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Influence of Hypoxia on a Biomaterial Model of the Bone
Marrow Perivascular Niche
Gunnar B. Thompson, Victoria R. Barnhouse, Sydney K. Bierman,
and Brendan A.C. Harley*

Hematopoietic stem cell (HSC) fate is shaped by distinct microenvironments
termed niches within the bone marrow. Quiescence, expansion, and
differentiation are directly and indirectly regulated by complex combinations
of cell secretomes, cell-cell interactions, mechanical signals, and metabolic
factors including oxygen tension. The perivascular environment in the bone
marrow has been implicated in guiding HSC fate. However, bone marrow
presents an environment which is hypoxic (≈1-4% O2) relative to traditional
cell culture conditions, and the study of hypoxia in vitro is complicated by the
speed with which normoxic conditions during HSC isolation induce
differentiation. There is a unique opportunity to use engineered models of the
bone marrow to investigate the impact of defined hypoxia on HSC fate. Here,
the coordinated impact of oxygen tension and the perivascular secretome
upon murine hematopoietic stem and progenitor cells (HSPCs) is examined in
vitro. The findings highlight the importance of mitigating oxygen shock during
cell isolation in engineered marrow models. We report a shift toward the
Lineage− phenotype with hypoxic culture, expansion of HSPCs in response to
perivascular niche conditioned medium, and enhanced HSPC maintenance in
a hydrogel model of bone marrow in hypoxic culture when oxygen shock is
mitigated during isolation using cyclosporin A.
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1. Introduction

Hematopoietic stem cells (HSCs) reside in
the bone marrow and through the pro-
cess of hematopoiesis, produce the full
complement of blood and immune cells
needed throughout a person’s lifetime.[1]

They are rare within the bone marrow and
are prospectively identified using flow cy-
tometry. Most commonly, a compartment
of hematopoietic stem and progenitor cells
(HSPCs) is identified as Lin−Sca-1+c-Kit+,
and this population is typically referred
to as the LSK population.[2,3] This com-
partment further comprises long-term re-
populating HSCs, short-term repopulat-
ing HSCs, and multipotent progenitors
(LT-HSCs, ST-HSCs, and MPPs respec-
tively) which may be phenotypically iden-
tified by their expression of CD150 and
CD48, and are functionally distinct in their
self-renewal and repopulating capacity.[4,5]

Though not fully understood, it appears
that more stemlike HSCs, such as the
CD150+CD48−CD41− subfraction are asso-
ciated with greater levels of quiescence.[4,6]

HSC transplants are used to cure diseases including acute
myeloid leukemia, sickle cell disease, and numerous others.[7]

Unfortunately, a significant number of post-transplant relapses
occur when donor cells fail to engraft, which is often due to a
low cell dose.[8,9] One possible avenue to mitigate this risk is pre-
transplant expansion of stem cells to increase the delivered cell
dose. While significant strides have recently been made on this
front,[10,11] expansion remains a challenge in the field of hema-
tology which relies heavily upon conventional 2D cell culture. A
better understanding of how HSCs interact with and are posi-
tively regulated by their native bone marrow microenvironment
may eventually provide the scientific leverage necessary for the
clinical expansion of HSCs.
HSCs have been identified in several unique locales of the

bone marrow, termed niches, which provide a set of matrix, cel-
lular, and biomolecular signals that influence HSC growth, qui-
escence, and lineage specification.[12] The two most frequently
named niches that differentially support HSCs are the endosteal
niche, which is proximal to the inner surface of the bone, and
the perivascular niche (PVN) which is sometimes further di-
vided into the periarteriolar and perisinusoidal niches.[13,14] The
bone marrow is an overall hypoxic tissue, with oxygen levels
varying between 1–4% depending on location,[15] and with the
highest oxygen tension near the surface of bone and arteri-
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oles, and the lowest toward the middle of the marrow and near
sinusoids.[15,16] Niche hypoxia is believed to play an important
role in HSC activity by helping to maintain a fraction of qui-
escent HSCs via HIF-1𝛼 stabilization.[17,18] Work published by
the Broxmeyer Lab demonstrated the importance of oxygen ten-
sion during cell culture and during cell isolation, finding that
isolation of HSCs in ambient air with high oxygen concen-
trations quickly leads to extraphysiologic oxygen shock/stress
(EPHOSS).[19–22] Here, normoxic isolation leads to increased re-
active oxygen species (ROS) generation and mitochondrial ac-
tivity, mitochondrial permeability transition pore (MPTP) induc-
tion, and HSC differentiation. However, this phenotype could be
mitigated via either complicated all-hypoxic isolation or by us-
ing cyclosporin A to inhibit cyclophilin D, a key factor in MPTP
induction. These studies showed that hypoxic (3% O2) or cy-
closporin A-supplemented HSC isolation from the bone mar-
row inhibited differentiation and enhanced transplant efficacy in
mice.
The vast majority of in vitro hematopoietic niche models have

