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1 | INTRODUCTION

The unique qualities inherent to mesenchymal stem/stromal cells

(MSCs) still warrant detailed investigation into the dynamic responses
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Abstract

CD146" bone marrow-derived mesenchymal stem/stromal cells (BM-MSCs) play key
roles in the perivascular niche, skeletogenesis, and hematopoietic support; however,
comprehensive evaluation of therapeutic potency has yet to be determined. In this
study, in vitro inflammatory priming to crude human BM-MSCs (n = 8) captured a
baseline of signature responses, including enriched CD146" with coexpression of
CD107a"e"  CXCR4ME" and LepRM&", transcriptional profile, enhanced secretory
capacity, and robust immunomodulatory secretome and function, including immuno-
potency assays (IPAs) with stimulated immune cells. These signatures were
significantly more pronounced in CD146* (POS)-sorted subpopulation than in the
CD146~ (NEG). Mechanistically, POS BM-MSCs showed a markedly higher secretory
capacity with significantly greater immunomodulatory and anti-inflammatory protein
production upon inflammatory priming compared with the NEG BM-MSCs. More-
over, IPAs with stimulated peripheral blood mononuclear cells and T lymphocytes
demonstrated robust immunosuppression mediated by POS BM-MSC while inducing
significant frequencies of regulatory T cells. in vivo evidence showed that POS
BM-MSC treatment promoted pronounced M1-to-M2 macrophage polarization,
ameliorating inflammation/fibrosis of knee synovium and fat pad, unlike treatment
with NEG BM-MSCs. These data correlate the expression of CD146 with innately
higher immunomodulatory and secretory capacity, and thus therapeutic potency. This
high-content, reproducible evidence suggests that the CD146"* (POS) MSC subpopu-
lation are the mediators of the beneficial effects achieved using crude BM-MSCs,

leading to translational implications for improving cell therapy and manufacturing.

KEYWORDS
CD107a, CD146, immunomodulation, infrapatellar fat pad fibrosis, macrophage polarization,

mesenchymal stem/stromal cells, synovitis

induced by various molecular cues that influence their functional
capacity, or therapeutic potency. Initially, in vitro multilineage differ-
entiation capacity of MSCs guided researchers to cell engraftment

and replacement strategies; however, we now recognize the innate

1034 | ©AlphaMed Press 2020

wileyonlinelibrary.com/journal/stem Stem Cells. 2020;38:1034-1049.

€202 1snBNny 60 UO Jasn meT Jo [00ydS IWel 1o ANsianiun Aq LSE60Y9/PE0 L/8/8E/AI0ILE/SIoW)S/WOD"dNo"ojWwapese)/:sdy Wolj papeojumoq


https://orcid.org/0000-0003-1924-8949
https://orcid.org/0000-0001-6162-8668
https://orcid.org/0000-0002-9004-4300
mailto:dxc821@med.miami.edu
http://wileyonlinelibrary.com/journal/stem

N-GLYCOSYLATION CONTROLS PD-L1 IN MSCs

paracrine signaling and immunomodulatory capacity of these cells as
mechanisms to facilitate local changes in various milieus.2 The con-
stitutively active functions of MSCs are modulated by the surrounding
environment, which informs MSCs of spatial and temporal cues.*> In
response, MSCs produce a tailored profile of secreted factors, includ-
ing proteins, microRNAs, and extracellular vesicles instructive and
conducive to the milieu, leading to the understanding that the efficacy
of MSCs lies mainly in the comprehensive potency of its secretome.®”

The responsiveness of MSCs has led to directing responses
in vitro through cell priming or preconditioning.? Subsequent interro-
gations of the cells and associated secretomes help correlate those
responses with in vivo outcomes and explore ways to enhance MSC
potency.” 1! These dynamic features, including the immune cell-like
responsiveness, secretory capacity, high migratory potential, and
immunomodulatory cross talk, along with their unique stem-like state
and clonal reproducibility have made it difficult to distinguish MSCs
beyond the minimum International Society of Cell and Gene Therapy
(ISCT) criteria.*>*® Consequently, the once regarded “unique cell”
dogma has changed, redefining “mesenchymal stem cells” to
“multipotent mesenchymal stromal cells” as stated by ISCT in 20054
and later described as “medicinal signaling cells.”*®

The perivascular prevalence of MSC in most tissues has led to the
proposal of MSC and pericytes as developmentally related.>*® Com-
pelling evidence has demonstrated that MSCs and pericytes do, in
fact, share similar phenotypic markers (eg, CD146, NG2, PDGF-R),
the perivascular niche, differentiation potential, and functional effects
regarding tissue homeostasis and immunomodulation.?”2 Within the
bone marrow (BM), CD146 expression developmentally discriminates
the bone and stroma from similar progenitors arising from skeletal
stem cells,?? as well as perivascular from bone-lining/endosteal bone
marrow-derived mesenchymal stem/stromal cells (BM-MSCs), all
exhibiting osteogenic and hematopoietic support capabilities.?>2°
CD146" BM-derived perivascular MSC are further discriminated

based on nestin and leptin receptor (LepR) expression,2428

capable of
forming heterotopic ossicles.?’ Finally, CD146" pericytes, along with
CD34* adventitial cells within the perivascular space®C have been col-
lectively called perivascular stem/stromal cells (PSC), suitable for bone
reconstruction.332

By investigating CD146 expression on MSC, our objective is to
not only shed light on the ambiguity of MSC phenotypes but also pro-
vide compelling evidence of additional, less-known signatures relative
to the unique immunomodulatory subpopulation of MSC with func-
tions beyond the aforementioned roles. We then hypothesize that a
specific subset of MSC located within the perivascular niche (CD146")
would exhibit more robust responses to insults and inflammatory cas-
cades than MSC otherwise more distant from vascular structures
(CD1467"°%). Additional correlative signature markers we describe
with CD146" BM-MSCs are CD107a, CXCR4, and LepR. CD107a, or
lysosomal-associated membrane protein-1(LAMP-1), is a marker of
highly secretory cytotoxic T cells and actively degranulating natural
killer cells,®42? but largely unknown in MSCs, yet may correlate with
secretory capacity (eg, paracrine activity). CXCR4 and its cognate
ligand SDF-1/CXCL12 form a well-documented axis mediating
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Significance statement

Cell therapies for comprehensively treating numerous clini-
cal indications are on the rise. With the advances to
manufacturing and commercialization, signature quality
attributes relative to functional potency are necessary indi-
cators of therapeutic efficacy for cell selection optimization.
This study demonstrates compelling evidence for a subpop-
ulation of mesenchymal stromal/stem cells (MSCs) that are
suggested to be the mediators of the beneficial effects
achieved by crude MSCs. These results translate into tech-
niques useful for determining cell qualities and functional
capacities, optimizing therapeutic cell selection for efficient
manufacturing, and mechanisms of action mediated by cell

therapy for the treatment of joint inflammation and fibrosis.

