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Abstract

Over the past 15 years, mesenchymal stem cells (MSCs) have been assessed for their capacity to
suppress inflammation and promote tissue repair. Regardless of whether the cells are primed
(exposed to instructive cues) before administration, their phenotype will respond to environmental
signals present in the pathophysiological setting being treated. Since hypoxia and inflammation
coexist in the settings of acute injury and chronic diseases, we sought to explore how the proteome
and metabolome of MSCs changes when cells were exposed to 48 hours of 1% oxygen, interferon
gamma (IFN-y), or both cues together. We specifically focused on changes in cell metabolism,
immune modulation, extracellular matrix secretion and modification, and survival capacity. IFN-y
promoted expression of anti-pathogenic proteins and induced MSCs to limit inflammation and
fibrosis while promoting their own survival. Hypoxia instead led to cell adaption to low oxygen,
including upregulation of proteins involved in anaerobic metabolism, autophagy, angiogenesis, and
cell migration. While dual priming resulted in additive effects, we also found many instances of
synergy. These data lend insight to how MSCs may behave after administration to a patient and
suggest how priming cells beforehand could improve their therapeutic capacity.
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INTRODUCTION

Mesenchymal stem cells (MSCs) are multipotent cells that are found in a wide variety of
tissues.12 Indeed, it is reasonable to expect that most, if not all, tissues have resident MSC-
like cells, which participate in local regeneration upon injury or disease. Because these
endogenous cells exist in limited numbers, many investigators have explored administration
of large numbers of exogenous MSCs to enhance their therapeutic effect.3 These cells are
most often given by intravenous injection, with the expectation that they can home to
affected sites and have long-ranging impact by secreting paracrine factors.

The expression profile and phenotype of MSCs residing in healthy tissues or expanded under
basal culture conditions are generally different from those expressed by therapeutic MSCs.
Upon administration, MSCs enter the diseased microenvironment of the patient and react to
the new cues that are present. Two of these cues, which are common to most ailments, are
inflammation and hypoxia.> Hypoxia specifically connotes an oxygen tension that is lower
than physoxia, which is 3-9% oxygen in most tissues.® It affects cell behavior because
hypoxia inducible factors (HIF) become hydroxylated at higher oxygen levels and face
proteasomal degradation, but at lower oxygen tensions, they are more stable (specifically the
alpha subunit), and serve as transcription factors. While the signaling pathways for
inflammation and hypoxia start off as being distinct, they have many opportunities for cross-
talk, as has been reviewed elsewhere.> "8

In acute injury (such as heart infarction or stroke), a blood clot leads to a transient decrease
in tissue perfusion, and inflammatory cells rush in to tackle foreign invaders and remove
damaged tissue. In this situation, the hypoxia and inflammation may be short lived (days to a
week), contingent upon successful resolution of the injury.® However, in many chronic
disease states these two factors co-exist for prolonged periods of time. For example, in
rheumatoid arthritis the synovial joint space is characterized by regions of hypoxia and
inflammation, which are thought to influence local cell survival, angiogenesis, and energy
metabolism.® Another autoimmune disease — inflammatory bowel disease — also exhibits
chronic inflammation, with oxygen gradients at the intestinal mucosa that lead to regions of
hypoxia. Curiously, these hypoxic regions are relatively protected compared with the rest of
the intestinal tract, as the HIF pathway seems to promote epithelial survival while inducing
neutrophil apoptosis.? Lastly, in solid tumors, hypoxia and inflammation facilitate tumor
vascularization and immune escape.’

In order to understand how MSCs serve as reparative and regenerative cells, we explored
how they would respond to a generic pathological microenvironment in which hypoxic and
inflammatory cues were provided /in vitro. To simulate hypoxia, we chose an incubator
setting of 1% Oy, as this is a lower oxygen tension than the physoxic state of most tissues
without being anoxic,19 and to simulate inflammation, we used interferon-gamma (IFN-7).
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While many pro-inflammatory cytokines and TLR agonists have been shown to affect MSC
behavior, the response of MSCs to IFN-y is considered to be a standard benchmark of cell
function by the ISCT, and IFN-y is also natural to a generic inflammatory setting than
polyl:C, for example.11-15 We then analyzed the proteome and metabolome of adipose-
derived MSCs upon 48-hour exposure to control conditions, hypoxia (1% O), inflammation
(IFN-7), or both cues together (a scenario we refer to as “dual priming”).