been performed in a conventional incubator with ≈18% O2
[23],

which greatly exceeds physiological oxygen levels in bone mar-
row. One method of studying the effect of low oxygen levels is to
use a chemical inducer of hypoxia.[24] Braham et al. used cobalt
(II) chloride hexahydrate to induce a hypoxic environment and
saw a decrease in cell proliferation[25] but did not evaluate pheno-
typic markers of HSPC response. Others used oxygen-controlled
(hypoxic) incubators: for example, Amiri et al. cocultured hu-
man HSCs with Wharton jelly mesenchymal stem cells (WJ-
MSCs) in hypoxia versus normoxia.[26] Interestingly, WJ-MSC
spheres cocultured with HSCs in hypoxia increased numbers
of HSCs and long-term culture-initiating cells, though the ef-
fect appears primarily driven by WJ-MSC spheres rather than
hypoxia. Araki et al. showed hypoxic culture reduced ROS and
enabled greater human HSPC expansion via Delta-like ligand 1
and Notch signaling.[27] Finally, Igarashi et al. showed selective
expansion of HSCs in 2D hypoxia cultures.[28] These findings
motivate efforts to create biomaterial models of the bonemarrow
to examine the combination of hypoxia and the niche on HSPC
expansion.
We have previously developed a bone marrow PVN model for

the culture of murine HSPCs within a methacrylated gelatin
(GelMA) hydrogel.[29,30] These studies examined the role of both
PVN conditionedmedia and direct co-culture with an engineered
PVN, finding PVN-derived angiocrine factors promoted both the
retention of a subset of HSPCs as well as expansion of terminally
differentiated hematopoietic cell populations. Here, we examine
the influence of extracellular hypoxia and PVN-derived factors
on HSPC activity. We first examine how exposure to continuous
hypoxia (1.5% O2) alters the morphology of the endothelial net-
works as well as their secretome. We then analyze the response
of HSPCs to hypoxia within the 3D hydrogel in the presence or
absence of conditioned media from the engineered PVN model.
Finally, we use cyclosporin A to mitigate the effects of EPHOSS
during HSC isolation and investigate the impact of sustained hy-
poxic exposure and the perivascular secretome on HSPC fate in
a GelMA model of the bone marrow. These efforts seek to de-
fine the importance of EPHOSS-mediation as well as the role of
metabolic and biomolecular signals from the marrow vascular
microenvironment during in vitro studies of HSC expansion.

2. Materials and Methods

2.1. Cell Culture

Primary murine bonemarrow-derived endothelial cells (BMECs)
were purchased from Cell Biologics (Chicago, IL), and murine
mesenchymal stem cells (MSCs) from Cyagen (Santa Clara,
CA). BMECs were cultured in a complete mouse endothe-
lial cell medium consisting of 5% FBS, EGF, hydrocortisone,
VEGF, ECGS, heparin, l-glutamine and antibiotic-antimycotic so-
lution (Cell Biologics). MSCs were cultured in a mouse MSC
growth medium with 10% FBS (Cyagen). Cells were cultured in
5% CO2 at 37° C. BMECs were used at passage 7 and MSCs were
used at passage 10 in accordance with suppliers’ instructions.

2.2. Gelatin Methacrylate Hydrogel Formation and
Characterization

Type A Gelatin with 300 Bloom Strength (Sigma–Aldrich, St.
Louis, MO) was functionalized with methacrylamide groups
as described previously.[29,31] Briefly, methacrylic anhydride was
added dropwise to a solution of gelatin and carbonate-
bicarbonate buffer at a pH of 9–10[32]. After an hour, the
reaction was stopped by adding warm deionized (DI) water.
The pH was checked to ensure it was between 6–7, then the
gelatin solution was dialyzed against DI water for one week and
lyophilized. The gelatin:MA ratio was altered to control the de-
gree of functionalization (DOF) and quantified by 1H NMR as
previously described.[31] For this study, GelMA with a DOF of
63% relative to the phenylalanine peak was used for all exper-
iments (Figure S1A, Supporting Information). Hydrogels were
formed by dissolving GelMA at 5wt.% in PBS at 65° C, with 0.1%
w/v lithium acylphosphinate (LAP) as the photoinitiator. The pre-
polymer solution was pipetted into circular Teflon molds with a
diameter of 5 mm and 1 mm thickness for cell culture experi-
ments, then exposed to UV light (𝜆 = 365 nm, 7.1 mW cm−2) for
30 s.
The stiffness of hydrogels was measured with unconfined

compression on an Instron 5943 Universal Testing System (In-
stron, Norwood, MA) as previously described.[33] Briefly, hydro-
gels were compressed at a rate of 0.1 mm min−1, and moduli
were calculated using a custom MATLAB code.[34] Moduli were
estimated from a fit to the linear viscoelastic regime of 0–15%
strain beyond an initial offset of 2.5% above the noise floor.[35]