migration of MSC in response to sites of injury.24° Leptin has been
associated with energy regulation*! and bone remodeling,*? signaling
through LepR in the hypothalamus and BM cells, and modulation of
osteogenic and adipogenic differentiation of MSCs in the bone.*®

By selection, we propose to reduce heterogeneity of isolated
MSCs, while characterizing a more uniform, robust, and highly
responsive cell subpopulation implicated behind the beneficial
effects of a crude (ie, unfractionated [UNF]) MSC preparation.
Herein, we showed that human BM-MSC (n = 8) crude population,
or UNF BM-MSC, exhibited novel phenotypic (eg, CD107a*) and
transcriptional signatures (eg, leukemia inhibitory factor [LIF]) after
inflammatory priming, which correlated with the high-content analy-
sis of a higher secretory profile and reduced variability in the
CD146"* (POS)-sorted subpopulation compared with the CD146~
(NEG) subpopulation. Upon inflammatory priming, numerous protein
mediators were released at markedly higher levels by the POS sub-
population, suggesting a significantly more rapid and robust immu-
nomodulatory response, correlative with reduced proliferation of
stimulated target immune cells in vitro. These responses were fur-
ther translated using a rat model of acute inflammation/fibrosis of
the joint synovial membrane and fat pad, where an intra-articular
injection of POS cells consistently resulted in greater therapeutic
efficacy compared with the marginal effects with the NEG fraction
by promoting M2 macrophages polarization in vivo. Mechanistically,
the therapeutic difference related to more M2-like (ie, alternative
activation) macrophages was indicative of anti-inflammation and
repair mechanisms at the synovium and fat pad.

Together, this deep investigational approach into evaluating the
MSC programs attributed to the pericyte marker CD146 provides
compelling evidence that the CD146" BM-MSC subpopulation consti-
tutes the innately therapeutically cells with high secretory capacity.
Further, this evidence suggests CD146* BM-MSC subpopulation as
the facilitators among the crude MSC population, underrepresented

by the nonselective isolation process. Immediate implications relate
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with uniformity during cell-based product manufacturing, more repro-
ducible outcomes, and improving precision for defining mechanistic

underpinnings for bench-to-bedside translation.

2 | RESULTS
21 | MSC characterization of human donors
BM-MSC

BM-MSCs from eight donors of both sexes (36.5 + 9.8 years of age)
(Figure S1A) were evaluated by standard characterization assays to vali-
date MSC qualities (Figure S1). Quantitative analysis of BM-MSC expres-
sions included frequencies of positive surface markers CD105
(99.55% + 0.25%), CD90 (97.64% + 1.21%), CD73 (98.95% + 1.02%),
and CD44 (98.26% + 1.42%) and negative surface markers CD34
(0.43% + 0.37%), CD31 (0.53% + 0.30%), CD45 (0.53% + 0.30%),
CD31 (0.3% +0.20%), and HLA-DR (0.58% * 0.36%; Figure S1C).
Quantification of Oil Red O, alizarin red, and glycosaminoglycans/
Alcian blue demonstrated BM-MSC multipotency for induced
adipogenesis (2.00 + 0.32 normalized optical density [OD]), osteogen-
esis (3.83 + 1.40 normalized OD), and chondrogenesis (26.53 + 10.85;
Figure S1D). Morphological and growth kinetics were indicative of

BM-MSCs (Figure S1B,E). Growth kinetics showed slight alterations in
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donors 1, 4, and 6 depicting a response upon priming resulting in an
initial delayed proliferation to reveal donor-specific differences
(Figure S1E).

2.2 | Signature profiles define human BM-MSC
responses to inflammatory priming

Priming with inflammatory mediators mounted several measurable
responses by BM-MSC. By profiling markers beyond those used as
standard characterization to define MSC, all BM-MSC groups were
interrogated for signatures of surface markers, which could indicate
an alternate state and/or activity, given the increased expression of
the selected markers upon inflammatory priming. The expression of
marker CD146 was increased from 50.14% + 15.50% on UNF Naive
to 60.10% + 18.44% (P < .05) on UNF Primed BM-MSC (Figure 1A).
Surface CD107a expression markedly increased from 9.70% + 6.07%
on UNF Naive to 43.68% + 21.43% (P < .01) on UNF Primed BM-
MSC, while CXCR4 increased from 11.50% * 9.72% on UNF Naive to
38.47% + 17.55% (P < .01) on UNF Primed BM-MSC. LepR expres-
sion increased from 5.09% * 1.97% to 28.55% * 15.28% (P < .01) on
UNF Naive to UNF Primed BM-MSC, respectively (Figure 1B).
Coexpression of primary signature marker CD146 with CD107a,
CXCR4, or LepR led to an increased expression of 9.73% + 8.06% to
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Unfractionated (UNF) BM-MSC expressed enrichment of defined signature markers upon priming with inflammatory mediators. A,

CD146 was designated as a highly distinguishable marker for a potently immunomodulatory BM-MSC subpopulation as extracellular expression
was markedly increased in all UNF BM-MSC donors (n = 8) when primed. B, Additional markers of interest used to distinguish a signature profile
of immunomodulatory BM-MSC which expressions are consistently enhanced by priming. C,D, Images and quantitative analysis of the
coexpressions of CD146 and designated immunomodulatory markers supported the signature markers highly enriched on a specific
subpopulation of BM-MSCs. E, Immunofluorescence of signature markers show constitutive expressions on UNF Naive and increased expression
in the UNF Primed. Scale bars = 50 pm. Values are presented as mean = SD. BM-MSC, bone marrow-derived mesenchymal stem/stromal cell
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31.08% + 18.52% (P < .01) for CD146"CD107a*, 10.97% + 8.69% to
32.05% +11.17% (P < .001) for CD146"CXCR4", and 11.83% *
9.62% to 32.67% + 17.40% (P < .01) for CD146"LepR* on UNF Naive
to UNF Primed BM-MSC, respectively, suggesting a reproducible sig-
nature phenotype upon inflammatory priming in all donors (Figure 1C,
D). Fluorescence images show the increased antigen presentation of
each signature marker on UNF Naive and Primed cohorts (Figure 1E;

antibody controls in Figure S6A).

2.3 | Priming induced immunomodulatory
BM-MSC functions defined by secretory and
transcription profiles

Immunomodulatory function was elicited by a response by inflammatory
priming of BM-MSCs, which was deduced by profiling secreted proteins
and transcriptional changes. Numerous proteins were quantitatively
compared between UNF Naive and Primed cohorts (Figure S2A). Cor-
roboration of the significantly altered proteins of the UNF Primed pro-
file with pathway analysis further supported robust immunomodulatory
signaling with the top three relevant pathways matched as interleukin-
10 (IL-10; HSA-6783783), toll-like receptor (hsa04620), and IL-4 and IL-
13 (HSA-6785807) signaling pathways (Figure S2B). Immunomodulatory
activities facilitated by prostaglandin E-2 (PGE-2) and indoleamine
2,3-dioxygenase (IDO) were suggested to strongly influence the func-
tional effects of the UNF Primed BM-MSC which were measured signif-
icantly higher (3.73 + 3.03-fold and 5.12 + 3.39-fold) compared with
UNF Naive cohorts, respectively (Figure S2C).

