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Abstract

Potency analysis of mesenchymal stromal cells (MSCs) is required for their use in advanced clinical trials. Assay matrix strategy evaluating more
than a single property of MSCs is an emerging strategy in potency analysis. Here we developed an assay matrix approach focusing on the se-
cretory chemokine responses of MSCs using multiplex analytical method. MSCs' innate fitness in secreting matrix of chemokines is correlated
with their metabolic fitness in differential degrees. In addition, innately secreting chemokines are correlated among themselves in a unique
pattern. MSC's matrix chemokine responses to exogenous stimulation of IFNy and/or TNFa are distinct. However, the combination of IFNy and
TNFa is superior than individual stimulations in eliciting robust and broad matrix chemokine responses of MSCs. Correlation matrix analysis
has identified that chemokine responses to IFNy and/or TNFa display unique correlative secretion patterns. MSC and peripheral blood mono-
nuclear cells coculture analysis has identified the correlation matrix responses of chemokines that predicted immune suppression. In addition,
MSC-mediated blocking of T-cell proliferation predominantly correlates with chemokines in an inverse manner. Knockdown of chemokines has
demonstrated that MSC-sourced inherent chemokines do not actively play a role in T-cell suppression and thus are the bystander predictors of
T-cell suppression. The present analysis of MSC's matrix chemokine responses can be deployed in the advanced potency analysis of MSCs.
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Significance Statement

donor MSC products.

Potency analytical strategies are needed for the release criteria of MSCs in advanced clinical trials. In the present study, we have deployed
an assay matrix strategy focusing on chemokine responses of MSCs to define their potency. Matrix chemokine responses and correlation
of chemokines among each other predict MSC's innate fitness, responsiveness to exogenous stimuli, and immunosuppressive potential.
This chemokine matrix analytical method devoids universal ruler and thus can be used in the manufacturing of autologous and random

Introduction

Mesenchymal stromal cells (MSCs) are widely being tested
as cellular therapeutics in regenerative medicine due to their
immunomodulatory and regenerative potential."> MSCs
are approved in Japan for the treatment of steroid-resistant
graft versus host disease (GVHD) and in Europe for Crohn’s
disease-associated perianal fistula.>* While clinical trials
have demonstrated that MSC infusion is safe’ achieving con-
sistent efficacy remains a concern in advanced clinical trials.®”
Although variations in efficacy arise due to variabilities of
donor and recipient, disease severity, dosing, and route of
MSC delivery, cell manufacturing procedures also play a
role.! Cell manufacturing procedures evaluate sterility, via-
bility, and identity of MSCs to determine release criteria as
living cellular pharmaceuticals.*? Of these, sterility and via-
bility are assured with standard monitoring and assessment
technologies. Minimal criteria to define bone marrow-derived
MSC identity includes the following: (1) plastic adherence
and expansion, (2) trilineage (adipocyte, osteocyte, and chon-
drocyte) differentiation potential, (3) combination of pos-
itive (CD105, CD73, CD90) and negative (CD45, CD34,
CD14, CD11b, CD79a, CD19, HL-DR) cell surface marker
expression.'® Additionally, advanced phase clinical trials re-
quire potency analysis of MSCs as a component of release
criteria beyond sterility, viability, and identity assessments.!!!?
However, the development of potency assays has been chal-
lenging due to multiple factors including the fact that MSC’s
mechanism of action in vivo in patients is yet to be under-
stood.!® Potency analysis as a universal release criterion is
complicated since cell manufacturing technologies differ
from center to center due to the variations in tissue source,
expansion, and handling protocols which alter MSCs’ critical
quality attributes." International Society for Cell Therapy
recommended the development of “in house” potency analyt-
ical strategies specific to the cell manufacturing facility which
includes well-characterized MSC lots as references that are
developed internally or from external sources.” Although
several studies have evaluated MSCs’ characteristics as a sur-
rogate measure of potency that reflects their putative mech-
anism of action in vivo, further advanced potency testing
strategies are required.'¢%?

Potency assays focusing on single-molecule/pathway of
MSCs may not adequately represent their functionality since
MSCs possess myriad of regenerative and immunomodulatory
properties which may have synergistic and overlapping
functions in vivo. This limitation is addressed with “assay ma-
trix” strategy where the collection of MSC’s quality attributes
is cumulatively evaluated to define its potency.!” These assay
matrix analytical systems can include flow cytometric eval-
uation of functional molecules, quantification of an array
of molecular transcripts relevant to functional proteins, and
secretome evaluation of bioactive molecules.'” An example is
the evaluation of CXCLS5, CXCLS8, and VEGF secretion by

MSCs in conjunction with an angiogenic assay that defines
the matrix potency of MSCs.?* Our own recent work has also
demonstrated the potency of MSCs through an assay matrix
analysis by evaluating the secretome of MSCs’ interaction
with peripheral blood mononuclear cells (PBMCs) in com-
bination with the evaluation of an array of MSCs’ molecular
transcript responses to exogenous cues.”’ In another assay
matrix approach, we have evaluated an array of phosphoryl-
ation status of MSCs upon interaction with the secretome of
activated PBMCs which defined the potency of MSCs.? These
studies collectively provide insights that assay matrix anal-
ysis of MSCs can be deployed to define the potency of MSCs;
however, further characterization of MSCs’ attributes using
this strategy is needed to inform advanced potency analysis.
MSC-sourced molecules, such as VEGEF, IDO, TSG-6,
TWIST-1, PD-L1, etc. can serve as the surrogate potency
markers. Considering the versatile mechanism of action of
infused MSCs in vivo in humans and the developing knowl-
edge of the intricacy of MSC-derived functional molecules
in executing cumulative pharmacological effects, it is signif-
icant to define additional relevant effector pathways such as
chemokines of MSCs. Chemokines are classically defined as
chemoattractants of leukocytes to the site of inflammation.
However, recent evidences suggest that chemokines secreted
from MSCs play a major role in immunomodulation and
tissue regeneration.”’?’ Preliminary biomarker studies have
also demonstrated that GVHD patients responding to MSC
therapy exhibits increasing levels of secretory chemokines
in the plasma.*® In addition, it is emerging that MSCs’ reg-
ulatory functionality is dependent on the individual or com-
binatorial functions of chemokines.?'** These indicate that
MSC-derived chemokines can serve as the potency markers
while the compendium matrix analysis of human MSC-
derived chemokines is yet to be defined to accomplish this
goal. Here we have rigorously evaluated the chemokinome
of human bone marrow MSCs for more than 30 chemokines
using multiplexed secretome technology which serve as che-
mokine assay matrix strategy in defining MSCs’ potency.