2.3. Endothelial Network Formation in Hypoxia or Normoxia

Endothelial networks were formed by coculturing BMECs and
MSCs in a 2:1 ratio (BMEC:MSC) with a total cell density of
2×106 cells mL−1. Cells were resuspended in the prepolymer
solution, pipetted into Teflon molds, and photopolymerized as
described above. Hydrogels were cultured for 7 days in a 1:1
blend of endothelial media and StemSpan SFEM HSC media
(Stemcell Technologies, Vancouver, BC, Canada) with additional
50 ngmL−1 VEGF with daily partial (2/3 volume) media changes,
leaving ≈250 μL of media to allow cell-secreted factors to remain
in the culture. Media was equilibrated overnight in either the In-
VivO2 physiological workstation (Baker Ruskinn, Sanford, ME)
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or a conventional cell culture incubator to equilibrate with appro-
priate oxygen levels. Hypoxia gels were made at the same time as
normoxia gels, then moved to the hypoxic incubator set to 1.5%
O2, 5% CO2, and 37° C.

2.4. Immunofluorescent Staining of Endothelial Cell Networks

Hydrogels were fixed in formalin (Sigma Aldrich) and washed
with PBS. Gels were then blocked in PBS with 2% bovine serum
albumin (BSA, Sigma–Aldrich) and 0.1% Tween 20 (Thermo
Fisher Scientific, Waltham,MA). Cells were stained with primary
antibodies overnight at 4 °C (Table S1, Supporting Information),
then washed and incubated with secondary antibodies overnight
at 4 °C as previously described.[30,36,37] Gels were then soaked
in PBS with 0.5% Tween 20 to permeabilize the encapsulated
cells. Hoechst 33 342 (Invitrogen) was added as a counterstain
at 1:2000 in PBS for 30 min after the secondary staining. PBS
with 0.1% Tween-20 was used to wash at all steps after permeabi-
lization.

2.5. Image Acquisition and Analysis

Images of endothelial networks used for the analysis of morpho-
logical characteristics were acquired with a DMi8 Yokogawa W1
spinning disk confocal microscope outfitted with a Hamamatsu
EM-CCD digital camera (Leica Microsystems, Buffalo Grove, IL).
Z-stacks were acquired with a depth of 200 μm and a step size
of 5 μm. Six regions were imaged per gel, and three gels were
analyzed per condition. The networks were quantified for met-
rics of total network length, and number of branches and junc-
tions, using a previously established computational pipeline im-
plemented in ImageJ and MATLAB.[30,38,39] Briefly, a custom plu-
gin in ImageJ filters and binarizes the z-stacks so that the vessels
are extracted from the image. In MATLAB, the vessels are skele-
tonized and then converted into a quantifiable nodal network.
As this approach generates a 3D skeleton of all vessels within
an experimental volume, it is able to accurately resolve both the
number of branches and vessel segments.[40] Protein deposition
and colocalization was visualized using either a Zeiss LSM710
multiphoton confocal microscope or a Zeiss LSM880 Airyscan
confocal microscope. For analysis of overlap and areal coverage,
z-stacks were binarized and compressed into maximum inten-
sity projections using ImageJ, and then analyzed using a cus-
tomMATLAB code.[29,39] The fraction overlap between CD31 and
podoplanin is defined as the fraction of CD31+ area (vessels) that
is also podoplanin+ when images are overlaid.

2.6. Cytokine Array

Conditioned media was collected on day 7 from both the hy-
poxia and normoxia endothelial network conditions. The Pro-
teome Profiler Mouse Angiogenesis Cytokine Array (R&D Sys-
tems, Minneapolis, MN) was used to identify what the endothe-
lial network cocultures secreted. Each array was incubated with
1 mL of conditioned media, and membranes were imaged with
an ImageQuant 800 (Cytiva, Marlborough, MA) using chemilu-

minescence and an exposure time of 4 min. Images were an-
alyzed using the microarray profile plugin in ImageJ to mea-
sure the integrated density of the dots. The measurements were
background-subtracted, and then normalized to the positive con-
trol spots.

2.7. Normoxic, Cyclosporin A-supplemented, and Hypoxic
Hematopoietic Stem and Progenitor Cell Isolation

All work that utilized primary cells was conducted under ap-
proved animal welfare protocols (Institutional Animal Care and
Use Committee Protocol #23 033, University of Illinois Urbana-
Champaign). Murine LSKs were isolated from 4–8 week-old fe-
male C57BL/6 mice (The Jackson Laboratory, Bar Harbor, ME)
as previously described.[33] Briefly, tibiae and femora were re-
moved and crushed using a pestle and mortar to free cells from
the marrow. The cell mixture was enriched first using a 1X
red blood cell lysis buffer (Biolegend, San Diego, CA) followed
by hematopoietic lineage negative enrichment using the Easy-
Sep Mouse Hematopoietic Progenitor Cell Isolation Kit Stem-
cell Technologies). Cells were then stained for lineage markers,
Sca-1, and c-Kit (Table S2, Supporting Information) and sorted
via florescence-activated cell sorting using a Bigfoot Spectral Cell
Sorter (Invitrogen).

