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SUMMARY

Mesenchymal stem cells (MSCs) are gaining increasing prominence as an effective regenerative cellular therapy. However, ensuring
consistent and reliable effects across clinical populations has proved to be challenging. In part, this can be attributed to heterogeneity
in the intrinsic molecular and regenerative signature of MSCs, which is dependent on their source of origin. The present work uses in-
tegrated omics-based profiling, at different functional levels, to compare the anti-inflammatory, immunomodulatory, and angiogenic
properties between MSCs from neonatal (umbilical cord MSC [UC-MSC]) and adult (adipose tissue MSC [AD-MSC], and bone marrow
MSC [BM-MSC]) sources. Using multi-parametric analyses, we identified that UC-MSCs promote a more robust host innate immune
response; in contrast, adult-MSCs appear to facilitate remodeling of the extracellular matrix (ECM) with stronger activation of angiogenic
cascades. These data should help facilitate the standardization of source-specific MSCs, such that their regenerative signatures can be

confidently used to target specific disease processes.

INTRODUCTION

Regenerative medicine is characterized by the ability to
replace or repair injured cells. Mesenchymal stem cells
(MSCs) are a promising cellular therapy that can orches-
trate tissue regeneration and can be used as an allogenic
cellular therapy given their immunoevasive nature due to
their low expression of major histocompatibility complex
(MHC)-II antigens and other co-stimulatory molecules
(Wood and Sakaguchi, 2003). Further, given their wide dis-
tribution throughout the human body, MSCs can be iso-
lated from both neonatal (i.e., components of the umbilical
cord) and adult (i.e., bone marrow and adipose tissue)
tissue.

Recently, MSCs derived from neonatal sources (i.e., the
different components of the umbilical cord [UC-MSC]),
have gained increasing prominence given these embry-
onic cell populations have been shown to have
enhanced differentiation, migratory, and secretory abili-
ties compared with MSCs derived from adult tissues
(Kwon et al., 2016; Mebarki et al., 2021; Nagamura-Inoue
and He, 2014; Ullah et al., 2015). In addition, umbilical
cord tissue is considered medical waste and retrieved at
delivery using a painless, safe, and ethical approach,
with cells maintaining their neonatal origin based on hu-
man leukocyte antigen (HLA) typing and karyotype anal-
ysis (Wu et al., 2018). However, despite its many advan-
tages, the use of UC-MSCs in clinical trials is still
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limited, especially compared to its two main adult coun-
terparts, MSCs derived from bone marrow (BM-MSCs)
and adipose tissue (AD-MSCs), which can be attributed
to a lack of understanding of the differences in regenera-
tive potential among the different sources.

In the past, studies that have examined differences be-
tween UC-MSCs and BM-MSCs/AD-MSC, have focused
on their (1) ability to form colonies, (2) expansion poten-
tial, (3) differentiation capacity, and (4) cell surface marker
expressions (Fabre et al., 2019; Maleki et al., 2014; Monte-
sinos et al., 2009; Sullivan et al., 2016). However, routine
phenotypic characterizations alone cannot be used to
identify differences in the functional properties of these
cells, which has been reflected in the lack of consistent
and reproducible success in many MSC-related clinical tri-
als. Recently, several groups have attempted to compare
molecular and functional similarities among multiple
sources of MSCs wusing independent omics-based
methods; i.e., transcriptional profiling (Elahi et al., 2016;
Merimi et al.,, 2021; Sargent et al., 2018), proteomics
(Billing et al., 2016; Kehl et al., 2019), and secretome anal-
ysis (Mizukami et al.,, 2019; Petrenko et al., 2020; Shin
et al.,, 2021; Wangler et al.,, 2021). However, while data
gleaned from these studies somewhat complement con-
clusions drawn from phenotypic analysis, one major
drawback is that each of these studies focus on a different
profiling methodology, which makes it difficult to estab-
lish a molecular equivalency among the various datasets.
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Figure 1. Transcriptomic analysis between UC-MSCs and adult-
MSCs

Principal-component analysis (PCA) of transcriptomic datasets for
each MSC source (n = 3 donors per source) and corresponding
heatmap of normalized fragments per kilobase of exon per million
mapped fragments (FPKM) values from 2,127 statistically signifi-
cant DEGs (Log |FC| > 2; FDR <0.05) between all sources of MSCs.

Furthermore, a comprehensive understanding of the regu-
latory behavior of cells should include an interaction
among its various regulomes (i.e., mRNA, protein, and
secretory molecules). Hence, an integrated analysis of
the transcriptomic, proteomic, and secretory profiles
would provide extremely useful insights that may not
be deciphered from individual analysis of mRNA expres-
sions or protein levels alone.