METHODS

MSC culture and priming

The protocol for MSC priming follows our previously published work.16 Briefly, frozen
vials of adipose-derived MSCs from fully de-identified commercially obtained human
lipoaspirates (LaCell, New Orleans, LA) were tested for tri-lineage differentiation as well as
positive expression of in vitro MSC surface markers, as previously published.1 Al
experiments were done using passage 5 MSCs from 3 separate cryovials to generate
biological triplicates. This passage humber was chosen to represent a feasible level of cell

expansion for a human clinical trial without over expanding cells to the point of senescence.
17,18

Cells were cultured in MSC media (DMEM 11965 (Thermo Fisher, Bridgewater, NJ) with
10% FBS and 1% Penicillin/Streptomycin (Thermo Fisher) and plated in 6-well plates at an
initial seeding density of 5,000 cells/cm?. Cells reached near confluence after approximately
two population doublings, with a final cell density of ~22,000 cells/cm?. They were then
exposed to 48 hours of either control conditions, 500 U/mL IFN-y (Peprotech), hypoxia
(1% Oy; Eppendorf Galaxy 14S incubator), or both IFN-y and hypoxia. Because priming
occurred after cell expansion, its effect on cell division could not be determined.

MSCs were routinely tested as mycoplasma-free using the MycoAlert kit from Lonza
(Allendale, NJ). The above steps were performed ahead of sample collection for mass
spectrometry and then again for metabolomics and any confirmatory studies (See
Supplemental Methods). Cell concentration and viability were determined using trypan blue
exclusion and a Countess instrument (Life Technologies).

Mass spectrometry

Protein was collected from MSCs via a methanol-chloroform extraction protocol. MSC
plates were washed x 3 with ice-cold PBS to thoroughly remove residual FBS and cytokines.
450 pL of lysis buffer consisting of TBS with 3% SDS and 50 pL protease inhibitors (Sigma
# P8340) were applied to each MSC plate. Each lysate was collected in a 1.5 mL tube and
incubated at 60 °C for 30 minutes. 400 pL of methanol and 100 pL of chloroform were
added, and samples were vortexed and centrifuged at 16 000 x g for 1 min. The protein
pellet was washed with methanol three times and allowed to air dry before final
resuspension in 30 uL of solubilization buffer (100 mM ammonium bicarbonate, 8 M urea,
and 0.1 M DTT in Optima water) and snap freezing with liquid N, for storage at =80 °C.
Immediately prior to analysis, samples were further reduced, alkylated, and trypsin digested,
and yeast alcohol dehydrogenase was added as an internal control. Samples were collected
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from biological triplicates, where each replicate of a given priming condition came from a
separately thawed cryovial of MSCs. Each individual sample was additionally run in
technical duplicates. Mass spectrometry was performed at the Quantitative Proteomics and
Metabolomics Center at Columbia University with an UltiMate 3000 RSLCNano
ultrapressure liquid chromatograph coupled to a Q Exactive HF (Orbitrap) mass
spectrometer (Thermo Fisher Scientific, Bremen, Germany). More detailed methods can be
found in the supplemental information (SI).

iPathway Guide (Advaita, 2017) and String v10.5 (string-db.org/) were used to understand
the nature of the differentially expressed (DE) proteins, which were defined by a log2 fold
change (log2FC)| > 0.6 and p < 0.05. All proteins are listed by their related gene names, as
these are the names used in the iPathway Guide program.

Metabolomic Analysis

RESULTS

MSC plates (6-well) were washed three times with ice-cold PBS to thoroughly remove
residual FBS and cytokines. 500 pL of chilled 80% methanol containing internal standard
(17 uM 4-chlorophenylacetic acid) were then added to each well, and the plates were placed
on a shaker for 30 minutes in a cold room. Samples were subsequently collected into 15 mL
Falcon tubes, with lysate from two full 6-well plates used for each individual sample. As
with the proteomics set up, there were three biological replicates for each priming condition.
Samples were stored at =80 °C before analysis at the Quantitative Proteomics and
Metabolomics Center at Columbia University, where the metabolomics analysis was
performed (detailed methods in SlI). Because, in some instances, no metabolite was detected
in control MSCs, the relative expression is presented instead of. the log2FC.