Materials and Methods

Human Bone Marrow MSC Isolation and Culture

Human bone marrow aspirates were obtained in accordance
with the Institutional Review Board of Memorial Health
Medical Center, Savannah and University of Wisconsin-
Madison. Bone marrow aspirates were subjected to Ficoll
density gradient to enrich mononuclear cells (MNCs). MNCs
were plated at a density of 200,000-300,000 cells/cm? in
1x a-minimum essential medium (MEM) containing 10%
human platelet lysate and 100 IU/mL penicillin/strepto-
mycin/amphotericin B. Three days post-culture, non-adherent
cells were removed and replenished with fresh medium.
Subsequently, cultures were maintained with media change
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at every 48-72 hours until colonies are observed. Once colo-
nies are established, cells were trypsinized and reseeded at the
density of 3000-5000 cells/cm? in 1x alpha-MEM containing
5% human platelet lysate and 100 IU/mL penicillin/strepto-
mycin/amphotericin B. MSCs were passaged regularly with
the maximum confluence of 70%-80% and cells from the
passages between 2 and 4 were used for all the assays. MSCs
used in this study were culture expanded in human plate ly-
sate until the experiments are performed. In the assays with
+ exogenous stimulants, human platelet lysate media was
used. However, FCS-containing media was used in the assays
of MSCs with and without PBMC cocultures. MSC identity
was confirmed based on the marker expression as defined in
our earlier studies (CD45-CD105+ CD44+ CD90+ CD73+)%¢
CD45 FITC (Clone HI30), CD105 APC (Clone 266), CD44
APC (Clone G44-26), CD90 APC (Clone 5E10), CD73 PE
(Clone AD2) (BD Biosciences, USA) (Supplementary Fig. S1).

MTT Assay

MSCs were seeded onto 96-well plates at desired densities.
In some situations, cells were stimulated with IFNy
and/or TNFa in appropriate concentrations (ng/mL).
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium  bro-
mide (MTT) assays were performed on day 3 or day 4 post-
cultures. Supernatants were collected and cells were incubated
with thiazolyl blue tetrazolium bromide for 5 hours. After 5
hours, formazan crystals were dissolved in DMSO, and op-
tical densities were measured at the wavelength of 560 nm
and subtracted with the values from reference wavelength of
670 nm.

MSC and PBMC Coculture

MSCs were seeded onto 96-well plates with appropriate
densities. PBMCs from random donor were added into
each well with the final concentration of 0.1 x 10° cells per
well. 500 ng/mL staphylococcal enterotoxin B (SEB) (Toxin
Technology, Sarasota, FL) was used to stimulate the T cells
in the PBMCs. Ki67 proliferation assay was performed
to measure T-cell proliferation after 4 days. For Ki67 pro-
liferation assay, intracellular flow cytometry staining was
performed with BD Cytofix and Cytoperm procedure with
the antibodies CD3APCCy7 (Clone SK7) (Biolegend, USA)
and Ki67 PE (Clone B56) (BD Biosciences, USA) according
to manufacturer instructions (BD Biosciences, San Jose, CA).
Samples were acquired in BD FACS Aria flow cytometer, and
the results were analyzed in Flow]Jo software. For non-contact
cocultures, MSCs are cultured on the bottom of the well and
SEB-activated PBMCs were cultured on the transwell mem-
brane (0.4 pM). Three days later MSCs were lysed and RNA
was isolated. Total RNA is converted into ¢cDNA (Qiagen,
USA). Quantitative real-time PCR was performed to identify
the expression of chemokines.

siRNA Knockdown on Human Mesenchymal
Stromal Cells

MSCs were seeded in 96-well plates at a concentration of
20,000 cells per well on 1 day prior to transfection with non-
targeting control siRNA or IDO, CCL7, CXCL16, CCL2,
CXCL6, CXCL1, CXCL2 SMART Pool siRNA (Horizon
Discovery, CO, USA). On the day of transfection, MSCs
were conditioned with serum-free 10 mM HEPES (Corning,
NY, USA) containing o-MEM for 30 minutes. Subsequently,
siRNA was added to MSCs using the Dharmafect reagent 1
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system. Transfected MSCs were then incubated for 5 h and
the transfection medium was replaced with regular MSC cul-
ture medium. The next day, transfected MSCs were ready for
coculture with PBMCs.

Multiplex Analysis of Secretory Chemokines

MSC culture supernatants derived from = stimulated
conditions or cocultured with PBMCs were collected and
stored at -80°C. Upon thawing, supernatants were centrifuged
at 500g for 5 minutes to remove debris. Subsequently,
supernatants were subjected to magnetic bead-based mul-
tiplex assay focused on indicated chemokines (R&D
Biosystems) according to the manufacturer’s instructions
using Luminex xMAP (multi-analyte profiling) technology.
Results were plotted as picogram/milliliter (pg/mL).