Similarly, the transcription profiles of genes revealed a consistent
shift in overexpressed and underexpressed gene transcripts in the
UNF Primed BM-MSCs compared with the UNF Naive cohort induced
by the inflammatory priming (Figures S2D and S5A). Of these, UNF
Primed BM-MSC showed upregulation of LIF (3.92-fold; P <.0013),
indicative of a highly immunosuppressive/tolerogenic immunity state
and stemness.***> Contrastingly, the three master regulators of mes-
enchymal differentiation programs were significantly downregulated,
namely RUNX2 for osteogenesis (—4.11-fold; P <.0012), SOX9 for
chondrogenesis (—2.91-fold; P <.012), and PPARy for adipogenesis
(—2.49-fold; P < .048; Figure S2D). Interestingly, various other tran-
scripts associated with those programs (eg, COL1A1, GFD5, BMPé,
BGLAP, TGFp1-3, ITGB1) were similarly downregulated (Figures S2D
and S5A).

24 | Immunomodulatory potency of UNF Primed
BM-MSC mitigated immune cell proliferation and
differentiation

Several molecules such as IL-10,*¢ PGE-2,*” and IDO?!! have been
examined to suggest potency of MSC, but given the robust secretory

repertoire of MSC, a single molecular assessment is inadequate. In this

46,48

study and several others, potency corresponded to diminished

proliferation of stimulated immune cells, peripheral blood

mononuclear cells (PBMC) and T lymphocytes (T cell), when
cocultured with BM-MSC.*84? We further analyzed specific subsets
of T cells to determine whether immunomodulatory potency yielded
more compelling implications.

According to the immunopotency assay (IPA) matrix (Figure S3), a
dose-response evaluation of PBMC stimulated with phorbol myristate
acetate (PMA)/ionomycin cocktail for a robust proliferative response
was performed to distinguish the ratios and suppressive effects of
UNF Naive and UNF Primed BM-MSC. This evidence indicated that a
2:1 PBMC to BM-MSC ratio was optimal for achieving a significantly
attenuated proliferative response of stimulated PBMC (no BM-MSC;
37.50% + 9.98%) by coculture with UNF Naive (21.00% + 19.61%;
P <.01) and, more so, UNF Primed BM-MSC (12.25% + 11.62%;
P < .001). Higher ratios of PBMC to UNF Naive BM-MSC progres-
sively reduced the effects, measured at 4:1 (43.25% + 21.00%), 12:1
(76.75% + 10.75%), and 60:1 (78.00% + 10.92%). UNF Primed
cohorts, on the other hand, produced a stronger immunosuppressive
response at 4:1 (4.75% + 1.71%; P < .0001), 12:1 (22.75% + 30.30%;
P <.05), and 60:1 (72.50% + 8.10%) ratios, overcoming the dose-
dependent reducing effect observed with UNF Naive BM-MSC
(Figure S4A).

To complement, pan T cells were cocultured (2:1) with the same
BM-MSC groups. T cells were stimulated with a CD3/CD28 antibody
cocktail, which mimics a physiological activation by antigen-presenting
cells®® that warrants a minimal proliferative response over the 3-day
IPA according to the experimental design (Figure S3). Control T cells
(no BM-MSC) had a proliferation rate of 11.56% + 8.86%, significantly
increased with coculture with UNF Naive BM-MSC (32.11%
+16.85%, P <.05) but not with UNF Primed cohorts (20.30%
+ 17.62%; Figure S4B,C), suggesting an immunosuppressive effect of
the latter. Given the coculture cell ratios used, the presence of
BM-MSCs was expected to increase T-cell proliferation.>* However, a
more detailed description of the proliferating cells was visualized as
scatter patterns gated as parent T cells (carboxyfluorescein
succinimidyl ester, CFSEM&") and progeny T cells (CFSE'") using flow
cytometric analysis for quantification of proliferation rates and pheno-
typic subsets (Figure S4C,D). Interestingly, despite the increased num-
ber of total proliferating T cells described (Figure S4B), the number of
progenies visualized was reduced with UNF Naive and more so with
UNF Primed BM-MSC, suggesting reduced numbers of actual cell divi-
sions during the coculture (Figure S4C).

Stimulated T cells cocultured with UNF Naive (13.18% + 3.83%;
P <.001) and UNF Primed (12.82% + 1.65%; P < .01) BM-MSCs were
significantly higher in frequency of CD3*CD4~CD8™ T cells than controls
(7.16% + 3.14%), suggesting modulated differentiation by both UNF
BM-MSC cohorts rendering T cells of alternate subsets that were not
further defined (Figure S4D). The decreased trend of cytotoxic T cells
resulting from the IPA with UNF Naive (27.24% + 9.70%) and UNF
Primed (26.50% + 3.73%) BM-MSCs compared with no-BM-MSC con-
trols (30.35% + 17.03%) suggested that BM-MSCs did not bolster differ-
entiation of CD3"CD8" cytotoxic T cells. IPA results showed that UNF
Primed BM-MSCs substantially reduced the differentiation to
CD3"CD4" helper T cells to 45.50% + 9.00% (P < .05) compared with
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controls (60.78% + 12.88%), while UNF Naive cohorts (48.65% + 7.66%)
slightly mitigated helper T cell differentiation. Moreover, the percent of
regulatory T-cell (Treg) subsets (CD3*CD4*CD25*foxp3*) induced within
the helper T-cell population were markedly enhanced by the coculture
with UNF Naive (28.48% + 19.45%; P < .05) and UNF Primed (25.36%
+ 22.63%) BM-MSC compared with no BM-MSC controls (5.56%
+ 3.87%; Figure S4D). Time-lapse analysis further demonstrated the pro-
liferation responses of each T-cell group during the IPA by CFSE detec-
tion (Figure S4E).

25 | POS BM-MSC express an enrichment of
signature markers

To substantiate the immunomodulatory potency of BM-MSC related
directly to expression of CD146, magnet-activated cells sorting
(MACS) was used to fractionate UNF BM-MSC (n = 3) into CD146+
(POS) and CD146- (NEG) fractions, which were subsequently interro-
gated by similar approaches performed on UNF BM-MSC.
CD146-based MACS vyielded POS (71.01% +7.03%) and NEG
(18.82% + 5.69%; P < .05) subpopulations with marked differences in
CD146 expression, although suboptimal for capturing pure subpopu-

Phenotypic analysis corresponding to Naive and Primed cohorts
of POS and NEG BM-MSC subpopulations supported the enrichment
of signature markers when exposed to inflammatory priming similar to
the UNF cohorts. CD146 expression was detected in the POS Naive
(84.45% + 6.11%) and NEG Naive (16.08% * 6.12%) cohorts, which
was further enriched with priming in both the POS Primed (91.9% +
6.49%; P < .05) and NEG Primed (23.44% + 8.93%) cohorts. Highly
significant differences remained between the POS Naive and NEG
Naive (P <.0001) and the POS Primed and NEG Primed (P < .0001)
cohorts (Figure 2B).