Overview of Data

MSCs used for proteomic and metabolomic analyses had a viability of >94%, based on
trypan blue exclusion, with no significant differences based on exposure to hypoxia or IFN-
. While we did not observe a change in morphology indicative of undesired differentiation,
exposure to IFN-y did increase the average cell diameter (Figure S1), as has been observed
by others.19 Our prior studies have also shown minimal changes to MSC surface marker
expression, with the exception that IFN-y leads to expression of HLA-DR, which is not
expressed at baseline.16

A total of 3,465 proteins were detected, with 2,435 proteins identified by more than one
peptide (conservative set). Many proteins identified by one peptide are accurate results and
have been validated by others; however, only the conservative set will be presented in
figures, and tables will indicate the proteins outside of this set. Our own validation studies
can be seen in Figure S2, which also serves to validate some of the smaller magnitude (yet
significant) findings.

Figure 1A shows the overlap in differential expression (DE) of proteins amongst priming
conditions, with the 31 proteins DE in all priming conditions shown in Figure 1B. The
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central node is dihydropyrimidine dehydrogenase (DPYD), the rate-limiting-step in
pyrimidine metabolism.

Table 1 documents the percentages of the 2,435 proteins that are DE for each priming
condition. IFN-y priming led to a significant change in expression in ~12% of the proteins,
hypoxia led to a change in ~9% while dual IFN-y/hypoxia priming led to a change ~21%.
The very neat addition of these percentages (9+12=21), suggests that IFN-y and hypoxia
alter distinct pathways without much overlap (only 41 proteins as per Figure 1A). In further
support of this, most proteins with DE following hypoxia were mitochondrial, whereas IFN-
vy predominantly affected non-mitochondrial proteins. The complete protein data set is
provided in Supp. File 1.

Metabolomic analysis identified forty-four intracellular metabolites with strong confidence.
The relative abundances of nine metabolites are highlighted in Table 2 (please see Supp. File
2 for complete list). Priming with IFN-y resulted in higher increases in p-alanine levels than
priming with hypoxia, but both cues acted together to produce the highest amounts of this
metabolite in dual-primed cells. Taurine and hypotaurine showed similar trends to p-alanine.
While a relative abundance of 1E+99 implies there was no detectable metabolite in the
control MSCs, the relative abundance of taurine in IFN-y primed vs. hypoxia primed cells
was 6.06-fold higher (Supp. File 2). There was no significant difference in relative
abundance of kynurenine or tyrosine in IFN-y primed vs. dual primed cells.

Given the above changes in the expression of proteins and metabolites, we analyzed their
relevance to four biological settings: metabolism, immune modulation, extracellular matrix
(ECM), and cell survival. Of note, these are only tentative boundaries, as one pathway often
has direct influence in more than one setting.

Effects of IFN-y and hypoxia on cellular metabolism

Exposure to hypoxia resulted in significant and comprehensive changes in carbon
metabolism. MSCs had broad upregulation of proteins involved in glycolysis and a greater
capacity for uptake of glucose (GLUT1/SLC2A1) and fructose (GLUT5/SLC2A5), as well
as for export of lactate (MCT4/SLC16A3) and hydrogen ions (CA12). By contrast, citric
acid (TCA) cycle proteins were mostly downregulated, as were the enzymes involved in fat
degradation and transport, amino acid catabolism and transport, and the electron transport
chain (ETC). Consistent with the fewer mitochondrial proteins, mitochondrial ribosomal
proteins (MRP family) were downregulated. Hypoxia also influenced glycogen turnover, as
both glycogen synthase and glycogen phosphorylase L were upregulated.