Statistics

Data were analyzed with the GraphPad Prism 9.0 soft-
ware. Correlation matrix and simple linear regression were
performed with GraphPad Prism software to obtain cor-
relation coefficient (r) and P values. Primary data were
transformed to logarithmic values to best fit the regression
line with the data points. Statistical significance was con-
firmed with the P value of <.05.

Results

Human Bone Marrow MSCs Innately Secrete
Specific Set of Chemokines at Distinct Ranks

To identify the innate fitness and breadth of bone marrow
MSCs in secreting chemokines, we performed a chemokine-
focused multiplex secretome analysis. MSCs derived from the
bone marrow of nine healthy donors were analyzed for secre-
tory chemokines. Supernatants of MSC cultures from inde-
pendent donors seeded at differential density were used for
the multiplex secretory chemokine analysis. Our results show
that 9 out of 32 chemokines are innately secreted by MSCs as
we defined the criteria of their selection at least 5-fold above
the background levels in the highest density cultures (Fig. 1A).
Relative quantities of individual chemokines secreted by
MSCs are different among each other as identified with the
hierarchical differences in their fold change over the back-
ground. The ranking of chemokines is identified as follows,
CXCL16, CCL2, CXCL6, CCL7, CXCL1, CCL13, CCLS,
CXCL2, and CCL1. Of these, CCL13, CCLS, CXCL2, and
CCL1 are considered as low secretors due to their relatively
lower primary concentrations and fold change values over
the background (Fig. 1A). None of the other 23 chemokines
were detected with the threshold sensitivity of above 5-fold
over the background (Fig. 1A). An important insight yet to
be gained is the relationship among independent secretory
molecules of MSCs for their correlative secretion which can
validate the potency of MSCs with matrix functionalities.
To identify the correlative secretory pattern among those 9
chemokines that are innately produced by MSCs, we used a
correlation matrix strategy. In this approach, secretion levels
of each chemokine are subjected to linear regression anal-
ysis, and the correlation coefficient values (r = 1 through r = 0
imply the best to no correlation, respectively) represent the
degree of their coexpression. Correlation matrix was created
among 9 chemokines with 81 pairwise combinations (Fig. 1B).
We identified at least 4 best correlations with the 7 value of
above 0.9 which includes CXCL16 and CCL13 (r=0.91);
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Figure 1. Innate matrix chemokine signatures of human bone marrow MSCs. MSCs derived from nine independent donors were seeded at the
indicated cell numbers in microwell plates. Ninety-six hours later, supernatants were centrifuged and stored. Chemokines were quantified in the
supernatants using Luminex xMAP (multi-analyte profiling) technology. (A) Fold change in chemokine levels at each cell density over the background

is calculated. Individual chemokines are hierarchically organized based on the cumulative fold change values over the background derived from nine
independent donors. Mean and SD are shown with the cumulative data derived from nine independent MSC donors. Results are plotted as pg/mL.
Cumulative fold change in chemokine secretion over the background at each cell density is shown. (B) Chemokines that are secreted at least 5-fold
over the background at the highest density cultures were further evaluated for correlation matrix analysis. Chemokine concentrations were subjected
to linear regression analysis among each other. Correlation coefficient (1 values are colorcoded and bold black boxes indicate the best correlations with
the rvalue of above 0.9. (C) Correlative plot with rand R? values of above 0.9 are shown for the correlations (B) CXCL16 and CCL13, CXCL6 and CXCL1,
CXCL6 and CCL13, CXCL6 and CXCL2. Correlation matrix and linear regression analysis were performed in GraphPad Prism to get r, R?, and P values.
R? = goodness of fit; P, Significance of the slope deviation from Zero.
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CXCL6 and CXCL1 (r = 0.9); CXCL6 and CCL13 (r = 0.92);
CXCL6 and CXCL2 (r =0.92). All of these are statistically
significant with a value of P <.0001 (Fig. 1B, 1C). Altogether
these results demonstrated that human MSCs innately secrete
a specific set of chemokines at distinct ranks with unique cor-
relative pattern.

Metabolic Activity of Human Bone Marrow MSCs
Define the Secretion of Chemokines

MSC’s secretome is largely quantified based on their seed
densities normalized with viability assessments. However,
viability is not equivalent to functionality. To overcome this
limitation, we evaluated the metabolic fitness of MSCs as a
base for chemokine secretion. We analyzed the fitness of che-
mokine secreting MSCs in reducing the tetrazolium dye MTT
to its insoluble formazan. This reduction is dependent on
cellular energetics and NAD(P)H-dependent oxidoreductase
enzymes and thus represents the metabolic activity. MSCs
derived from nine independent donors that were seeded at
differential cell densities display dose-dependent MTT re-
duction (metabolic activity) (Fig. 2A). Next, we performed
a linear regression analysis between metabolic activity and
chemokine secretion levels. Our analysis identified a unique
ranking based on the degree of their correlation as follows,
CXCL16 (R?=0.90), CCL2 (R?=0.74), CCL13 (R?=0.73),
CXCL6 (R*=0.57), CCL7 (R*=0.56), CXCL1 (R?=0.51),
CXCL2 (R?=0.49), CCL1 (R?=0.44), CCL5 (R?=0.42)
(Fig. 2B, 2C). All of these are statistically significant with
values of P <.0001(Fig. 2C). Many other chemokines also
showed statistically significant correlation albeit with reduced
correlation coefficient values (Fig. 2B, 2C). However, based
on the analysis of fold change over the background they were
disqualified for consideration.