Expression of CD107a was significantly increased in both the
POS (36.51% + 17.76%; P < .05) and NEG (21.77% + 13.21%; P < .05)
with priming, compared with the corresponding POS (15.09% +
9.64%) and NEG (8.87% + 6.03%) Naive cohort, respectively, showing
a higher expression in the POS group overall. Similarly, CXCR4 and
LepR expressions were increased with priming in both the POS and
NEG BM-MSC subpopulations. POS Naive BM-MSC (15.31% +
12.24%) expression of CXCR4 increased to 35.70% + 20.38% on POS
Primed cohorts, while NEG Naive (8.85% + 7.28%) was increased to
24.11% + 16.85% on NEG Primed cohorts. Modest enrichment of
LepR was measure from 13.16% + 15.97% expression on the POS
Naive to 30.18% * 27.29% on POS Primed and remained comparable

lations (Figure 2A). between NEG Naive (6.33% + 8.04%) and NEG Primed (12.19%
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membranes of POS and NEG BM-MSC. D, Secretory potency was measured as total secreted molecules and represented as time-lapse secretion

as well as the area under curve for the 48-hour duration of priming (n = 4). E, IDO activity compared between the Naive cohorts of POS and NEG

BM-MSCs (above) and Naive and Primed cohorts of POS and NEG BM-MSCs (below). Scale bars = 50 um. Values are presented as mean + SD.
*P < .05; **P < .01; ***P < .001; ****P < .0001. BM-MSC, bone marrow-derived mesenchymal stem/stromal cells; IDO, indoleamine
2,3-dioxygenase stem/stromal cells
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+ 11.88%) BM-MSC (Figure 2B). Fluorescence images of POS and
NEG BM-MSC validated the increased expression of signature
markers as Naive BM-MSC compared with Primed cohorts at

48 hours of inflammatory priming (Figure 2C).

2.6 | Secretory potency and profile of POS
BM-MSCs was most robust and immunomodulatory

Overall secretory activity was measurable by using CFSE labeling of
BM-MSCs, which in turn, covalently linked to intracellular residues.>?
By fluorescence detection of the conditioned media, CFSE-labeled
contents secreted by the BM-MSCs were captured, and the
mounted secretory response upon inflammatory priming observed in
the Primed cohorts were quantified and normalized to the
corresponding Naive cohorts over time. The change of media at hour
0 containing the inflammatory stimuli resulted in a large bolus of
CFSE-labeled contents released by both POS Primed and NEG
Primed BM-MSCs that was measured at hour 1 which gradually
tapered off by hour 4. Consistently, Primed BM-MSCs released a
higher total of contents throughout the detected time points of
the 48-hour priming period. Secretory release by hour 4 had equil-
ibrated the cells to constitutive release measured by POS Primed
(1.57-fold) and NEG Primed (1.36-fold) and remained steady until
a final drop to comparable levels of the Naive cohorts at 48 hours
(Figure 2D, top). To further validate the larger potency of the POS
subpopulation compared with the NEG subpopulation, the cumu-
lative secretory potency of each BM-MSC group was quantita-
tively compared. POS Naive (59.38 + 11.65) and POS Primed
(96.58 + 32.88; P < .05) groups generated a more robust secretory
release over 48 hours than released by NEG Naive (41.38 + 5.35)
and NEG Primed (58.83 + 11.97) groups (Figure 2D, bottom). In
fact, the constitutive secretory release of contents of the POS
Naive group was comparable to the amount released by the NEG
Primed cohort over the 48 hours underlining the greater secretory
potency of the POS subpopulation over the NEG subpopulation.
Interestingly, this secretory profile mirrors the expression profile
of CD107a in all groups, supporting the correlation between phe-
notype and function.

To elucidate the molecules that contribute to the compelling
secretory data distinguishable of the POS subpopulation, analyses of
immunomodulatory PGE-2, and IDO activity were measured to sub-
stantiate potency. Constitutive IDO activity, indirectly measured by
metabolized tryptophan (Trp), NEG Naive BM-MSC was measured as
0.47 + 0.26 pmol (P < .05) which was significantly less than the activ-
ity measured by POS Naive (1.90 + 1.16 pmol). As reported by UNF
BM-MSC, inflammatory priming further enhanced IDO activity with
POS Primed increasing to 2.59 + 2.03 pmol and NEG Primed to
2.12 + 2.3 pmol (Figure 2E).

Heat map representation of the relative fold changes between the
Primed and Naive cohorts of the UNF, POS, and NEG BM-MSC dem-

onstrated the largest increases among the inflammation-related growth

factors and cytokines corresponding to the POS Primed group
(Figure 3A,B). Moreover, quantitative comparisons were presented indi-
vidually of pertinent immunomodulatory proteins secreted by each
Primed cohort normalized to the Naive cohort of the UNF, POS, or
NEG BM-MSC. Of the most significant proteins, the POS Primed
secreted the highest levels of transforming growth factor-p1 (TGF-p1;
3.22-fold; P < .0001), soluble tumor necrosis factor receptor 2 (STNF-
R2; 2.61-fold; P < .01), macrophage inflammatory protein-1a (MIP-1a;
4.33-fold; P <.01), platelet derived growth factor-BB (PDGF-BB;
1.46-fold; P < .05), IL-10 (1.84-fold; P < .05), interleukin-12 p40 (IL-12
p40; 1.57-fold; P <.05), interleukin-13 (IL-13; 1.88-fold; P <.05),
interleukin-15 (IL-15; 1.73-fold; P < .05), and macrophage-colony stim-
ulating factor (M-CSF; 1.31-fold; P <.05). Macrophage chemotactic
protein-2 (MCP-2) and regulated upon activation, normal T-cell
expressed, and secreted were both significantly greater in the superna-
tants of the UNF Primed measured as 84.71-fold (P <.0001) and
28.75-fold (P < .05) and POS Primed measured as 54.05-fold (P < .001)
and 19.49-fold (P < .05), respectively. Priming induced the largest
secretory increases of intracellular adhesion molecule-1 (ICAM-1),
interleukin-8 (IL-8), and interferon-y (IFN-y) in all BM-MSC groups,
which are suggested to be direct targets of the exogenous IFN-y and
TNF-a used in the priming cocktail. ICAM-1 was highest in the superna-
tant of POS Primed groups (9.20-fold; P <.001) followed by NEG
Primed (8.14-fold; P <.01) and UNF Primed (6.92-fold; P < .05) while
IL-8 was highest in the UNF Primed groups (9.74-fold; P < .001)
followed by NEG Primed (8.16-fold; P <.01) and PQOS Primed
(7.54-fold; P < .05). Although detection of IFN-y included secreted and
exogenous protein from the priming cocktail, the levels were compara-
ble in the UNF Primed (11.31-fold; P < .001), POS Primed (10.19-fold;
P < .001), and NEG Primed (9.56-fold; P < .001) BM-MSCs (Figure 3C).