In contrast, IFN-y had a selective impact on metabolism. While generally not altering any
pathway at every step, IFN-y led to an upregulation of GLUT5 (log2FC = 5.32 vs. only 1.55
from hypoxia), cytoplasmic aconitase (ACO1/IRP1), hexokinase Il (HKII), and long chain
acyl-CoA synthetase (ACSL5). Curiously, these proteins were also upregulated by hypoxia
(Fig. 1B). Thus, when MSCs were exposed to both hypoxia and IFN-y (dual priming), they
aligned closer to the metabolic changes observed with hypoxia, but with an even greater
induction of the above four proteins. These trends can be seen in Figure 2A-E, which
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demonstrates the combined changes in metabolism for dual primed MSCs. Only dual primed
cells significantly upregulated proteins involved in gluconeogenesis (Figure S3).

Effects on immune modulation

The immune regulatory function of MSCs is thought to be one of their most important
qualities and highly responsive to microenvironmental cues. Curiosly, hypoxia did not lead
to DE of proteins implicated in traditional immune pathways. By contrast, IFN-y had a large
impact. For example, IFN-y induced expression of proteins associated with antigen
presentation (Figure S4), the defense against viral and microbial pathogens (IFIT, TRIM,
NOD, and CXCL families; Supp. File 1), and chemotaxis (CXCL9-CXCL11, CD47, CD97).

IFN-y exposure also resulted in upregulation of factors that promote the complement
cascade (C1QBP, C1R, C1S). While these factors could put MSCs at greater risk for
complement-related cell death and clearance, it is notable that SERPING1 and complement
factor H (CFH) were highly induced (Table 3), which could provide protection. Other factors
that could protect MSCs from immune mediated clearance were upregulated, such as CD47,
HLA-E, HLA-F, and PD-L1, as well as the tryptophan catabolizing enzyme
indoleamine-2,3-dioxygenase (IDO1). TGF-B1 had the highest induction in dual primed
cells but only at a low level (log2FC = 0.58). However, a related protein, LRRC32, was
significantly induced in dual primed cells. Several proteins associated with MSC immune
modulation - HLA-G, HGF, LIF, NOS2/iNOS, and TSG-6 - were not detected in any MSC
groups.*

Effects on extracellular matrix

ECM remodeling is a fundamental part of both healthy and pathological wound repair, as is
cell migration. Both IFN-y and hypoxia had large impact on the ECM (Table 4). IFN-y
predominantly affected the production of collagen components, with significant
downregulation of collagens 1-3, 5, 12, 15 and 16, but upregulation of collagen 4. IFN-y
also increased laminin alpha chains and agrin, while downregulating elastin, fibulin, and
connective tissue growth factor. Hypoxia upregulated collagen 6 and had many effects
similar to IFN-y. Consequently, the DE patterns of dual primed cells were often suggestive
of synergistic influences of the two cues, with the most dramatic example being COL4AZ2,
where IFN-y or hypoxia conditioning resulted in log2FC = 0.5, while dual priming resulted
in log2FC = 4.18.

These cues also affected regulators of ECM metabolism and angiogenesis. Hypoxia had a
large effect on collagen crosslinking, as it upregulated several lysyl oxidases (LOX,
LOXL1-3) and lysyl hydroxylases (PLOD1&2). When MSCs were dual primed, induction
of LOXL1 and LOXL3 was bolstered even further, suggesting another area of synergy. Dual
priming also affected expression of TIMP1 and TIMP3, which were upregulated and
downregulated, respectively, and led to unique induction of tenascin-C. Lastly, IFN-y and
dual primed cells downregulated thrombospondins 1&2, which act to inhibit angiogenesis.
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Effects on cell survival

When cultured in monolayers at basal cuture conditions, MSCs experience cues that
maintain cell survival. Once injected into patients, however, the MSCs lose their attachment
sites and experience stressful signals such as hypoxia and inflammation. We therefore
investigated how these cues affect the pathways directly related to cell survival: anoikis,
apoptosis, and autophagy.

Several anoikis-resistance factors were upregulated following hypoxia and IFN-y exposure
(Figure 3). S100A4 was upregulated by both IFN-y and hypoxia (log2FC = 0.75 and 0.64,
respectively), while the greatest induction came from dual priming (log2FC = 1.59). Dual
primed cells also showed the greatest upregulation of ANGPTL4 (log2FC = 2.56 vs. 2.05
from hypoxia alone), induction of both PDGFRA and PDGFRB, and unique upregulation of
integrin alpha chain V (ITGAb).