2.8. Hematopoietic Stem Cell Culture in Hypoxia versus
Normoxia

For studies of the effect of hypoxia and PVN conditioned media
on stem cells, LSKs were encapsulated in GelMA hydrogels as de-
scribed previously,[41] with 4500–6000 LSKs/gel. Hydrogels were
maintained in 24-well plates for 4 days with media changes on
day 2. Media was either a 50:50 blend of conditioned media col-
lected from PVN hydrogel cultures and Stemspan SFEM (Stem-
cell Technologies) with a final concentration of 100ng mL−1 SCF
(Peprotech, Cranbury, NJ) and 0.1% penicillin/streptomycin (PS,
Gibco, Waltham, MA), or a control media of Stemspan SFEM
with 100 ng mL−1 SCF and 0.1% penicillin-streptomycin. Gels
were then cultured either in a normal cell culture incubator with
ambient oxygen (≈18%) and 5% CO2, or an InVivO2 physiologi-
cal workstation with O2 levels of 1.5% and CO2 at 5%.
On day 4, hydrogels were dissolved using 50 units mL−1 col-

lagenase type IV (Worthington Biochemical Corporation, Lake-
wood, NJ) on a shaker in an incubator at 37 °C for 20 min,
with gentle mixing by pipetting. Collagenase was quenched with
1 mL PBS + 5% FBS and centrifuged at 300 rcf x 5 min.
The collected pellet was resuspended in PBS + 5% FBS and
stained with a cocktail of antibodies (Table S3, Supporting In-
formation) to differentiate long-term repopulating HSCs (LT-
HSCs: CD150+CD48−LSK) and short-term repopulating HSCs
(ST-HSCs: CD150−CD48− LSK), and multipotent progenitors
(MPPs: CD150+/−CD48+LSK).[42,43] Following staining, the cells
were fixed and permeabilized with Foxp3/Transcription Factor
Staining Buffer Set (Invitrogen). Cells were resuspended in PBS
+ 5% FBS and analyzed using a FACSymphony A1 flow cytome-
ter (BD Biosciences, Franklin Lakes, NJ). Fluorescence minus
one (FMO) controls were created by isolating Lin− enriched bone
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Figure 1. A) Experimental schematic describing formation of PVNgels. B) CD31 staining at day 7 reveals network formation inmurine EC-MSC cocultures
grown in hypoxia versus normoxia. Scale bar 200 μm. Barplots present C) total network length, D) branch point density, E) network density, and F) average
branch length for hypoxia- and normoxia-cultured networks. N = 6 gels for morphology studies. G) Metabolic activity was assessed using alamarBlue
assay. N = 9 gels. * indicates p < 0.05; ** indicates p < 0.01; *** indicates p < 0.001.
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Figure 2. A) Example images of PVN networks stained for CD31, podoplanin, and Nuclei. B) Fractional overlap (scale 0 to 1) between CD31 and
podoplanin is presented as a measure of colocalization. C) Example images of PVN networks stained for CD31, Occludin, ZO-1 and Nuclei. Subsequent
barplots quantify the deposition of D) Occludin and E) ZO-1. For each condition, 3 images were taken to characterize each of N = 3 gels before analytical
comparison. Barplots represent mean ± SEM.

marrow cells according to the primary cell isolation protocol de-
scribed above.

2.9. Statistics

Normality of the data was determined using the Shapiro-
Wilkes test,[44,45] and homoscedasticity using the Brown-Forsythe

test[46,47] at the 0.05 significance level. For experiments with two
groups, a Student’s two-sample t-test was performed, or alterna-
tively a Mann–Whitney U test was used as a nonparametric al-
ternative if normality and homoscedasticity were not satisfied.
For 2×2 factorial experiments, a 2-way ANOVA test was used
if normality and homoscedasticity were satisfied, followed with
Tukey’s Honest Significant Differences test to compare groups.
When those conditions were not satisfied, a Kruskal–Wallis test
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Figure 3. Relative expression of detected cytokines secreted fromBMECs andMSCs encapsulated in GelMA gels under normoxic and hypoxic conditions.
Data normalized to reference spots. Analysis performed on N = 2 batches of normoxic and N = 2 batches of hypoxic conditioned media with duplicate
measurements taken on each membrane. Plot represents mean ± standard error of the mean. Fold-change in expression is reported above each pair of
conditions as Hypoxic / Normoxic.

was used to evaluate the main effects, and a Pairwise Wilcoxon
Rank Sum test was used to compare groups. The Benjamini &
Hochberg correction was applied for statistical tests comparing
multiple groups.[48] All tests were performed using R statistical
software. A number of replicates (n values) are reported in the
figure captions. Graphs were made in R, and bar graphs repre-
sent themean± the standard error of themean (SEM) unless oth-
erwise noted. Statistical significance of factors in 2-way ANOVA
or Kruskal–Wallis analysis is reported in the upper-right corner
of each plot, and significance between individual groups is indi-
cated on plots as follows: * p < 0.05, ** p < 0.01, *** p < 0.001.
If not otherwise indicated, the effects of factors and differences
between individual groups are not statistically significant.