Of the 16 proteins discussed that were measured as significantly
greater from at least one of the Primed cohorts of UNF, POS, or NEG
BM-MSC, 14 were from the POS BM-MSC subpopulation, supporting
its robust and comprehensive secretory profile in response to inflam-
matory priming. Pathway associations with all significantly altered
proteins reveal differences in the signaling pathways between sub-
populations, where rheumatoid arthritis (RA)-associated (hsa05323),
Jak-STAT (hsa04630), TNF (hsa04668), and interleukin-17 (hsa04657)
pathways were the top matches as modulated by the POS subpopula-
tion, and not the NEG (Figure 4A, top). All three groups shared only
four altered factors. Furthermore, unlike with UNF (2) and NEG (2),
several of the altered factors (10) were exclusively altered in the POS
group. POS shared more with the UNF (6) than with NEG (3), while
NEG did not coincide with UNF in any response. This suggests a
selective contribution of the POS within crude preparations to the
immunomodulatory signaling for mechanistic targets and insight,
especially related to inflammation and autoimmunity. Radar profile
graphs from categorized signaling activities show high similarities and
alignment between the UNF and POS subpopulation in both biological
process and Reactome, especially with effects on leukocyte prolifera-
tion (GO:0070663) and TNF signaling (hsa04668) (Figure 4A, middle
and bottom).
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FIGURE 3 Secretory profiles support that the POS BM-MSC are the potent responders to inflammation. A,B, Fold change differences
between the Naive and Primed cohorts of the UNF, POS, and NEG groups (n = 8) reveal profiles indicating the largest secretory profiles of
inflammatory and growth factor mediators by the POS BM-MSC with priming. C, Protein mediators determined to have the most significant
differences among each group, highlighting the most robust changes of immunomodulatory factors by the POS BM-MSC. BM-MSC, bone

marrow-derived mesenchymal stem/stromal cells; UNF, unfractionated

2.7 | Transcription profiles reveal signatures
distinguishable of both subpopulations

Comprehensive strategies to determine the influence of the POS or
NEG subpopulations within the cumulative UNF BM-MSCs are neces-
sary to understand the contribution of each that may guide investiga-
tions to reducing heterogeneity for more consistent outcomes. The
transcription profiles compared the genes actively overexpressed or
underexpressed following priming in each BM-MSC group (Figure 4B;
all values reported in Figure S5B). Among the UNF, POS, and NEG
groups, all Primed cohorts consistently shared six overexpressed
(>2-fold, P < .05) and six underexpressed (<—2-fold, P < .05) genes fol-
lowing priming, building a basis of expected overall transcriptional
results for the crude population. In descending order, these included
increased gene expressions of ICAM-1, IL-18, IL-6, BMP-2, TNF-a, and
LIF, and in ascending order of downregulated genes were GDF5,
COL1A1, BMPé6, ITGAV, TGF-$3, and THY1. These 12 genes were simi-
larly altered, suggesting that although these subpopulations were dis-
both POS and NEG
subpopulations fundamentally show similarities in most gene expres-

tinguishable in phenotype and function,

sions in response to priming (Figure 4B,C). However, critical transcrip-
tional differences were indeed identified that correlate with functions
ascribed specifically to CD146* BM-MSC. For instance, the master
regulators and various other genes closely related to osteogenic and
adipogenic differentiation potential (ie, Runx2, PPARy, BGLAP, and

ITGB1), initially found downregulated in UNF Primed cells

(Figure S2D), were found altered only in the NEG Primed group. This
suggests that POS Primed cells, despite the priming, retain their

2953 and that the sup-

molecular osteogenic and adipogenic machinery
pression observed in the heterogeneous UNF Primed preparation can
be attributed only to the NEG subpopulation. Furthermore, the POS
Primed subpopulation showed additional signature gene expressions
that revealed genes that may have larger implications. BDNF
(3.58-fold; P <.005) was overexpressed and GDF15 (-4.06-fold;
P < .03) and NUDT6 (—2.41-fold; P < .01) were underexpressed in only
the POS Primed subpopulation whereas no unique genes were related
to the NEG subpopulations. Primed cohorts of the UNF and POS BM-
MSC shared significantly upregulated gene VCAM1 and down-
regulated genes PDGF-Rf and TGF-$1 following inflammatory priming
(Figure 4C).

2.8 | Potency and immunomodulatory function of
POS subpopulation support the signature profile

Potency associated with the POS or NEG subpopulations, as with the
UNF BM-MSCs, was determined by the most robust suppression of
proliferation of stimulated target cells using the IPA. Dosage
responses using PBMC showed the most significant reduction in
proliferation rates at 2:1 ratio of PBMC cocultured with the POS
Naive (17.00% * 13.59%; P <.001), POS Primed (7.75% * 8.54%;
P <.0001), NEG Naive (16.25% * 14.61%; P < .001), and NEG Primed
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Pathway analysis of secreted proteins and transcriptional profiles. A, Highly regulated proteins (>1.4-fold increase and <—1.4-fold

decrease) were oriented with STRING to derive the involvement of relevant pathways. Venn diagram, biological process, and Reactome
associates exhibit the distinctive properties and the shared overlaps among the UNF, POS, and NEG BM-MSC. B, Unsupervised hierarchical
cluster diagrams representing transcriptional profiles of the POS and NEG subpopulations in response to inflammatory priming show
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derive transcriptional signatures differentially and specifically expressed by POS and NEG BM-MSC upon priming. Venn diagram further displays
the strong functional influence of the POS subpopulation underlying the UNF BM-MSC. Stars represent statistical significance with values
greater than 2-fold or less than —2-fold change. BM-MSC, bone marrow-derived mesenchymal stem/stromal cells; UNF, unfractionated

(9.88% + 9.92%; P <.001). More importantly, at 4:1 POS Naive
(39.00% + 17.38%; P <.05) and POS Primed (5.50% + 5.20%;
P < .0001) significantly outperformed the immunosuppressive poten-
tial of NEG Naive (36.13% + 30.93%) and NEG Primed (13.38%
+ 14.26%; P <.001) subpopulations. Moreover, PBMC proliferation
was significantly suppressed at 12:1 by the POS Primed (17.50%
+8.81%; P<.001) and to lesser extent NEG Primed (22.63%
+ 20.37%; P < .01) cohorts (Figure 5A).

Comparisons of the T-cell IPA results from the Naive cohorts of
the UNF, POS, and NEG BM-groups demonstrated the intrinsic con-
tributions of the subpopulations within the UNF BM-MSC, explaining
the results presented in Figure S4B. The increased T-cell proliferation
observed with the UNF Naive cohort (32.11% + 16.85%) can now be
exclusively attributed to the NEG fraction. Unlike the T-cell prolifera-
tion rate reduction to 16.72% + 18.75% with the POS Naive cohort
(comparable to the no BM-MSC controls with T cells only 11.56%
+ 8.86%,; Figure 5C), a significantly higher rate was observed with the
NEG Naive cohort reaching 42.62% + 7.87% (P < .01) (Figure 5B).
Although donor-specific variations are observable, especially within
the POS Naive cohort, the reproducibility of this assay still showed a
remarkable pattern among cohorts using the same donors in all
groups. To further demonstrate the intrinsic immunosuppressive
potency of the POS subpopulations, the POS Primed (12.81%

+15.91%) showed no difference to the POS Naive cohort in T-cell
proliferation rates (Figure 5B,C), suggesting that the POS subpopula-
tion is innately equipped to functionally immunomodulate, regardless
of priming. The NEG Primed cohort was also able to reduce T-cell pro-
liferation (13.24% + 8.55%). However, when compared with the NEG
Naive rates, the necessity of a prior inflammatory priming for this sub-
set to functionally perform becomes evident.

