopoietic Cell Transplantation. In:
Forman, SJ.Negrin, RS.Antin, JH., Appelbaum, FR., editors. Thomas’ Hematopoietic Cell
Transplantation. 5. Vol. Chapter 39. John Wiley & Sons, Ltd; Oxford, England: 2016. p. 437-455.

Broxmeyer HE. The history of cord blood transplantation/biology and perspective for future efforts
to enhance the field. Cell and Gene Therapy Insights. Cell Gene Therapy Insights. 2017; 3(7):521-
530.

Capitano ML, Hangoc G, Cooper S, Broxmeyer HE. Mild Heat Treatment Primes Human CD34(+)
Cord Blood Cells for Migration Toward SDF-1alpha and Enhances Engraftment in an NSG Mouse
Model. Stem Cells. 2015; 33:1975-1984. [PubMed: 25753525]

Guo B, Huang X, Cooper S, Broxmeyer HE. Glucocorticoid hormone-induced chromatin
remodeling enhances human hematopoietic stem cell homing and engraftment. Nat Med. 2017;
23:424-428. [PubMed: 28263313]

Blood Cells Mol Dis. Author manuscript; available in PMC 2019 July 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Caietal.

o)

Number of HSC/10° BMCs

Page 7

15000

10000 Li n-

5000 -

Air ctrl

12000 7

9000 —

6000

3000

Air + NAC + AAP

Lin
300- C 8 * _
I *kk
B 2
200- g
c
©
< 1
100- _g
©°
w ool
0- Q O 4 R )
& g Y
) & ‘x\\ ‘x?? OXY?
& Q
Lo & v v xé?'
v’)‘

Blood Cells Mol Dis. Author manuscript; available in PMC 2019 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Caietal.

Page 8
D CFU-GM
 50- E BFU-E
2 o 107
g 404 I Qo
- c gl
8 30 ot T
Y * [e]
o -T- O 64
= 204 woke i "6 *
2 -T- qh: 4 . - -
g 104 Ne) —1 *k
Z E 2
0 T T T T =]
& R NI Z ol . . .
o & & & R 3 2
& Ny & N
0 A>< \'ol (¢ O
S & xé?’ xe?'
F W ®
151
@ CFU-GEMM
[
o°
81 T
[T,
9]
S
g 5- Fekdk
E ek -
T
0

Figure 1. Antioxidant treatment mimics hypoxia harvest
Bone marrow cells were harvested and processed in a hypoxic chamber. Groups exposed to

air were removed from the chamber and placed in ambient air for 60 minutes. A:
Representative contour plots of HSCs treated with antioxidant or vehicle. B: Numbers of
HSC in 1 million mouse bone marrow cells (BMCs) treated by 1mM NAC and/or 0.22 mM
AAP. C: Fold change of HSCs treat with NAC and AAP. D—F: Colony formation assay
(CFU) shows treatment with NAC and AAP, similar to that of hypoxia collection/processing,
prevents HSC differentiation, like hypoxia harvest. * p<0.05, ** p<0.01, *** p<0.001.
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Figure 2. Effect of antioxidant treatment on competitive mouse HSC engraftment
50000 antioxidant or vehicle control treated CD45.2* C57BL/6 mouse bone marrow cells

and 100000 CD45.1* Boy/J competitive cells were infused into lethally irradiated dual
CD45.2%/CD45.1* F1 recipients. Data was collected 1 and 3 months after injection. A:
Peripheral blood (PB) was collected at 15t month and 39 month after transplantation and
cells were stained for CD45.2 percentage. B: CD45.2 percentage in mouse bone marrow 3
month after transplantation. C. CD45.2* B cell, T cell and myeloid cell percentages in
mouse bone marrow 3 month after transplantation. n=5 for mice each group. * p<0.05, **
p<0.01, *** p<0.001.
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Figure 3. Epigenetic enzymeinhibitor library screen identified compounds which mimic hypoxia

harvest
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A: Fold change of HSCs after treatment with s1451 (Aurora Kinase inhibitor), s2821 (DNA
methyltransferase inhibitor) and s1060 (PARP1/2 inhibitor) (concentration; 10 uM) for 1
hour. B: Fold change of HSCs after treatment with s1451 and another two DNA
methyltransferase inhibitors, s1200 and s1782 (concentration: 10 uM). C: Fold change of
HSCs after treatment with s1451 and another two PARP1/2 inhibitors, s1004 and s2886
(concentration: 10 uM). D: Fold change of HSCs after treatment with s1060 (PARP1/2
inhibitor) and another two Aurora kinase inhibitors, s1103 and s1147 (concentration: 10
UM). E: Fold change of HSCs after treatment with antioxidants and inhibitors in air and
hypoxia chamber. * p<0.05, ** p<0.01, *** p<0.001. n=3, 7 mice.
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