The changes to apoptosis-related genes were suggestive of both promotion and inhibition of
this process. The promotion of apoptosis was evidenced by the increases in expression of
cathepsins, caspase 7 and NFKBIA, and decreases in expression of BCL2L1 and PDPK1.
The inhibition of apoptosis was evidenced by increased expression of MAP2K1, RAF1 and
RELA, and decreased expression of AIFM1, CYCS, DIABLO, SESN2, and TNFR10B & D
(TRAIL receptors). Other proteins listed in Figure 3 have variable, context-specific effects.
Overall, IFN-y and hypoxia seemed to have mixed effects on apoptosis, which was also seen
with dual priming.

All proteins listed under autophagy served to facilitate that pathway (Figure 3). As with
apoptosis, there were changes that both promote and inhibit this process. IFN-y upregulated
TRIM21 and TRIM22, whereas hypoxia highly induced BNIP3 (log2FC = 3.47), and both
factors induced HKII. BNIP3 and HKII had an even greater induction from dual priming,
while SESN2 was synergistically downregulated (the most downregulated protein in the
whole data set). Since SESNZ2 is also pro-apoptotic, its downregulation may have
consequences for both autophagy and apoptosis.

Beyond the pathways listed above, some additional metabolomics changes described in
Table 2 are worth highlighting. For example, taurine has many anti-oxidant and
cytoprotective properties,2>~27 and this metabolite was found in all primed cells but was
undetected in control MSCs. B-alanine was also upregulated in all priming conditions. This
amino acid is the precursor to the anti-oxidant carnosine, which has shown cytoprotective
properties in similar situations to taurine.2829 g-alanine is made from pyrimidine
metabolism, and its accumulation in primed cells is consistent with their upregulation of
DPYD - the first enzyme in this pathway.

DISCUSSION

Several meritorious studies have been dedicated to identifying the protein expression profile
of MSCs derived from different tissue sources.30-31 However, if basic culture conditions are
used, none of these profiles represented how MSCs would behave in a clinical setting,
because MSCs are highly responsive to microenvironmental cues, which change in the
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settings of injury and disease. Since inflammation and hypoxia are common to many
pathological environments, we sought to better understand the biology of therapeutic MSCs
via simulating these signals with 1% O, and IFN-y. We used a 48-hour conditioning
regimen, as MSCs are not thought to survive more than a few days /7 vivo, making this
exposure time realistic for the clinical setting.32 While we have validated the significance of
the metabolic and immune modulatory changes from this priming regimen in our previous
work,18 our goal here was to reveal the global proteomic and metabolomic changes of MSCs
co-exposed to these cues, and to parse out the relative contribution of each factor and
identify synergies. The major themes we uncovered are that IFN-y induces MSCs to contain
an injury by limiting damage from infection, inflammation and fibrosis, while hypoxia
promotes adaptation to low oxygen via increasing proteins involved in anaerobic
metabolism, angiogenesis, autophagy, and cell migration. Combining these cues roughly
combines their individual effects, with additional synergies.

As expected, IFN-y had a strong impact on MSC immune modulation. Our study confirmed
some well-known downstream effects of interferons, such as upregulation of HLA proteins,
anti-microbial and anti-viral factors, and the immunosuppressive proteins IDO and PD-L.1.14
However, we also uncovered some less described proteins and metabolites that could confer
MSC protection. For example, IDO is known to inhibit T-cells via metabolizing tryptophan
to kynurenine (supported by our metabolomics data). This tryptophan depletion could also
be harmful to MSCs. Thus, it is interesting that IFN-y upregulated tryptophanyl tRNA-
synthetase (a.k.a. WARS), which could serve as a MSC-protective method by replenishing
intracellular tryptophan stores.33 Our proteomics and flow cytometry validation study also
show that MSCs have high baseline expression of CD47, but this undergoes two-fold
upregulation in response to IFN-y. This protein, which has thus far received little attention
in the MSC literature, binds to the SIRPa receptor on macrophages and has been described
as a “don’t eat me” signal (blocks phagocytosis) that may also promote peripheral tolerance.
34 This pathway has been implicated as a mechanism for tumor immune escape, and could
be an interesting lead to pursue for MSC immunomodulation.3®