Combination of IFNy and TNFa Is Superior than
Individual Stimulations in Eliciting Robust and

Broad Matrix Chemokine Responses of Human
Bone Marrow MSCs

MSCs’ fitness to respond to exogenous stimulations could be
defined as their surrogate measure of potency.’” In this strategy,
effector molecules of MSCs, evoked by stimulants, such as
IFNy and/or TNFa, are enumerated and quantified as an assay
matrix analytical system. We deployed this strategy to deter-
mine the fitness of MSCs in secreting chemokines upon exog-
enous stimulation. We stimulated MSCs (n = 9 donors) with
dose-dependent concentrations (0, 0.4, 4, 40 ng/mL) of IFNy
and/or TNFa. Supernatants of MSCs stimulated with these
conditions were subjected to secretory chemokine multiplex
analysis. Our results identified that individual and combined
stimulations with IFNy and/or TNFa bestowed unique pat-
tern of matrix chemokine responses and pronounced effects
were observed with IFNy and TNFa combined stimulations
(Fig. 3A). At least 15 chemokines (CXCL9, CXCL11, CCL20,
CXCL1, CCL8, CCL7, CCL13, CXCL16, CCL1, CXCL14,
CXCL10, CCL21, CCL11, CX3CL1, and CXCL2) showed
statistically significant dose-dependent upregulation with
IFNy and TNFa stimulations as determined by the 7 values
(Fig. 3A, 3D). In addition, 10 chemokines (CXCL10, CCL3,
CCL7,CXCL11, CXCL9, CCL21,CCL13, CXCL16, CCL20,
CCL28) and 8 chemokines (CXCL1, CXCL10, CXCL6,
CCL20, CXCL14, CCL7, CCL1, CCL8) showed statistically
significant (P < .05) dose-dependent upregulation with either
IFNy or TNFa, respectively (Fig. 3A-3C). Our results also
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show that IFNy and TNFa combined stimulation increases
the magnitude of MSCs’ ability to secrete chemokines than
individual stimulations (Supplementary Tables S1-S3). These
results suggest that combined stimulation with IFNy and
TNFa is superior than individual stimulations in executing
matrix chemokine responses of MSCs.

Interdependence of Chemokine Secretion
Signature Evoked by Individual and Combined
Cytokine Stimulations

We then performed a correlation matrix analysis to deter-
mine the relationship among chemokine secretions, elicited by
IFNy and/or TNFa stimulations. In this strategy, chemokines
that are upregulated by IFNy and/or TNFa were subjected
to linear regression analysis against each other to identify
which chemokine secretions are correlated upon exoge-
nous stimulations. Ten IFNy-driven chemokines (CXCL10,
CCL8, CCL7, CXCL11, CXCL9, CCL21, CCL13, CXCL16,
CCL20, CCL28) were subjected to linear regression analysis
among each other (100 combinations) to determine correla-
tion coefficient values (Fig. 4A). Our results have identified
that at least three top correlations, as defined with the r
value of 0.9 and above which includes CXCL10 and CCL8
(r=0.927), CXCL10 and CXCL11 (r=0.898), CXCL11
and CCL7 (r=0.855) (P <.0001 for all) (Fig. 4A, 4D). We
analyzed 8 TNFa-driven chemokines (CXCL1, CXCL10,
CXCL6, CCL20, CXCL14, CCL7, CCL1, CCL38) for correl-
ative expressions with 64 combinations (Fig. 4B). We did not
identify any single correlative expression with the coefficient
value of 0.9 and above. However, CXCL1 and CXCL6 cor-
relative expressions were identified as the top TNFa-induced
correlated chemokines with the 7 value of 0.807 (P <.0001)
(Fig. 4B, 4E). Next, we investigated 15 IFNy- and TNFa-
driven chemokines for their relationship among each other
(Fig. 4C). Out of 225 combinations, 6 showed the highest
correlations as defined with the » value of 0.9 and above
which includes CXCL9 and CCLS8 (r = 0.898), CXCL11 and
CCL8 (r=0.897), CXCL11 and CCL7 (r=0.875), CCL20
and CXCL1 (r=0.870), CCL20 and CCL21 (r=0.888),
CCL8 and CXCL10 (r=0.903) (Fig. 4C, 4F). Altogether
these results suggest that IFNy and TNFo combined stimula-
tion elicits pronounced matrix chemokine responses that are
largely interdependent of each other in their secretion.

Human Bone Marrow MSC-mediated Blocking of
T-cell Proliferation Predominantly Correlates with
Chemokines in an Inverse Manner

To define the chemokine secretion signature that predicts
MSC-mediated functional immune suppression, we analyzed
the T-cell proliferation and secretory chemokine levels in the
cocultures of MSCs and PBMCs. MSCs derived from 6 inde-
pendent donors were cocultured with activated PBMCs from
independent donors in different ratios. T-cell proliferation
(%CD3+ Ki67+ T cells) was quantified using flow cytometry.
Our results indicate that MSCs dose dependently inhibit T-cell
proliferation as determined by the reduction in % CD3+ Ki67+
T cells (Fig. SA, 5B). Next, we analyzed the supernatants of
the MSC and PBMC culture conditions thereof for secretory
chemokines using multiplex analysis. Chemokine levels of
MSC and PBMC cocultures were subjected to linear regres-
sion analysis with appropriate %CD3+ Ki67+ values (Fig. 5C).
Our results showed at least 16 chemokines that are inversely
correlated with T-cell proliferation with a hierarchical degree
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Figure 2. Human bone marrow MSCs' metabolic fitness defines matrix chemokine secretions. MSCs derived from nine independent donors were
seeded at the indicated cell numbers in microwell plates. Ninety-six hours later, MTT assay was performed and optical density was measured. (A)
Dose-dependent increase in optical density values is shown with mean and SD. (B) Optical density values of MTT assays were subjected to linear
regression analysis with the corresponding chemokine levels from the appropriate wells to obtain R? values. Linear regression plots are organized based
on the ranking of the degree of correlation. Data were transformed to logarithmic scale to fit the regression line. (C) Correlation coefficient values with
appropriate range of 95% confidence intervals for each chemokine are shown. Linear regression analysis was performed in GraphPad Prism to get r, R?,

and P values.