In the present study, we have therefore undertaken an
integrative -omics comparison between UC-MSCs and the
two main adult-MSCs used in preclinical and clinical
studies: BM-MSCs and AD-MSCs. These data will help
provide greater in-depth insight into the molecular hetero-
geneity between different sources of MSCs such that stan-
dardization can occur to allow the selection of source-spe-
cific MSCs that have specific properties that can used to
develop targeted cellular therapy for certain diseases.

RESULTS

To eliminate bias, all primary isolated MSCs (i.e., AD-MSCs,
BM-MSCs, and UC-MSCs) were obtained from three inde-
pendent donors (n = 3). For the adult-MSCs (AD-MSC
and BM-MSC), the donors were chosen to include both
male and female donors from different ethnicities
(Table S1). An analysis of the MSC surface expression and
differentiation potential did not reveal any differences
among the different sources as well as the different donors
within each source (Figure S1; Table S2).

Evaluating the transcriptomic heterogeneity between
UC-MSCs and adult-MSCs

Principal-component analysis (PCA) demonstrated greater
than 30% difference between UC-MSC and adult-MSC

clusters, while differential expression analysis identified a
total of 2,127 significant differentially expressed genes
(DEGs) (Figure 1; Table S4) among all three MSC sources
(Table S4), with 1,418 DEGs between UC-MSCs and AD-
MSCs, and 1,439 DEGs between UC-MSCs and BM-MSCs.
The phylogeny of the heatmap also confirmed that adult-
MSCs had greater similarity in gene expressions (Figure 1)
compared with UC-MSCs. Taken together, the data indicate
a consistent difference in the molecular signature between
UC-MSCs and adult-MSCs. An overlap of DEGs between
UC-MSCs and adult-MSCs identified as many as 730
DEGs (~51%) (Figure 2A) to be common between adult-
MSCs. Gene Ontology (GO) analysis indicated that the
common adult-MSC DEGs were predominantly associated
with gene clusters localized to extracellular exosomes
(32%), followed by plasma membrane (26%), extracellular
space (15%), ER (5%), and cell-cell junction (4%) (Figure 2B;
Table S4).

UC-MSCs and adult-MSCs differ in their mode of cell-
cell signaling
While the gene set enrichment analysis provided a
weighted analysis of all genes that were differentially ex-
pressed between UC-MSCs and adult-MSCs, it did not pro-
vide any data related to the biological pathways that these
DEGs affect and ultimately their functional outcome. A
pathway analysis was performed separately with the
up- and downregulated DEGs (http://www.reactome.org)
(Gillespie et al., 2021) (Table S4). Pathways upregulated
in UC-MSCs were predominantly related to paracrine
signaling via interleukins and chemotactic cytokines
(C-X-C-L) (Figure 2C). A Circos plot was used to probe the
relationship between enriched chemokine pathways and
the genes involved in these pathways (Figure 2D), which
identified the activation of anti-inflammatory molecules
(i.e., interleukin [IL]4, IL13, IL10, and IL6) that suppress
the responses of myeloid cells and lymphocytes via tumor
necrosis factor (TNF) receptors (TNFRSF10, TNFFRSF2) and
STAT6 signaling (Figure 2D). The same analysis also indi-
cated that, apart from inducing the expression of canonical
anti-inflammatory genes, UC-MSCs also induced higher
expression of several immune mediators (i.e.,, CXCLI,
CXCLS8, CSF2I, and CSF3; Figure 2D) that are canonically
associated with activating cells of the innate immune sys-
tem via their cognate CXCR2 receptors. Interestingly, UC-
MSCs were also shown to promote cell migration and cell
junction-mediated communications that facilitate ion
transport (Figure 2C), all of which have been implicated
in neuromuscular and cognitive functions (Kénnecke and
Bechmann, 2013).

In contrast, adult-MSCs were found to prefer signaling
exclusively via extracellular matrix (ECM) remodeling, or-
ganization, and degradation (Figure 2E). A large number
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Figure 2. Transcriptomic enrichment analysis

(A) Venn diagram showing the distribution of 2,127 DEGs in adult-MSCs compared with UC-MSCs.
(B) GO enrichment analysis indicates the cellular localization of the 730 common adult-MSC DEGs.
(C) All significant (FDR < 0.05) pathways upregulated in UC-MSCs compared with adult-MSCs.