We also noted strong induction of the complement inhibitory factor —- CFH. MSCs,
particularly the cryopreserved products used in industry-sponsored clinical trials, have been
shown to activate the complement cascade, expediting MSC lysis and clearance.3¢ Since the
therapeutic utility of MSCs would be better if they had a longer half-life, one group coated
the cell surface with CFH to prevent this type of clearance.3” Our data indicate that a similar
effect may result from simply exposing MSCs to IFN-v. Lastly, we observed induction of
the cell-protective metabolites, taurine and p-alanine, the latter being protective upon
conversion to carnosine.26-29

Beyond immune modulation, IFN-y induces an anti-fibrotic MSC phenotype. Except for
collagen IV and agrin, IFN-y downregulates all other structural ECM proteins as well as
CTGF, which is thought to be highly involved in fibrosis.3® Agrin is an ECM proteoglycan
from the basement membrane, so its upregulation with collagen 1V is consistent with
preserving basement membrane formation. However, agrin has also been implicated as a part
of the immune synapse, and the upregulation of agrin may thus be related to that function.3?
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The otherwise widespread decrease in structural proteins is significant, because tissue
fibrosis from excessive deposition of ECM is a common consequence of unchecked
inflammation and is detrimental to having functional tissues.*® Thus, IFN-y priming of
MSCs may help prevent pathological fibrosis by both inhibiting inflammation and
decreasing ECM secretion. This anti-fibrotic effect has clinical relevance. In one study,
patients treated with recombinant IFN-y significantly reduced the development of liver
fibrosis in the setting of chronic hepatitis B.41

While IFN-y instructs MSCs to resolve tissue injury, hypoxia leads to many survival
adaptations. First, hypoxia shifts cell metabolism towards non-oxygen dependent strategies —
glycolysis and glycogenolysis. To facilitate the reliance on these pathways, cells increase
lactate dehydrogenase, lactate transporters, glucose and fructose transporters, and carbonic
anhydrase (to assist with pH balance)*2. Degradation and transport of amino acids and fatty
acids, which generally feed into the TCA cycle and ETC (oxygen dependent), are
downregulated, as is the mitochondrial protein expression in general.

A second approach to cell survival is through conservation of energy stores via autophagy.
We observed significant induction of the pro-autophagic BNIP3, which is consistent with
studies by others.22 Lastly, MSCs can attempt to restore a physoxic environment by
promoting angiogenesis or migrating away from the low oxygen region. Consistent with
previous reports, we found that hypoxia upregulates the entire family of lysyl oxidase (LOX,
LOXL1-3) and lysyl hydroxylase (PLOD1&2) enzymes, which serve to cross-link collagen
and elastin. These proteins are associated with promoting angiogenesis*? and cell migration.
44.45 The additional upregulation of anoikis-resistance proteins like ANGPTL4 and S100A4
may facilitate survival during this process.10:21.22

The collective adaptation to hypoxia may inadvertently make MSCs a better cell therapy.
Several animal studies have shown that hypoxic preconditioning of MSCs before
administration enables them to better survive in the clinical setting of ischemia.
Upregulation of autophagy has been directly shown to contribute. In one study,
preconditioning MSCs with hypoxia improved their ability to repair infarcted hearts;
however, this difference was partially abolished by an autophagy inhibitor. The changes in
metabolism could also influence the immune modulatory function of MSCs. As has been
described in the tumor literature, when cells prioritize glycolysis for their own survival, they
inhibit inflammatory immune cells in the nearby environment through glucose competition
and lactate signaling.46-48 This would explain why hypoxia preconditioned cells have a
better ability to suppress T-cells /n vitro without superior upregulation of
immunosuppressive proteins like 1DO.4°

Clearly the response of MSC to IFN-y and hypoxia are very different, and it makes sense
that combining these cues results in additive effects. Indeed, dual primed cells demonstrate
the metabolic changes of hypoxia, the immunomodulatory changes of IFN-y, and the ECM
and survival changes of both cues. Nevertheless, there were many points of synergy.