3. Results

3.1. Formation of Primary Endothelial Networks in Hypoxia and
Normoxia

We first examined the ability of murine BMECs and MSCs to
form endothelial networks under standard normoxic and hypoxic
conditions: ≈18%[23] and 1.5% oxygen, respectively (Figure 1A).
All hydrogels used in this study possessed a stiffness of 2.64
± 0.28 kPa (Figure S1B, Supporting Information), consistent
with the bone marrow (0.25–24.7 kPa[49]). Previous experiments
performed with similar systems have revealed that perivascular

cultures formed through networks in 7 days.[29,39] In this work,
we also found that a 7-day culture was sufficient to form robust
networks. Maximum intensity projections for CD31+ cells reveal
PVN networks in both normoxia and hypoxia (Figure 1B). While
hypoxic culture induced networks with lower total length, less
vessels, and less branch points (Figure 1C–E, Table S4, Support-
ing Information) at day 7, the average branch length was sim-
ilar for normoxic and hypoxic culture, suggesting similar vessel
building blocks regardless of oxygen tension (Figure 1F). Not sur-
prisingly, the composite metabolic activity of the endothelial net-
works showed a significant (p < 0.001) 28% reduction under hy-
poxic versus normoxic conditions (Figure 1G).
We subsequently visualized the expression and/or deposi-

tion of proteins associated with mesenchymal and endothelial
cells in the native bone marrow. Initially, we aimed to distin-
guish arteriolar and sinusoidal endothelial cells by Sca-1 and
podoplanin (podoplanin) expression.[50] Though we did not ob-
serve co-staining of CD31+ endothelial cells with podoplanin or
Sca-1, we did observe strong staining of MSCs with podoplanin
(Figure 2A); further, we observed no difference in the overlap
of CD31+ ECs with podoplanin+ MSCs in normoxia or hypoxia.
Networks exhibited laminin, an important extracellular matrix
molecule enriched in the walls lining endothelial cells[51]; the
levels of laminin at day 7 were still low but qualitatively higher
in normoxia (Figure S2B, Supporting Information). Lastly, net-
works stained for tight junction proteins Occludin and zonula
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occludens 1 (ZO-1) showed an appreciable amount of ZO-1 re-
gardless of oxygen tension, suggesting initial maturation of PVN
networks in GelMA hydrogels (Figure 2C–E).

3.2. Secretion of Angiogenesis- and Hematopoiesis-Related
Cytokines

Conditioned media from PVN hydrogels maintained in hypoxia
contained many cytokines related to vasculature formation as
well as HSC regulation (Figure 3). Most factors were more highly
expressed in normoxic versus hypoxic cultures. CXCL12, a po-
tent regulator of HSC maintenance and retention within the
bonemarrow, was more highly expressed under normoxic condi-
tions. We also observed an elevation of hepatocyte growth factor
(HGF), a factor implicated inHSCmaintenance, in normoxic cul-
ture. Interestingly, osteopontin, a factor known to promote HSC
quiescence, was more highly expressed under hypoxic culture.
Other factors more highly expressed in hypoxia include IGFBP-
3, MCP-1, and MMP3. Because most differences observed be-
tween normoxia- and hypoxia-cultured secretomeswere relatively
small, the normoxic networks were more extensive, and because
CXCL12 was upregulated in normoxic-culturedmedium, we pro-
ceeded with normoxia-cultured PVN medium in subsequent ex-
periments.

3.3. Culture of HSPCs in Hypoxia with PVN Conditioned Media

Murine LSKs were then encapsulated in GelMA hydrogels and
cultured in normoxia or hypoxia with or without conditionedme-
dia from the perivascular culture (Figure 4A). Previous work has
demonstrated the ability to characterize HSC fate decisions in
response to biomaterial-based culture conditions in as little as 4
days.[29,41,52] As a result, for this work encapsulated hematopoi-
etic cells were analyzed via flow cytometry after 4 days of culture
to measure the short-term responses to hypoxia and angiocrine
signals. The incorporation of PVNmedium had a significant im-
pact on cell expansion and the phenotypic composition of the
HSPC compartment. When cultured with PVN medium, the to-
tal number of cells doubled for both normoxic and hypoxic cul-
tures (Figure 4B). While hypoxic culture was generally less im-
pactful than PVN medium, hypoxic culture induced a shift to-
ward increased Lin− (more primitive) cells (Figure 4C). Examin-
ing the relative expansion of the Lin− versus Lin+ cell fractions
(day 4 vs starting), both populations showed significant increases
in response to PVN conditioned media (Figure 4D,E). Examin-
ing the HSPC fraction, we observed an even greater effect of the
PVNmedium. Here, we observed 2.70x and 3.19x fold-change in-
creases in LSKs in normoxic and hypoxic cultures, respectively,
in response to the PVN medium (Figure 4F) as well as pheno-
typic shifts within the HSPC compartment (Figure 4G–I). While

the fraction of LT-HSCs was unaffected, the fraction of ST-HSCs
was reduced and the fraction of MPPs was increased. It is impor-
tant to note that these effects on ST-HSCs andMPPs were driven
by differential expansion rates of these populations rather than a
loss of ST-HSCs (Figure S3A—C, Supporting Information).