(legend continued on next page)
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Figure 3. Proteomic analysis for AD-
MSCs, BM-MSCs, and UC-MSCs
(A) PCA of all identified proteins for each
2 MSC source (n = 3 donors per source) and
the corresponding heatmap of normalized
1 Zscores from 1,341 statistically significant
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of ECM proteolytic enzymes, including matrix metallopro-
teinases (MMPs), elastogens (ELANE), and plasminogens
(PLG), which facilitate cell-cell communications and angio-
genesis, were found to be enriched in our screen. In partic-
ular MMP1, MMP3, MMP8, MMP10, and MMP13 identified
in our screen (Figure 2F) are known to facilitate various
growth factor signaling. Furthermore, collagen molecules
(COL15A1, COL16A1, COL18A1) that constitute the struc-
tural framework of the basement membrane were also iden-
tified in our screen (Figure S3A), providing evidence toward
upregulation of the angiogenic cascade in adult-MSCs. On
the other hand, although ECM organization was identified
as one of the significant pathways in UC-MSC transcrip-
tomes, a closer look at the genes involved indicated a role
for inter-cellular adhesion molecules ICAM1 and ICAMS
(Figure S3B), with strong protective roles in neurodegener-
ation (Birkner et al., 2019), as opposed to canonical angio-
genesis related functions.
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Evaluating the proteomic heterogeneity between
UC-MSCs and adult-MSCs

To complement the gene expression comparisons between
adult-MSCs and UC-MSCs, we also compared protein levels
among all three MSCs. After quality validation, 3,137 pro-
teins were quantified and a PCA multivariate analysis indi-
cated ~30% difference between the proteome of BM-MSCs
and UC-MSC:s (Figure 3A), which is similar to that observed
for the mRNA transcriptomes (Figure 1). Due to the high
heterogeneity observed among the AD-MSC donors, it
was difficult to compute a statistically relevant difference
for AD-MSCs and other MSCs sources. A Z score-based sta-
tistical cutoff (Table S5) identified a total of 393 proteins in
AD-MSCs, 610 proteins in BM-MSCs, and 705 proteins in
UC-MSCs (Figure S4A). Hierarchical clustering of the
1,341 statistically significant proteins further validated
the results obtained from our PCA analysis. Gene set
enrichment analysis indicated that major differences

(D) Circos plot depicts the relationship between enriched immune-regulatory pathways and their corresponding genes. Clockwise from top:
pathways and genes are ordered by their number of interactions. Ribbon size encodes cell value associated with row/column segment pair.
Column segment value and ribbon color are decided by the number of interactions.

(E) All significant (FDR < 0.05) pathways upregulated in adult-MSCs compared with UC-MSCs.

(F) Protein network of genes involved in extracellular matrix (ECM) organization pathway identified in adult-MSCs. Yellow circles indicate
ECM proteolysis enzymes (MMPs, ELANE, and PLG) identified in our genomic screen. All other significant genes identified in our screen are
highlighted with a black border. No fill circles indicate genes that are not validated experimentally.
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among the proteome were clustered in the extracellular
fraction of the proteome (30%) (Figure 3B; Table S5),
similar to the subcellular localization identified in our tran-
scriptomes (Figure 2B). Hence, in order to differentiate the
functionally relevant proteome from that involved in
intracellular crosstalk, we performed a pathway analysis
exclusively with the extracellular fraction. Significant path-
ways important in all three sources of MSC signaling
include innate immune system (i.e., neutrophil degranula-
tion), anti-inflammatory pathways (i.e., IL12 signaling,
VEGFA signaling), nervous system development (i.e.,
axon guidance, ECM organization), and anti-senescence
pathways (i.e., packaging of telomere ends, meiotic recom-
bination) (Figure 3C). Interestingly, other significant differ-
ences in proteome distribution were related to the mito-
chondrion (13%) and nucleoplasm (13%) (Figure 3B and
Table S5).

Integrated analysis of the functional overlap between
transcriptome and proteome

One of the objectives of this study was to correlate the
regenerative signature among different sources of MSCs
at different components of the regulome. In order to
compare the expression level between these two datasets,
a Z score for the mRNA transcripts was calculated in the
same way as Z score for protein abundance quantification
for each MSC source (Table S6), which indicated a high cor-
relation between expression values of transcripts and pro-
teins for each of the three MSC sources (Figure S4B). How-
ever, the observed read expression counts in the genomic
screen were 50 times higher than that observed by mass
spectrometry (Figure S5A), while the dynamic variability
of deep sequencing had a 20-fold lower distribution than
those obtained from proteomics (Figure S5B). Thus, consid-
ering these inherent statistical biases for higher abundance
genes and to prevent loss of information arising from post-
transcriptional regulatory events, we adopted an integra-
tive approach wherein we extracted and compared the
common functional processes enriched in both the tran-
scriptomic and proteomic datasets, using significant differ-
entially abundant proteins (DAPs) between UC-MSCs and
adult-MSCs (Table S6).