As demonstrated with the UNF groups (Naive and Primed), a detailed
description of the subsets of differentiated T cells is necessary to obtain a
more complete picture of the immunomodulatory effect of the POS and
NEG subpopulations. POS Naive (15.76% + 6.75%; P < .05) and POS
Primed (16.75% + 6.95%; P < .01) BM-MSC groups coincided with mark-
edly higher frequencies of CD3*CD4~CD8 CFSE" T cells compared with
controls (no BM-MSC; 7.16% * 3.14%), suggesting modulation of T-cell
differentiation to alternate subsets outside of the helper and cytotoxic lin-
eages (Figure 5D,E). On the contrary, NEG Naive (6.38% + 4.94%; P < .01)
and NEG Primed (5.55% + 4.84%; P < .001) groups showed no difference
with the control, but were significantly lower than the POS group. The
effects of all POS and NEG BM-MSC groups on cytotoxic T-cell differenti-
ation were comparable to controls (30.35% + 17.03%); however, a trend
is observed with mild suppressive effects by the POS Naive (21.51
+ 11.59) and POS Primed (17.82% + 15.88%), not evident with the NEG
Naive (29.41 +9.24) and NEG Primed (28.37% + 10.45%) cohorts.
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FIGURE 5 Immunopotency assays of POS and NEG cohorts reveal markedly robust potency of POS BM-MSC cohorts. A, Dosage responses

of PBMCs cocultured with Naive and Primed cohorts of POS and NEG BM-MSCs exhibit comparable effects between Naive cohorts and Primed
cohorts yet show enhanced suppressive effects between the Primed groups to the Naive groups. B, Group comparison between UNF, POS, and
NEG groups showed a significant reduction of stimulated T-cell proliferation by coculture with POS Naive BM-MSC than NEG Naive. C,
Proliferation rates of stimulated T cells cocultured with Naive and Primed cohorts of POS and NEG BM-MSC demonstrated the potency of the
POS Naive and POS Primed groups compared with the NEG Naive group. D, Images of the 72-hour duration of the immunopotency assay
showing the proliferation of the stimulated T cells (green) that are cocultured above the adherent BM-MSC groups. E, T-cell subsets differentially
promoted by the coculture with Naive and Primed cohorts of the POS and NEG BM-MSC. Scale bar = 500 um. Values are presented as

mean + SD. *P < .05; **P < .01; ***P < .001; ****P < .0001. BM-MSC, bone marrow-derived mesenchymal stem/stromal cells; UNF, unfractionated

Similarly, POS Naive (56.11% *+ 12.21%) and POS Primed (51.15%
+ 5.51%) BM-MSC modestly reduced differentiation of helper T cells
compared with controls (60.78% + 12.88%), while NEG Naive (62.70%
+ 16.55%) and NEG Primed (64.14% + 15.74%) BM-MSC promoted mod-
est differentiation of the helper T-cell subsets. More importantly, analysis
of the Treg frequency within the helper T subset showed that POS Naive
(46.23% + 22.28%; P <.0001) and POS Primed (66.66% + 28.06%;
P < .0001) induced the most significant amount compared with controls
(5.56% + 3.87%). Further, induction by POS Naive was markedly greater
(P < .01) than NEG Naive BM-MSC (17.17% + 9.33%), and POS Primed
was significantly higher (P < .0001) than NEG Primed BM-MSC (16.30%
+ 6.50%; Figure 5E). Collectively, this compelling evidence underscores
the mechanistic underpinnings of immunomodulation in which the POS

subpopulation outperforms the NEG subpopulation in several approaches.

2.9 | POS subpopulation ameliorates synovitis and
fat pad fibrosis by promoting M2 alternative activation
macrophages

In vivo therapeutic efficacy in a well-established rat model of synovium

and infrapatellar fat pad (IFP) inflammation and fibrosis was evaluated by

intra-articular administration of monosodium iodoacetate (MIA) inducing
local inflammatory changes leading to progressive thickening of syn-
ovium (ie, synovitis) and fibrosis throughout the IFP.>*>> As shown in the
experimental outline (Figure 6A), synovitis/IFP fibrosis induction was
followed 4 days later (at the peak of local inflammation®®) by a single
intra-articular injection of BM-MSC (UNF, POS, or NEG). Sham (no MIA
and injection with vehicle only) and untreated (MIA induction followed
by no treatment) animals were used as healthy and diseased controls,
respectively. Evaluation of each group was performed by a standard
semiguantitative scoring method,>*>> where synovitis and IFP fibrosis
are independently assessed (0-3 for each). The latter is then complemen-
ted by a stain-based quantitative analysis using a computational algo-
rithm (Figure S6B).

Synovitis scores showed a significant inflammatory reaction in
treated animals (n = 6) after the induction with MIA, evident when
comparing Sham (0.17 + 0.24) with the Untreated (3.00 % 0.00;
P <.0001). Treatment with UNF (1.67 + 0.52; P <.0001), POS (1.33
+0.52; P<.01), and NEG (2.25 + 0.52; P <.0001) showed signifi-
cantly greater synovitis scores compared with Sham with POS treat-
ment with the greatest amelioration. This improvement was further
demonstrated by the comparison of scores against the Untreated
synovitis score with the POS (P < .0001) and UNF (P < .05) treatment
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In vivo assessment of therapeutic efficacy of UNF, POS, and NEG BM-MSC following synovitis and IFP fibrosis of the knee.