3.4. Mitigation of Oxygen Shock and Culture of Hematopoietic
Stem and Progenitor Cells in Hypoxia

After observing the limited impact of hypoxia on HSPC pheno-
type, we hypothesized that EPHOSS experienced during HSPC
isolation may mask the effect of hypoxic culture since even brief
oxygen exposure can alter HSPC phenotype and expansion. To
test this hypothesis, we isolated HSPCs with and without cy-
closporin A-loaded buffers, and then performed GelMA cultures
under normoxic and hypoxic conditions (Figure 5A). Here, hy-
poxic culture significantly increased cell expansion (Figure 5B)
particularly for HSPCs isolated with cyclosporin A to suppress
oxygen shock. The balance of Lin− and Lin+ cells at the end of
culture was shifted toward Lin− when cells were cultured in hy-
poxia (Figure 5C) – again, with a larger effect in cells isolated
with cyclosporin A. The expansion of Lin− cells was greatly in-
creased with hypoxic culture for HSPCs that were isolated with
cyclosporin A (Figure 5D). Cyclosporin A isolation also slightly
elevated Lin+ expansion under hypoxia (Figure 5E).
Excitingly, cyclosporin A isolation paired with hypoxic culture

induced significant increases in the number of LSKs during cul-
ture (Figure 5F). As the fractional composition of theHSPC com-
partmentwas unaffected (Figure 5G–I), the increase in LSKs after
cyclosporin A isolation and hypoxic culture was associated with
increases in absolute numbers of LT-HSCs, ST-HSCs, andMPPs
(Figure S4A—C, Supporting Information).

3.5. Coordinated Impact of Hypoxia and Perivascular Niche
Conditioned Medium with Cyclosporin A Isolation

Having demonstrated the importance of mitigating EPHOSS
during HSC isolation, we examined the effect of hypoxia and
PVN conditionedmedium onHSPCs isolated with cyclosporin A
to reduce EPHOSS (Figure 6A). Here, PVN conditionedmedium
induced a significant expansion of cells (Figure 6B). The hypoxic
culture shifted the fractional composition of cells toward the Lin−

phenotype (Figure 6C,D), while the incorporation of the PVN
conditioned medium greatly increased the expansion of Lin+

cells (Figure 6E). We also observed a similar effect of hypoxia on
cyclosporin A-isolated HSPCs cultured in control media, with an
increase (p = 0.088) in the number of LSKs for cyclosporin A-
isolated, hypoxia-cultured cells versus those cultured in normoxia
(Figure 6F), while the comparison of subpopulations within the
LSK compartment was hindered by low cell counts (Figure 6G–I).

Figure 4. A) Experimental schematic describes oxygen culture conditions andmedia tested. Barplots report mean ± SEM at day 4 of HSPC numbers and
distributions as a function of oxygen tension and media as follows: B) cells; C) fraction of Lin− cells, D) Lin− cells normalized to the starting cell number,
E) Lin+ cells normalized to the starting cell number, F) LSKs normalized to the starting cell number, G) LT-HSCs as a fraction of the LSK compartment,
H) ST-HSCs as a fraction of the LSK compartment, and I) MPPs as a fraction of the LSK compartment. Initial number of cells was 6000. N = 5 gels for
Hypoxia/Control condition; N = 4 gels for all other conditions. Significance of factors in Kruskal-Wallis or 2-way ANOVA is reported in the upper-right
corner of each plot. * denotes p< 0.05 between individual groups. If not otherwise indicated, effects of factors and differences between individual groups
are not statistically significant.
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Figure 5. A) Experimental schematic describes isolation and oxygen culture conditions tested. Barplots report mean ± SEM at day 4 of HSPCs numbers
and distributions as a function of oxygen tension and isolation buffer as follows: B) cells; C) fraction of Lin− cells, D) Lin− cells normalized to the starting
cell number, E) Lin+ cells normalized to the starting cell number, F) LSKs normalized to the starting cell number, G) LT-HSCs as a fraction of the LSK
compartment, H) ST-HSCs as a fraction of the LSK compartment, and I) MPPs as a fraction of the LSK compartment. Initial number of cells was 6000.
N = 5 gels for all conditions. Significance of factors in Kruskal-Wallis or 2-way ANOVA is reported in the upper-right corner of each plot. * denotes p
< 0.05 between individual groups. If not otherwise indicated, effects of factors and differences between individual groups are not statistically significant.
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4. Discussion