as defined by the ascending negative correlation coefficient
r values. The ranking and degree of this correlation are
identified as CXCL16, CXCL11, CCL27, CX3CL1, CXCL9,
CXCL6, CCL23, CCL20, CCL7, CXCL2, CCL26, CCL13,
CCL11, CCL21, CXCL10, CCL5 (Fig. 5C, 5D). Our results
have also identified that at least three chemokines are directly
correlated with T-cell proliferation as defined with the positive
correlation coefficient 7 values which includes CCL4, CCL17,
and CCL22 (Fig. 5C, 5D). Altogether these results suggest that

MSC-mediated inhibition of T-cell proliferation is profoundly
and inversely correlated with a broad array of chemokine se-
cretion. Next, to define MSC’s chemokine matrix responses to
activated PBMCs in their cocultures, we used a two-chamber
transwell non-contact coculture system. In this approach,
MSCs (n = 4 independent donors) were cultured in the pres-
ence and absence of activated PBMCs which are separated
by the metabolite permeable (0.4 pM) transmembrane.
Three days later, MSCs were lysed and chemokine mRNA
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Figure 3. Human Bone marrow MSCs' distinct matrix chemokine responses to IFNy and/or TNFa. MSCs derived from nine independent donors were
seeded at the identical cell density (10 000 cells/well in 96-well plate) and stimulated with the indicated concentrations of IFNy and/or TNFa. Forty-eight
hours later, supernatants were centrifuged and stored. Chemokines were quantified in the supernatants using Luminex xMAP (multi-analyte profiling)

technology. (A) Individual chemokine levels of independent MSC populations (n = 9 donors) that are stimulated with the indicated concentrations of
IFNy and/or TNFa are shown. Chemokines are hierarchically organized based on their dose-dependent response to the combined stimulation with
IFNy and TNFa while their relative responses to individual stimulations with IFNy/TNFa are also shown in the same plots. Dose dependence values

were obtained by linear regression analysis between chemokine levels and stimulating concentrations of IFNy and/or TNFa. Hierarchical organization of
chemokines based on their degree of dose-dependent responses to exogenous stimulations (B) IFNy, (C) TNFa, and (D) IFNy+ TNFa. Dose dependence
values with statistical significance are shown with dotted line box.
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Figure 4. Correlation matrix of responding chemokines to IFNy and/or TNFa. Chemokines that displayed statistically significant dose-dependent
responses to IFNy and/or TNFa stimulations were subjected to correlation matrix analysis. Chemokine correlation matrix for (A) IFNy, (B) TNFa«, and (C)
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transcripts were assayed by real-time PCR. Analysis of 16 che-
mokine transcripts has identified that at least 11 chemokines
(CXCLY, CXCL10, CXCL11, CXCL6, CXCL2, CCLS,
CCL7, CCL20, CX3CL1, CCL13, CXCL16) were induced
on MSCs upon coculture with activated PBMCs (Fig. SE).
These results validate that MSC sourced chemokines are the
contributors of the profound inverse correlation between
T-cell proliferation and chemokine secretion in MSC and
PBMC cocultures.

Correlation Matrix of Chemokines That Predicted
Immune Suppression

To determine the correlative expressions among the 16
chemokines that predicted immune suppression, we then
performed a correlation matrix analysis. Chemokines that
are inversely (16 chemokines) and directly (3 chemokines)
correlated with MSC-inhibited T-cell proliferation were
subjected to linear regression analysis among each other in
361 combinations (Fig. 6A). This analysis identified at least
three top correlations, as defined with the positive correla-
tion r value of above 0.9, including CXCL11 and CXCL9
(r=0.946), CXCL11 and CXCL6 (r=0.890), CCL7 and
CXCL2 (r=0.914) (P <.0001 for all) (Fig. 6A, 6B). In ad-
dition, chemokines that are inversely and directly correlated
with MSC-inhibited T-cell proliferation showed an inverse
correlation among each other. However, none of them reached
the 7 value of below -0.9 (Fig. 6A). Altogether, the present
analysis has identified that chemokines of MSC and PBMC
cocultures do exhibit direct correlation among themselves
with a unique degree and pattern.

Human Bone Marrow MSC Sourced Inherent
Chemokines Are the Bystander Predictors of T-cell
Suppression

To define the immunosuppressive functional role of
chemokines that are innately secreted by MSCs, we used a
siRNA knockdown strategy. CCL7, CXCL16, CCL2, CXCL6,
CXCL1, and CXCL2 that are innately secreted by MSCs are
silenced by siRNA (Fig. 7A). Previous studies have identified
that indoleamine 2,3-dioxygenase (IDO) play a major role
in immune suppression.*® Hence, IDO silenced MSCs were
also tested in parallel (Supplementary Fig. S2). We cocultured
CCL7,CXCL16, CCL2, CXCL6, CXCL1, CXCL2, IDO, and
control siRNA-transfected MSCs with activated PBMCs. Our
results demonstrated that IDO siRNA-transfected MSCs fail
to inhibit T-cell proliferation while CCL7, CXCL16, CCL2,
CXCL6, CXCL1, CXCL2, and control siRNA-transfected
MSCs still inhibit T-cell proliferation (Fig. 7B, 7C). These
results suggest that MSC-secreted inherent chemokines are
the bystander predictors of T-cell suppression and play no di-
rect role in this process.