While hypoxia alone did not upregulate any immunosuppressive factors, dual IFN-y/
hypoxia exposure led to synergistic upregulation of LRRC32 (a.k.a. GARP), which is known
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to tether TGF-p1 (also most abundant in dual primed cells) to regulatory T-cells and
megakaryocytes and play a role in the immunosuppressive function of MSCs.3051 Dual
priming also downregulates structural ECM proteins and upregulates basement membrane
proteins beyond IFN-+y alone, and upregulates LOXL enzymes more than hypoxia alone.
The LOXL family has been shown to cross-link ECM proteins to attract anti-inflammatory
macrophages, promote angiogenesis, and mobilize cells to migrate to distal organs.44:45:52:53
Survival in this “metastatis-like” scenario is consistent with dual primed cells having the
highest expression of ACSL5, ANGPTL4, BNIP3, HKII, PDGFRA, S100A4, as well as
taurine and p-alanine (precursor to carnosine).

While we have attempted to profile how MSCs respond to a diseased microenvironment,
several limitations should be considered. Clearly, hypoxia and IFN-vy are not the only cues
present /n vivo, as there are many other paracrine factors and immune cells that will affect
MSC behavior. Our analysis is meant to isolate the effect of these two particular factors,
individually and in combination, to help understand how they contribute to the whole. In
doing so, we also gained insights into the many ways by which priming MSCs with these
cues beforehand could enhance their therapeutic capacity (via immune modulation and pro-
survival factors).5455

A second limitation of our study is that our samples were healthy adherent cells after ~10
days in cell culture. MSCs used in industry sponsored clinical trials are cryopreserved,
thawed, and injected into the patient within a few hours. Loss of attachment can be expected
to affect cell viability, and cryopreservation is known to affect MSC metabolism, viability,
and responsiveness to IFN-y.56-58 Our data thus represent the best-case-scenario, as the
proteome and metabolome of recently thawed cells may be less malleable.

Finally, there are several outstanding questions that are based on the results of this study:. 1)
What is the role of ACO1/IRP1 upregulation from IFN-y and hypoxia? 2) What is the
function of GLUTS5 upregulation when blood fructose levels are low? Given that IFN-y
upregulates ASCL5 and SLC27A3, does IFN-y have a meaningful effect on long chain lipid
metabolism? We expect that future studies will attempt to address these questions, to further
our understanding of the effects of IFN-y and hypoxia on the therapeutic capacity of MSCs
and the clinical use of these cells.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Overview of data
A) The total number, and overlap amongst priming conditions, of proteins that show

significant differential expression compared with control MSCs B) STRING network of the
31 proteins that are differentially expressed from all priming conditions.

Biomaterials. Author manuscript; available in PMC 2019 June 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Wobma et al. Page 15

Alcerc — — | | Glycolysis

Val/Leu/lle
Degradation

¥
313, -D-Glucose-1P O L-lsoleucine.
5422 [1a32]
3139 27119 3;31‘1-5?1% 163 Mt 2 oxopentezoste
T |
@D.Ghiose O .
2712]27014 D hios 6P
5133 51315
o~ D-Glcose. 6P
3 PTG £.D-Fructose-6P
P-D-Ghuiode: 2712 ] 271147 Pntoss
phosplate
Asbutin 6P, Pty
(el © {32136
&
(oxtmestond © o—{32186] p-D-Fructose.1,6P2
Sabein-6F
13%12)[1387]
Glyceraldehyde- 3P 3.
ol ——>0————————1
2 Motk
[r— e e gt
-I!!l!]-l]l§9 [6a14]
Glycerate-1,3P2 by &3 Mathst. . SR, . I@ ,,,,,,,,,
1276] Oe{5424 3 Hydmoxysovalenste Gooinh Co 2 iy
12.190] S e
3 Hyrory:
O Glyoente. 2301 Croigsicon ¥ Giz [
Lol Terztiviny. 3 g
Cubonfoation, e f——————=—=8 B ceacetyl.Coh
in photosynthetis organisms . AcetylCoA. 23116)
il Voo
| 53 hmite- sy O U o T
----------- || s O gl ™y
g mx'\n—/’ }
i |
Phosphoenol- | v m 6413 }
L )] .
[P PYVY ) — ) | ) e }
e
. S Lol 5 oo O —
1271 | ¥ Ty M 4 Biosynthesis of 12, 14- and
Citnte = ( oy 1951 o b s
cycle 12711 TiEF J || SuihCol (R-Methyhmalonsh.CoA !
Tytes bt
2 Hydmey: I i
sd W _—
o o [T} Lt fo i A— e Adveita Corprstion2017
Pymmvate