A, Experimental design of the in vivo induction of synovitis/IFP fibrosis, treatment with BM-MSC, and tissue assessments. Created with
BioRender.com. B, H&E-stained sections of the synovium and IFP were imaged at x4 magnification for structural changes indicative of synovitis
(thickening of synovial membrane; bordered with arrows) and IFP fibrosis (dense, fibrous tissue; asterisks). Asterisks and arrows denote areas of
observable fibrosis and synovitis, respectively. C, Using a standard scoring system and computational approach, quantitative comparisons of
synovitis and scoring were performed. Black data points signify female animals, and blue data points signify male animals. Black asterisks denote
statistical difference against Sham group, and red asterisks denote differences against untreated group. Scale bar = 200 pm. Values are presented
as mean + SD. *P < .05; **P < .01; ***P < .001; ****P < .0001. BM-MSC, bone marrow-derived mesenchymal stem/stromal cells; IFP, infrapatellar

fat pad; UNF, unfractionated

markedly reduced while no difference was seen with the NEG treat-
ment. Additionally, POS (P < .05) had significantly lower synovitis
score than the NEG treatment group. Similar trends were apparent
with the IFP fibrosis scores showing significant differences in all
groups (untreated P <.0001; UNF P<.05; POS P<.05; NEG
P <.001) compared with Sham (0.25 + 0.50). Compared with the
Primed group (2.75 + 0.50), treatment with UNF (1.5 + 0.63; P < .05)
and POS (1.5 + 0.45; P < .05) BM-MSC were markedly reduced and
no differences with NEG BM-MSC (2.25 + 0.76). Similar supporting

data were obtained with the computational fibrosis quantification,
which found a comparable trend as with the scoring system, with
reduced fibrosis in UNF (0.33% + 0.05%), POS (0.29% + 0.14%) and
to a lesser extent with NEG (0.39% + 0.21%) BM-MSC compared with
the Untreated (0.45% + 0.10%). The clear trend in fibrosis evaluations,
yet with no statistical differences, can be attributed to our early
assessment time point (8 days after MIA induction). At this early point,
unlike the established synovitis, it is expected that the fibrotic

changes are variable. Furthermore, large differences were depicted
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between female and male recipients that contributed to the variability
(Figure 6B,C).

To determine mechanistic cellular changes promoted locally by
BM-MSCs in vivo, M1/M2 macrophage phenotypic evaluations were
performed (represented as the ratio of M2 over M1 for consistent
comparisons), as MSCs modulate macrophage polarization.>® Syn-
ovium/IFP resident and infiltrated macrophages have demonstrated
key roles in joint health and articular cartilage degenerative changes,
as they are the source of inflammatory and catabolic mediators includ-
ing IFN-y, TNF-a, IL-1,-6,-8, and metalloproteinases.”” Classically
activated-M1 (CD86%) and alternatively activated-M2 (CD206")

(A)

Body

macrophages were detected within the synovium and body of the IFP,
specifically surrounding the vasculature (Figure 7A,B). Differences were
observed between male and female recipients, and thus the results are
presented separately by gender. Furthermore, in spite of variations
among recipients, consistent trends were observed. In females, M2 and
M1 macrophages were comparably observed within synovium and IFP
tissues of the Sham group, resulting in a 0.98 + 0.95 M2/M1 ratio.
Untreated recipients showed a reduced M2/M1 score of 0.53 + 0.11
demonstrating the balance tipped when largely proinflammatory M1
macrophages are present. More importantly, treatment with both UNF
(1.68 £ 0.98 M2/M1) and POS (1.13 + 1.00 M2/M1) BM-MSC switched
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In vivo M1-to-M2 shift mediated by POS in areas of synovitis and IFP fibrosis. Images and quantification for M1 (CD86; classical

activation) and M2 (CD206; alternative activation) macrophages present in, A, female and B, male knee sections in each group. M2:M1 ratios
define the positive effects following treatment representing a majority of M2 over M1 macrophages. Scale bars = 500 um (top wide-view images)

and 100 pm (bottom images). IFP, infrapatellar fat pad
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the ratios to positive values (ie, M2 values larger than M1 values),
suggesting active macrophage polarization toward an anti-inflammatory
therapeutic M2 phenotype. This remarkable improvement was not
observed with NEG BM-MSC treatment (0.54 + 0.47 M2/M1), which
showed a comparable ratio to the Untreated group suggesting an inabil-
ity to revert the M1 phenotype by this subpopulation (Figure 7A). Unlike
females, the male Sham group (0.26 + 0.14 M2/M2) showed little pres-
ence of M2 macrophages compared with the high presence of M1,
resulting in similar values to the Untreated IFP group (0.22 + 0.22
M2/M1). The remaining groups showed comparable results as with
females, with a large induction of M2 macrophages with both UNF (1.53
+ 2.06 M2/M1) and more so POS (1.86 + 2.24) BM-MSC treatment, and
NEG BM-MSC (042 +0.31 M2/M1) undistinguishable from the
Untreated group (Figure 7B).

3 | DISCUSSION

The heterogeneity and identification of distinct subpopulations within
crude MSCs have been implicated to confound evidence and
expected outcomes when used as biologics.’®%? These effects may
slow advancements and engender regulatory concerns even when
standard methodologies are practiced. Donor-specific differences
(eg, age, sex, health status) also correlate to the “cell fitness” and ther-
apeutic efficacy adding yet another complexity among donor compari-
sons.*7¢3%4 Previous evidence has helped distinguish subpopulations
within crude MSCs based on the expression of the pericyte-related

marker CD146. These include descriptions of their developmental
65-68

origins, association with the perivascular niche, 1718232569 self-
renewal and stem-like capacities supporting hematopoiesis,¢27-2%¢¢
31,32

and therapeutic use as osteoblastic progenitors for bone repair.
Our results further support this emerging distinction beyond those
progenitor and hematopoietic support contributions for the CD146"
(POS) subpopulation. Herein, we correlated phenotypic, transcrip-
tional, and secretory signatures in response to inflammatory priming
with enhanced functional potency based on immunomodulatory and
anti-inflammatory effects.

Pericytes have long been associated with structural functions in
blood vessels, including stabilization, tone control, angiogenesis, and per-
meability.”® Additional functions such as macrophage-like properties and
effects on the immune system (eg, cell trafficking and responses) have
now been more clearly elucidated.”* Our previous reports show peri-
vascular BM-MSC function as gatekeepers during metastatic cancer cell
extravasation, exercised through a CD146-mediated mechanism.”? Sug-
gestively, the strategic perivascular localization may foster sensing capa-
bilities to survey, guide, and instruct cells through transendothelial
trafficking. Based on these observations, we hypothesized that CD146*
perivascular BM-MSC would more robustly influence immune/inflamma-
tory cascades than their counterparts more distant from vascular struc-
tures (CD1467). Such a functional discrimination has immediate
repercussions not only for our understanding of MSC biology, but also to
streamline manufacturing protocols for cell-based products with less het-

erogeneous and more predictable compositions.

@ Stem Crrrs—L12=

To experimentally test our hypothesis, we employed an in vitro
technique of inflammatory priming (TNF-a, IFN-y exposure) to both
interrogate phenotypic adaptations and examine the potency of the
responses from each BM-MSC donor and associated subpopulations.
The results obtained with UNF Naive and Primed cohorts built the
foundation for the subsequent evaluation of the CD146"* (POS) and
CD146~ (NEG) subpopulations, where correlative evidence suggested
the contribution of each subpopulation within the whole UNF prepa-
ration. Cell priming has been used as a strategic method to incite an
analyzable response by the cells or to precondition them to augment a
desired trait or effect.”>”# Moreover, priming BM-MSC prior to per-
forming IPAs using target cells better recapitulates the in vivo patho-
logic events involving active secretion of inflammatory molecules
followed by cellular infiltration of immune cells (eg, T cells and PBMCs)
and activation of resident cells (eg, macrophages) typical of tissue dam-
age.”> We found that priming UNF BM-MSC induced a consistent
response among all eight donors examined regardless of age and
gender. This included CD146"8"CD107a"&" CD146"€"CXCRAME", and
CD146"&"LepR"&" phenotypes, reminiscent of the perisinusoidal MSC
within the BM2?%%?” with highly responsive and secretory capacities.
Remarkably, the sorted POS Primed subpopulation uniquely recapitu-
lated this phenotypic enrichment, suggesting that the overall phenotypic
change seen in the UNF preparation can be attributed to the POS group.