Discussion

Assay matrix analytical system evaluating immunomodulatory
and tissue regenerative pathways of MSCs has been an
emerging platform for potency determination.® In this
strategy, potency is determined by evaluating more than a
single effector molecule that is predicted to play role in MSCs’
therapeutic function. Assay matrix-based determination of
MSCs’ potency can be deployed either through discovery-
based broad omics approach or rigorous investigation of fo-
cused and selective pathways of significance.! In the present
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study, we have deployed selective secretome-based approach
focusing on chemokine matrix responses of MSCs. Our anal-
ysis has identified chemokine secretome signature of MSCs in
their resting state, upon stimulation with inflammatory cues
and coculture with immune responding PBMCs. In each of
the categories, matrix sets of chemokines are identified with
hierarchical ranking and degree of magnitude which collec-
tively informed the potency of MSCs.

MSCs inherently secrete at least 8 chemokines (CXCL16,
CCL2, CXCL6, CCL7, CXCL1, CCL13, CCLS5, CXCL2)
without exogenous stimulation. Hence, the quantification of
these chemokines describes MSCs’ innate fitness. Versatile
fold changes of individual chemokine levels at differential
MSC density over the background indicate MSC’s breadth
and intensity in secreting chemokines. In addition, this anal-
ysis also indicates the potency of MSCs in secreting an array of
chemokines with linearity and threshold sensitivity. However,
the limitation of this strategy is variability in seeding cell
densities which are defined based on dose (numbers) and via-
bility. MSC dose and viability determination largely depends
on classic trypan blue exclusion microscopic analysis and/or
advanced methodologies to exclude pre-apoptotic and apop-
totic cells.* Although these methods identify cell dose and vi-
ability, it has been reported that MSC viability is not equal
to their functionality. For example, senescent MSCs display
high viability despite poor functionality, and similarly frozen-
thawed MSCs display defective functionality despite high
viability.?**" These limitations are addressed in the present
study where the metabolic activity of MSCs is set as common
denominators in defining MSCs’ chemokine secretory fitness.
This strategy identified the linear relationship between MSCs’
metabolic activity and chemokine secretion levels. Although
this analysis identified the hierarchical organizations of the
correlation values between MSC metabolic activity and che-
mokine secretions, fold change analysis needs to be considered
contemporaneously for signal-to-noise validations. Thus,
chemokine matrix analysis to define MSCs’ innate potency
without exogenous stimulations can incorporate both meta-
bolic fitness and fold change analysis.

It has been suggested that chemokine receptor and che-
mokine expression on MSCs varies depending on their or-
igin tissue sources and may have impact on its potency.?
Although the present study did not evaluate chemokine re-
ceptor expression, we also confirmed that MSCs derived
from visceral tissues such as adipose and umbilical cord
also innately secrete six chemokines (CXCL6, CCL2, CCL7,
CXCL16, CXCL1, CXCL2) that are in consensus with bone
marrow MSCs (Supplementary Fig. S3). Nevertheless, further
studies are warranted to define the regulation and functions
of chemokines and chemokine receptors on MSCs from dif-
ferential tissue resources.

Previous studies have shown that MSCs respond to the in-
flammatory cues produced by activated PBMCs.*! Utilization
of this strategy mimic the in vivo situation post-MSC infusion.
However, there is a limitation since activated PBMCs pro-
duce variable inflammatory cytokines, and assaying them as a
stimulator is a confounder in potency analysis. Alternatively,
recombinant cytokines such as IFNy elicits immunosup-
pressive properties on MSCs, and assaying MSC’s respon-
siveness to IFNy can be considered as a surrogate measure
of potency.’” Previously, [FNy-mediated upregulation of
immunomodulatory effector molecules (IDO, PD-L1, ICAM-
1, HLADR, etc.) has been incorporated in the assay matrix
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Figure 5. Matrix chemokine signatures of human bone marrow MSC and PBMC interactions. MSCs derived from six independent donors were
cultured with SEB-activated PBMCs at the indicated ratios. PBMC numbers were kept constant with dose-dependent increase in MSC numbers.
Four days post-culture, T-cell proliferation was measured by determining the percentage of CD3+ Ki67+ cells using flow cytometry. (A) Representative
flow cytometry plot and gating strategy are shown for CD3 and Ki67 staining. NS indicates no stimulation of PBMCs. — and +MSCs indicate SEB-
activated PBMCs cultured without and with MSCs. (B) Dose-dependent effect of MSCs from independent donors in inhibiting T-cell proliferation is
cumulatively shown. Supernatants were collected from these cultures and quantitative levels (pg/mL) of chemokines were assayed through Luminex
XxMAP (multi-analyte profiling) technology. Individual chemokine levels of MSC and PBMC coculture were subjected to linear regression analysis with
the corresponding T-cell proliferation values (% CD3+ Ki67+) to obtain correlation coefficient r values. rvalue of 1 and —1 indicates the best direct and
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potency analysis.?”*® In the functionally relevant morpholog-
ical profiling (FRMP) potency assays, stimulation with IFNy
results in the emergence of subpopulations of MSCs with
unique morphological features that predict immune suppres-
sion.'® Similarly, TNFa-induced proteins such as TSG-6 play
major a role in MSCs’ function, and thus MSCs’ responsive-
ness to TNFa also can be evaluated in the potency testing.*>*
In the present study, a rigorous comparison of MSCs
stimulated with IFNy and/or TNFa showed that combined
stimulations elicit a broad and profound increase in chemo-
kine matrix responses. Although stimulation with IFNy and
TNFa induces broad matrix chemokine responses, it also
induces cytostatic responses on MSCs which results in at-
tenuated metabolic activity (Supplementary Fig. S4). Hence,
metabolic functionality of MSCs post-stimulation with IFNy
and TNFa does not correlate with chemokine secretion.
Dendritic cells are known to undergo metabolic switch to
glycolytic pathway upon activation which is associated with
the secretion of immune active molecules.** Although in the
present study, MTT assay does not correlate with chemokine
secretion upon activation with inflammatory cues, future
investigations are warranted to define the glycolytic pathway
of MSCs in predicting chemokine secretion.