o o - - — .
X . —Pmpmnmzmzhbnhsm D |Log FC 1S 38 | Fatty ACld
oS e e Degradation

00010 12026116
(c) Kanehisa Laboratoriss (c) Advaita Corporation 2017

Clare  se——]

[

Bortcan

b Qupte
o oo

i

Rt ok O4—{ 3735} — w1

i

o snons
iy Pe— s ot 57

e

E 1o

0.5

0.0

logFC

-0.5

Figure 2. The effect of dual IFN-y/hypoxia priming
A) on glycolysis, B) neutral amino acid degradation C) the TCA cycle D) fat degradation

and E) the electron transport chain. Note that the trends are similar for hypoxia primed cells,
however, co-exposure to IFN-y reinforced the upregulation of HKII, ACO1, and ACSLY5,
which are indicated with a black star () in panels A, C, and D, respectively. Beyond
upregulating these proteins, IFN-y had an unremarkable impact on the above pathways.
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Figure 3. Effect of IFN-y and/or hypoxia on the interrelated survival pathways of anoikis,
apoptosis, and autophagy
* proteins that were identified by a single peptide. Bold type indicates significant effects of

dual priming when compared to single priming. Proteins listed for apoptosis and autophagy
were identified using pathways on iPathway Guide, and those related to survival from
anoikis were determined from literature.20-24
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Overview of the impact of IFN-y and/or hypoxia on the MSC proteome.

Table 1

IFN-y | Hypoxia Dual
% of proteins that are DE 12.10% 8.80% 20.50%
% of DE proteins that are in the mitochondria | 12.20% | 62.60% | 29.30%
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Table 2

Relative metabolite abundance in IFN-y and hypoxia primed MSCs normalized to the abundance in control
MSCs.

IFN-y | Hypoxia

Beta- alanine

hypotaurine

L-kynurenine

L-tyrosine

D-glucose

O-Phosphoethanolamine

pyruvic acid

L-(+) lactic acid

taurine
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Table 3

Page 19

Differential expression (log2 FC relative to control MSCs) of proteins related to the complement cascade,
immune tolerance, and leukocyte migration.

CcXcL10™

cxcLi”

LGALS3BP

LGALS9B *

LRRC32
SERPING1

*
identified by only 1 peptide.

Function

inhibits complement factor

forms complement factor 1

forms complement factor 1

protection from phagocytosis; transendothelial migration

chemotaxis

helps direct complement to pathogens vs. host cells

monocyte maturation

chemotaxis; antimicrobial

chemotaxis; antimicrobial

chemotaxis; antimicrobial

protects cells from NK cells

possibly immune tolerance

immune tolerance

galectin 3 binding protein

analog of galectin 9

promotes surface expression of TGF-B on T-regs

inhibits complement factor

immune tolerance

trytophan production

Biomaterials. Author manuscript; available in PMC 2019 June 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Wobma et al.

Differential expression (relative to control MSCs) of proteins related to the ECM.

IFN-y | Hypoxia | Dual

AGRN ™
COL1A1
COL1A2
COL2A1
COL3A1
COL4A1
COL4A2
COL5A1
COL5A2
COL6A2

0.18

COLG6A3 0.1

COL12A1

COL15A1

COL16A1
CTGF
LAMA2*
LAMA4
LAMB1
LOX

LOXL1™

LOXL2

LOXL3™

PLOD1

PLOD2

SPARC

THBS1

THBS2

TIMP1 0.38

TIMP3 -0.56

TNC 0.03

log2 FC is shown.

*
proteins identified by only 1 peptide.
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