In this study, we examined the effects of physiologically rele-
vant oxygen levels on the formation of bone marrow vasculature
and the subsequent effect of hypoxia and PVN-conditioned me-
dia on murine HSPC expansion. We find that PVN-conditioned
media provide a powerful signal to influence HSPC expansion
and favorable differentiation. Notably, we observe the effect of
hypoxic culture on HSPCs is largely obscured by HSPC isolation
conditions, and that isolation using methods to reduce oxygen-
associated EPHOSS is important for in vitro studies of HSC fate.
We first examined the formation of 3D PVN networks in

gelatin hydrogels using murine BMECs and MSCs. A quantita-
tive comparison of network formation under hypoxia versus nor-
moxia shows a lower total network length, vessel density, and
branch point density in hypoxic cultures. While hypoxia can in-
duce the upregulation of angiogenesis-related genes, the effect
was not seen in short-term hydrogel culture. Ongoing work is ex-
amining expression profiles of a larger slate of angiogenic genes
(VEGF, Angiopoietin-1, Tie2, PDGF𝛽) as well as the possibility
of adding exogenous factors to further enhance angiogenic ac-
tivity. However, closer inspection of the literature reveals a study
by Gawlitta et al. attempting to prevascularize bone constructs
before implantation under low oxygen conditions (5%) that sim-
ilarly showed reduced network formation.[53] Here, pellets of
endothelial colony forming cells and multipotent stromal cells
failed to form prevascular structures under hypoxia, but showed
robust formation under normoxia. They hypothesized that while
hypoxia is a strong inducer of angiogenesis (formation of new
blood vessels from existing vessels), it may not provide sufficient
metabolic support to drive effective vasculogenesis (de novo for-
mation of a vascular network). They also hypothesized that due to
the large size of the clusters and diffusion limits, cells in the cen-
ter of normoxic constructs may experience hypoxia, while those
in hypoxic conditions would experience even lower oxygen lev-
els. This work differs from our study because they relied upon
3D clusters of cells rather than scaffolds or hydrogels; however,
diffusive transport within 3D hydrogels may also further reduce
oxygen and small molecule availability in our PVN model,[30,41]

especially as cells proliferate to high density and consume more
oxygen. In previous work, we have found that network length,
vessel count, and branch count were dependent upon the initial
seeding density.[29] We held the seeding density constant in this
study, but oxygen tensionmay have altered the proliferation rates
and by extension, influenced the resultant endothelial network.
Metabolic activity at day 7 of our perivascular cultures shows cells
maintained under hypoxia had significantly lower metabolic ac-
tivity, which may be due to a lower number of cells or an equal
number of less active cells. Further study will be needed to more
accurately determine which is the case, such as via quantification
of the total number of cells at day 7 in each culture or examina-

tion of the proliferative activity of cells within the PVNmodel via
immunofluorescent analysis of Ki67 or EdU activity.[54,55]

The strong signal of podoplanin on MSCs in this study will
be useful for network visualization in future studies. Podoplanin
is primarily expressed on certain types of mesenchymal stromal
cells,[56] and is critical for the development and function of sev-
eral tissues, structures including lung, heart, and lymphatic tis-
sues. This protein has also been studied as a cancer biomarker
and as a signifier of an increase in the epithelial-mesenchymal
transition associated withmotility andmetastasis.[57] Podoplanin
interacts with CLEC-2, a receptor expressed on platelets and
some immune cells, to induce platelet aggregation and lym-
phatic vessel development.[56,58] Though not specifically evalu-
ated here, platelet and immune cell numbers and function could
be investigated in relation to the presence of these podoplanin+

MSCs in future more complex marrow models. Analysis of con-
ditioned media using an angiogenesis cytokine array revealed
the expression of a wide array of factors by cocultured BMECs
and MSCs maintained in either hypoxia or normoxia. Normoxic
cultures had higher expression of matrix remodeling related
cytokines, including MMP9, which likely contributed to the
greater network formation. Thoughmost factors expressed more
strongly in normoxic cultures were pro-angiogenic, several anti-
angiogenic factors, including CXCL10, Endostatin, Pentraxin-
3, Thrombospondin-2, and TIMP-1 were also elevated.[59–63] All
factors more or equally expressed in hypoxic culture were pro-
angiogenic. In combination, these observations suggest that
normoxic PVNs may approach an angiostatic phenotype more
rapidly compared to a hypoxic culture. Normoxic PVN cul-
tures also showed higher expression of CXCL12 which is anti-
angiogenic,[64] but is also a hematopoietic niche factor known
to play a significant role in HSC retention and maintenance.[65]

Hepatocyte growth factor was also far more expressed in nor-
moxic cultures, and is linked to both angiogenesis[66] andmainte-
nance of stemness in hematopoietic stem and progenitor cells.[67]