The present results had shown that proinflammatory cyto-
kine stimulations induce robust chemokine responses while
anti-inflammatory cytokines such as TGF-f and IL-10 nei-
ther upregulate nor downregulate MSCs’ chemokine ma-
trix responses (Supplementary Tables S4-S6). Altogether our
results bring the significance of synergistic proinflammatory
cytokines in evaluating matrix chemokine responses of MSCs.
Animal model and human MSC studies have clearly indicated
that cytokine primed/activated MSCs display enhanced effi-
cacy/potency than their resting counterparts.*’*-2 In addi-
tion, cytokine priming strategy also rescues MSC functions
that are impaired during cell manufacturing procedures such
as cryopreservation and prolonged expansion associated with
cellular senescence.’** Early phase clinical trials are on the
way to test the safety of cytokine-primed MSCs in mitigating
inflammatory disorders® (NCT04328714). Our results also
support the hypothesis that cytokine priming is an augmented
strategy to enhance the potency of MSCs, since priming with
IFNy and TNFa enhances the secretion levels and repertoire
of chemokines.

Inhibition of T-cell proliferation is the fundamental in vitro
immunosuppressive property of MSCs. Previous studies have
shown that MSCs’ in vitro immune suppression is directly
correlated with the inhibition of proinflammatory cytokines
secreted by activated PBMCs.'”>>%7 Although these in vitro
assessments identified that MSCs downregulate inflamma-
tory cytokines, consistent reports are lacking to demon-
strate the downregulation of serum inflammatory cytokines
post-MSC infusion in patients that predict treatment out-
come.?® Considering the complexity of in vivo mechanism
of action of MSCs and the difficulty of recapitulating those
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as a whole in laboratory potency assays, in vitro inhibition
of T-cell proliferation is still considered as a gold standard
in predicting MSC functionality." Here in the present study,
we have identified that MSC’s inhibition of T-cell prolifera-
tion is predominantly correlated with chemokine secretion
in an inverse manner. Although some chemokines, such as
CCL4, CCL17, and CCL22 are downregulated and directly
correlated with MSC-induced suppression of T-cell prolifera-
tion, they are shadowed by a broad array of chemokines (16
chemokines) that are inversely correlated. Our results support
the hypothesis that MSC-mediated increase in chemokine mi-
lieu evokes the regulatory properties of immune populations
such as myeloid cells and provides the therapeutic outcome.?”
Although robust biomarker studies that predict clinical out-
come are yet to be available to support this hypothesis, sero-
logical increase in CXCL9 and CXCLO has been reported in
patients responding to MSC therapy.’® Our data further sup-
port the hypothesis that the inclination of chemokine milieu
accumulated by MSCs largely bestows therapeutic function
rather than propelling inflammation and injury.

CXCLS (also known as IL-8) secretion is one of the signif-
icant characteristics of MSCs.’*? Although we could not in-
vestigate the relative secretion of CXCLS to other chemokines,
single plex analysis confirmed that bone marrow-derived
MSCs secrete CXCL8 which are further upregulated by IFNy
and TNFa (Supplementary Fig. S5). Our previous publica-
tion showed that CXCLS is also secreted at high levels from
activated PBMCs, and thus CXCLS levels in the cocultures
of MSC and PBMC did not predict T-cell suppression.?
Nevertheless, CXCL8 can be considered as one of the potency
markers due to its proangiogenic properties.**

Our  mechanistic  knockdown  experiments  have
demonstrated that MSC secreted chemokines CCL7,
CXCL16, CCL2, CXCL6, CXCL1, and CXCL2 do not mod-
ulate the suppressive properties of MSCs on T cells unlike
IDO. This suggests that innate secretion of chemokines is
the bystander predictor of MSC-mediated T-cell inhibition.
MSCs’ in vivo mechanism of action is multifactorial. Three
major mechanisms have been proposed for the therapeutical
benefit of MSCs based on the route of delivery which includes
differentiation into mesoderm tissues, efferocytosis-based
polarization of macrophages, and direct contact or soluble
factor-mediated instruction of immune cells.!* Although in all
these instances MSC-derived chemokines might play a role,
our results provided insights on the last mechanism of action
involving soluble factors predominantly chemokines. Despite
MSC secreted chemokines do not mechanistically modulate
T-cell suppression, their bystander existence and predic-
tion of immune suppression warrant that matrix chemokine
responses of MSCs are the surrogate measures of potency.

Correlation matrix analysis has identified interdependent
synergistic correlations of chemokine secretions in three inde-
pendent categories, namely in MSC’s resting stage, stimulation
upon IFNy and/or TNFa and upon coculture with activated

inverse correlations, respectively, while 0 indicates no correlation. (C) Linear regression plots were organized hierarchically based on the correlation
coefficient (1 ranking scale of —1 to +1. X-axis indicates % CD3+ Ki67+ cells (T-cell proliferation) and y-axis indicates chemokine levels. y-axis data are
transformed to logarithmic scale to best fit linear regression lines. (D) Hierarchical organization of correlation coefficient values with appropriate range of
95% confidence intervals for each chemokine is shown in the scale of —1 to +1. Statistical significance (P < .05) or non-significance (NS) of the r values
are shown. (E) MSCs with and without SEB-activated PBMCs were cocultured in a non-contact dependent two-chamber transwell assay system. Three
days later, MSCs were harvested to isolate total RNA, and cDNA was prepared. Quantitative PCR was performed to determine the levels of chemokine
expression. Heat map depicts the low, medium, and high expression of chemokines based on the relative cycle of threshold values. Cumulative results