The resulting phenotype of UNF Primed BM-MSC corresponded to
a transcriptional profile that indicated a more stem-like and immunomod-
ulatory state with increased key transcripts (eg, LIF). Together with a
highly immunomodulatory secretory profile (eg, PGE-2 and IDO activity),
they were consistent with the results of the IPA that achieved robust
suppression of PBMC proliferation (even at high PBMC:MSC ratios),
overcoming the declining dose-dependent effect of UNF naive cells. The
deep analysis of each of the subpopulation's secretory profiles revealed
that the POS was most robust in response to the inflammatory priming,
strongly suggesting that the POS subpopulation, and not the NEG, are
the potently responsive cells contributing to the overall effect of the
UNF BM-MSC population. This aligns with the enhanced secretory
potency and the higher CD107a inducible expression found in the POS
group. Functionally, the POS Primed contributed more than the NEG
Primed cohort to the stabilization of the PBMC proliferation suppression
even at high PBMC:MSC ratios, strengthening the concept of this
robustly immunosuppressive subpopulation.

The analysis of T-cell proliferation and subset differentiation
showed additional compelling evidence for the immunomodulatory
capacity of BM-MSCs, and specifically the POS subpopulation. The
stimulus used triggers the initial activation of T cells, yet lacks perpet-
uating stimuli yielding only mild proliferation but induction of differen-
tiation to the major subsets as main measurable outcomes. The
expected additional proliferative response of T cells when non-
stimulated UNF Naive BM-MSCs were present’® was explained by
the effects of the NEG subpopulation exclusively, as the POS Naive
indeed suppressed T-cell proliferation effectively. Interestingly, this
intrinsic immunosuppressive influence of the Naive cohort of the POS
subpopulation eliminated the need for priming, previously reported as

requisite to induce immunosuppressive activities of MSC via NO/IDO
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and monocyte presence.’®’¢78 It also provides information to sub-
stantiate the physiological distinction of MSC into types 1 and
2, which largely depends on the absence or presence of an IFN-
y/TNF-a-rich environment they sense, respectively.”>® Priming dem-
onstrated a marked suppression of T-cell proliferation in all groups
(ie, UNF Primed, POS Primed, and NEG Primed) comparable to the
effect of the POS Naive group. Beyond these distinct effects on over-
all T-cell proliferation, specific and significant differences were also
generated by POS and NEG groups in the subset composition of T
cells. The robust induction of Tregs and CD3*CD4°CD8™ T cells
exclusive of the POS group, supports the fact that MSC are known to
shift the T-cell axis from cytotoxic to Tregs for reparative and
tolerogenic effects.””®% However, now clarifying the identity of the
cells responsible for that shift (POS), and their innate potency to exert
that effect even without prior cues/priming. An overall attenuation of
T-cell differentiation provides a fundamental mechanism of BM-MSC
immunomodulatory effects necessary to translate for therapeutic use.
UNF Primed BM-MSC also showed downregulation of the
multilineage differentiation master genes RUNX2, SOX9, and PPARy.
With priming, these findings suggestively enabled a controlled shift
toward stemness and immunomodulation and away from progenitor
capabilities, which coincides with the inherent characteristic of asymmet-
rical division of MSC. However, the skewed differentiation programs
(especially osteogenic and adipogenic) were initially difficult to reconcile
with the observed CD146 and LepR enriched phenotype after priming
based on the previous reported osteogenic nature of CD146"* peri-
vascular osteoprogenitors®? and PSC,*132 as well as LepR* adipogenic
progenitors.>® The apparent dichotomy was elucidated after analyzing
the transcriptional profiles of the sorted and Primed POS and NEG sub-
populations. Downregulation of RUNX2 and PPARy, along with other key
transcripts responsible for healthy osteogenic and adipogenic programs
were exclusively shared between UNF and NEG groups, leaving POS
with no alterations in those molecular programs. Consequently, the com-
promised differentiation potential of the NEG subpopulation upon prim-
ing suggests the POS subpopulation is the functional subset capable of
exerting a spectrum function not limited to the environment they sense.
Relevant to translational efforts, all the in vitro functional discrimina-
tion between POS and NEG was successfully translated in vivo. Intra-
articular injection of POS BM-MSC therapeutically outperformed NEG
cohorts, greatly improving synovitis and IFP fibrosis within the joint, cor-
relative to promoting rapid M2-macrophage phenotypic shift. Macro-
phages are prominently influential cells in various milieus given their
orchestrating roles regulating local reparative changes, thus becoming
therapeutic cell targets. In fact, a triangulation involving MSCs, macro-

phages, and T cells has been described by Francois et al.”®

They show
that MSC-derived IDO activity drives the M2 polarization of macro-
phages, which in turn helps suppress T-cell proliferation thus amplifying
the MSC effect. Moreover, M2 macrophage polarization counteracts the
secretion of inflammatory and catabolic molecules at the expense of the
M1 function, reducing joint damage especially to the articular carti-
lage.>”882 \We have previously demonstrated the homing and transient
engraftment (<7 days) of MSC intra-articularly injected in this model of

synovitis/IFP fibrosis.2% Therefore, we propose that highly sensitive,

secretory, and potently immunosuppressive POS BM-MSC ameliorate
the inflammatory and fibrotic activities in the synovium and IFP, in part
by facilitating the reparative M2 macrophage phenotypic shift.

These high-content data provided several methods of characteriz-
ing the functional potency of BM-MSCs that can be further adapted
for standardization in efforts to test potency across tissue-specific
MSC preparations. Sorting methods to capture greater purity between
subpopulations should be implemented to overcome the limitations of
MACS. Although much of the data contains significant trends, devia-
tions among donors emphasize the need to detect donor-specific dif-
ferences to better tailor potential biologics as therapies. Further
investigations into the functional potency may allow for greater
understanding of functional subpopulations (eg, CD146" BM-MSC)
within the crude population of MSC, determining “cell fitness” repre-
sentative to donor health, and ultimately predictivity of in vivo cell

interactions for better alignment with expected outcomes.

4 | CONCLUSION

This study bolsters the notion of distinct MSC functional subpopulations
attribute to CD146 expression, previously determined based on osteo-
genic potential and hematopoietic control and now includes immuno-
modulatory potential and therapeutic efficacy. Our data strongly
supports the signature quality attributes of the CD146" subpopulation as
the robust sensory/secretory/immunomodulatory cells within crude
preparations. These findings have translational implications aimed to
comply with rigor and transparency as well as indicate trends and tools
adaptable for scale-up cell manufacturing by minimizing variability and

offering a way to assess cell-based product potencies.
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