Hypoxic PVN cultures presented a higher level of osteopontin,
a negative regulator of HSC pool size that is associated with a
higher degree of quiescence,[68,69] motivating future studies that
supplement encapsulated HSCs with hypoxia-conditioned me-
dia.
The importance of oxygen tension is generally accepted, but

demonstrating this importance proved less straightforward than
simply culturing cells at varying levels of oxygen. All experiments
presented a phenotypic shift toward Lin− hematopoietic progen-
itor cells with hypoxic culture, but other effects were dependent
upon HSPC isolation using cyclosporin A to mitigate the impact
of oxygen shock. Phenotypic and functional shifts in cultured
HSPCs were recently observed in 2D culture without the use of
cyclosporin A to mitigate oxygen shock,[28] but these phenotypic
changes were only observed from day 14 onward and functional
capacity was evaluated after 28 days. Though cyclosporin A-based

Figure 6. A) Experimental schematic describes oxygen culture conditions and media tested after isolation with cyclosporin A. Barplots report mean ±
SEM at day 4 of HSPCs numbers and distributions as a function of oxygen tension andmedia after isolation with cyclosporin A-containing buffer: B) cells;
C) fraction of Lin− cells, D) Lin− cells normalized to the starting cell number, E) Lin+ cells normalized to the starting cell number, F) LSKs normalized
to the starting cell number, G) LT-HSCs as a fraction of the LSK compartment, H) ST-HSCs as a fraction of the LSK compartment, and I) MPPs as a
fraction of the LSK compartment. Initial number of cells was 4500. N = 5 gels for hypoxia-cultured gels; N = 4 gels Normoxia-cultured gels. Significance
of factors in Kruskal–Wallis or 2-way ANOVA is reported in the upper-right corner of each plot. * denotes p < 0.05 between individual groups. If not
otherwise indicated, effects of factors and differences between individual groups are not statistically significant.
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isolation may not be necessary to observe the eventual effects
of hypoxia, it stands to reason that cyclosporin A-based isolation
may enhance or accelerate expansion in hypoxic culture by ame-
liorating oxygen shock and bypassing this phenotypic recovery.
HSPCs cultured in both hypoxia and normoxia showed improved
retention of a subset of primitive LSKs over the 4-day culture
period in the presence of PVN conditioned media (Figure 4F),
but this effect was diminished for 4-day cultures when cells
were isolated with cyclosporin A and cultured in hypoxia
(Figure 6F).
Overall, these studies suggest oxygen tension is a significant

variable not just in the formation of biomaterial models of the
bone marrow, but in the isolation of cells incorporated into the
models. Though the PVN medium applied had similar effects
on the expansion of Lin+ cells, its effects on Lin− expansion
and the HSPC compartment were more variable. Previous work
by Eliasson et al. culturing HSPCs under 1% oxygen showed
an increase in the proportion of quiescent HSCs, but this con-
currently reduced the expansion of hematopoietic cells.[70] Im-
portantly, we observed increases in the numbers of phenotypic
HSPCs as well as Lin+ hematopoietic cells, suggesting that addi-
tional factors beyond exogenous supplementation, such as bio-
materials, metabolic conditions, and cocultured cells will en-
hance methods for HSC expansion in future extensions of this
work. Here, we observed the presence of CXCL12 and osteopon-
tin, but other secreted factors have been implicated in HSC reg-
ulation and may be tuned through co-culture conditions. Fur-
ther studies are expected to reveal the precise phenotypes (i.e.,
arteriolar vs sinusoidal) of hydrogel-based PVN cultures and ex-
plore direct co-culture of perivascular cells with HSPCs. Addi-
tionally, while this study investigated the role of one-directional
PVN-derived paracrine signaling by conditionedmedium supple-
mentation, future studies may probe HSC-niche cell crosstalk
more directly using either Transwell or co-encapsulation ex-
periments that present a more dynamic model of the bone
marrow.

5. Conclusion

In this work, we evaluated the impact of hypoxic culture upon
a GelMA hydrogel model of the bone marrow. We further ex-
plored the combined impact ofmitigating EPHOSS inHSPC iso-
lation, hypoxic culture, and conditioned media supplementation
uponHSPC fate in this hydrogel model. PVN networks exhibited
signs of preliminary maturation through expression of laminin,
occludin, andZO-1 under both normoxic and hypoxic conditions,
and these culture conditions induced expression of key regulators
of HSC maintenance and quiescence including CXCL12 and os-
teopontin. PVN conditionedmedium showed the potential to en-
hance the biomaterial-based expansion of HSPCs. Hypoxic cul-
ture consistently shifted the distribution of cells toward a more
primitive Lin− phenotype and mitigation of EPHOSS with cy-
closporin A significantly enhancedmaintenance of HSPCs when
followed by a hypoxic culture condition. These findings demon-
strate the importance of isolation methods and hypoxic culture
in engineered models of the bone marrow, introducing a key el-
ement to endeavors aimed at HSC maintenance and expansion
with biomaterial platforms.
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