are shown from four independent experiments (n = 4 independent donors).
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Figure 6. Correlation matrix of chemokines that predict human bone marrow MSC's immune suppression. Chemokines that displayed statistically
significant correlation with MSC-inhibited T-cell proliferation were subjected to correlation matrix analysis. (A) Correlation matrix of chemokines that
showed direct (n = 16 chemokines) and inverse (n = 3 chemokines) correlation with MSC-inhibited T-cell proliferation is shown. Correlation coefficient (1
values are colorcoded and bold black boxes indicate the best correlations with the rvalue of above 0.9. (B) Linear regression plots for the best-identified
chemokine correlations CXCL11 and CXCL9, CXCL11 and CXCL6, CCL7 and CXCL2 are shown. Linear regression analysis and correlation matrix were
plotted in GraphPad Prism to get r, /%, and P values.
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Figure 7. Functionality of chemokines in modulating human bone marrow MSC's inhibitory potential on T-cell proliferation. Control, CCL7 CXCL16,
CCL2, CXCL8B, CXCL1, and CXCL2 siRNA-transfected MSCs were cultured and supernatants were collected 72-hour post-transfection and assayed for
appropriate chemokines. (A) Quantitative levels of CCL7 CXCL16, CCL2, CXCL6, CXCL1, and CXCL2 in the supernatants of control and appropriate
siRNA-transfected MSCs are shown. (B) Control, IDO CCL7 CXCL16, CCL2, CXCL6, CXCL1, and CXCL2 siRNA-transfected MSCs were cultured with
SEB-activated PBMCs. Four days post-culture, T-cell proliferation was measured in flow cytometry by Ki67 intracellular staining. Proliferation of T cells
(% CD3+ Ki67+) in the presence and absence of siRNA-transfected MSCs is shown with (B) representative flow cytometry plots. (C) Cumulative data
derived from three independent MSC donors are also shown with mean and SD. siRNA-transfected MSCs and PBMCs were cocultured in a ratio of 1:4

or 1:8.

PBMCs.

The evaluation of matrix correlative chemokine
secretions is amenable to potency analysis for use as compara-
tive reference standards.?*?¢ In this strategy, the correlation of
unique chemokine pairs displaying the highest correlation co-
efficient values can be compared with their correlation coeffi-
cient values with other chemokines. In an alternative strategy,

correlation matrix of resting MSCs can be compared with
their counterparts upon stimulation with IFNy and/or TNFa
and thus serve as the reference ruler. Although prior studies
have suggested the usage of universal cellular standards or
rulers for potency determination, it has been a challenge to
identify apt cellular standards that entirely mimic the versatile



984

properties of MSCs.*¢2 The present strategy is independent
of external cellular standards/rulers and can be adopted for
the potency determination of autologous and random donor
MSCs. Identification of the correlative matrix chemokine
responses of MSCs suggests the synergistic involvement of
chemokines in immunomodulation and tissue regeneration.
However, mechanistic experiments had shown that individual
knockdown of MSC’s innate chemokines does not modulate
T-cell suppression. Thus, abruption of the chemokine synergy
with individual knockdown does not dominate the inherent
T-cell-suppressive properties of MSCs. Although previous
studies had shown that IDO is the central dominant of MSCs’
in vitro T-cell-suppressive mechanism,?**¢* future mecha-
nistic animal model studies are needed to define the therapeu-
tical significance of these correlative expressions.

Chemokines identified here have versatile functions in ho-
meostatic immune responses, lymphoid development, tissue
maintenance, and inflammation.®” Although chemokines
are generally considered as the promoters of inflamma-
tion, it is emerging that MSC-derived chemokines exe-
cute pharmacological effects through unique mechanisms,
such as chemoattraction, angiogenesis, immune modula-
tion, and macrophage polarization.””?® Thus, MSC-derived
chemokines can attract leukocytes to the site of inflammation
and tolerize them through immunosuppressive pathways
such as IDO. In addition, MSC-derived chemokines can syn-
ergistically interact to promote macrophage polarization
for immune suppression and tissue repair.>* Chemokines are
known to play a role in angiogenesis and revascularization
in tissue repair while they also perform anti-angiogenesis.®®
However, it is clear that MSCs’ in vivo mechanism is not
operated through a single pathway and thus narrowing to
a single chemokine as the predictor of potency may not be
informative considering the rich chemokinome of MSCs and
their overlapping correlative expressions. The present assay
matrix strategy identified that chemokine matrix responses
of MSCs are broad, and the majority of them predict immu-
nosuppression which warrants the consideration of matrix
chemokine responses of MSCs as the surrogate measure of
potency.

MSCs have been tested in clinical trials over the past two
decades despite conflicting results while consistent efficacy is
yet to be accomplished.!* Nevertheless, marketing approval of
MSC therapy has occurred for some clinical indications which
encouraged further understanding of the attributes of MSCs
to inform advanced potency testing strategies. In the absence
of clinical studies that identify in vivo predictive biomarkers
of MSC treatment responders vs non-responders,® the po-
tency analysis of MSCs largely depends on the comprehen-
sive analysis of MSCs’ intrinsic and responding fitness in
exhibiting an array of biologically functional molecules.
Although discovery-based omics strategies identify new ef-
fector molecules of MSCs, focused putative pathways/
molecules of MSC function can be rigorously investigated
as a “selective omics” strategy. The present analysis focusing
on the chemokine matrix responses of MSCs can be incorpo-
rated into the advanced potency testing of MSCs.
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