Using this approach, we identified 478 proteins that
were upregulated in UC-MSCs compared with AD-MSCs
and 604 proteins were upregulated in UC-MSC compared
with BM-MSCs. Among them, as many as 282 genes were
found to be common among adult-MSCs (Figure 4A).
Similarly, 586 proteins were downregulated in UC-MSCs
compared with AD-MSCs, while 766 proteins were down-
regulated in UC-MSCs compared with BM-MSCs, with as
many as 366 genes common among the adult-MSCs (Fig-
ure 4C). A functional overlap between the enriched path-
ways obtained from gene set enrichment analysis of the
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DEGs and DAPs (Figure S6; Table S6), identified as many
as 6 significant pathways related to immune cell regula-
tion that were upregulated in UC-MSCs (Figure 4A)
among the Top10 category. However, the Pearson correla-
tion coefficients for genes involved in the functionally
correlated pathways were higher for the translated pro-
teins as opposed to their mRNA counterpart (Figure 4B).
Similarly, significant pathways that were consistently
downregulated in UC-MSCs compared with adult-MSCs
were related to the ability of MSCs to ensure cell-cell
communication via ECM remodeling (Figure 4C). For
adult-MSCs, all functionally relevant pathways were
among the Top10 enriched pathways in both transcrip-
tomic and proteomic over-enrichment studies, which
was also reflected in the Pearson correlation coefficients
(Figure 4D). This underscores the inherent heterogeneity
that underlies mRNA transcript abundance and protein
level variability, especially in cytokines as opposed to
structural proteins.

Analysis of secretome for UC-MSCs and adult-MSCs
One of the paradigms in MSC-therapies is that their regen-
erative effect is mainly exerted through their ability to
secrete various soluble factors (Joseph et al., 2020; Sagar-
adze et al., 2019). This is supported by the evidence that
the actual engraftment and differentiation of MSCs at the
damage site is very low and not persistent (von Bahr
et al., 2012). Indeed, our integrated transcriptomic-proteo-
mic analysis also identified significant functional differ-
ences among the cargo that constitutes the extracellular
fraction of MSCs (Figures 2B and 3B). In order to correlate
the secretory proteome with the biological pathways iden-
tified through our integrated transcriptomic-proteomic
study, we also performed a targeted secretome analysis on
the MSC-derived culture media (CM), and individual
expression pattern of analytes was visualized using unsu-
pervised hierarchical clustering (Table S7).

Secretome of adult-MSCs support angiogenesis while UC-MSCs
mediate stronger immune responses

Consistent with our integrated transcriptomic-proteomic
analysis, UC-MSCs were found to diverge significantly
from adult-MSCs in the secretion of canonical growth fac-
tors (~32%) (Figure 5A) and immune mediators (~30%)
(Figure 5B). Compared with UC-MSCs, adult-MSCs were
found to secrete higher amounts of growth factors
(i.e., FGE PDGE, VEGE and CXCL12) (Figure 5A), associ-
ated with homing, vascular permeability, and stability
following tissue injury (Shibuya, 2011). On the other
hand, several factors involved in the crosstalk between
immune cells and angiogenesis were found to be highly
secreted by UC-MSCs (Figure 5B). Prominent among
them are CXCL3, CXCLS5, and CXCLS8, which act on the
CXCR2 receptor found on neutrophils and endothelial
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Figure 4. Functional correlation analysis between transcriptomics and proteomics
(A) Functional correlation analysis for UC-MSCs. Venn diagram shows the distribution of differentially abundant proteins (DAPs) upre-
gulated in UC-MSCs compared with adult-MSCs. Bar plot shows the overlap of pathways between transcriptomics and proteomics datasets

upregulated in UC-MSCs.

(B) Correlation heatmap between transcriptomics and proteomics of genes for functionally overlapped pathways for UC-MSCs.

(C) Functional correlation analysis for adult-MSCs. Venn diagram shows the distribution of DAPs upregulated in adult-MSCs compared with
UC-MSCs. Bar plot shows the overlap of pathways between transcriptomics and proteomics datasets upregulated in adult-MSCs.

(D) Correlation heatmap between transcriptomics and proteomics of genes for functionally overlapped pathways for adult-MSCs.

and epithelial cells. Myeloid cell growth factor CSF1,
which helps in differentiation and proliferation of neutro-
phil and monocytes but also potentiates differentiation to
anti-inflammatory M2 macrophage phenotype (Figure 5B),
were also found to be highly expressed by UC-MSCs. Sur-
prisingly among all the MSCs, only AD-MSCs were found

to secrete high levels of CXCL1, CXCL9, and CXCL10 li-
gands, which promote angiostasis (Figure 5B) via its
CXCR3 receptor (Cui et al, 2010; Fulkerson
and Rothenberg, 2006). Further, the colony-stimulating
growth factor CSF2, which promotes pro-inflammatory
M1 macrophage response, was also highly expressed in
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Figure 5. Comparison of growth factors
and immune mediators in the secretome
of UC-MSCs and adult-MSCs

(A) PCA and heatmap of mean fluorescent
intensity (MFI) values of (A) growth factors
and (B) immune mediators secreted in CM
from all three MSC sources (n = 3 donors per
source). Comparison of gene ratio frequency
(number of genes in our screen versus all
background genes associated with that
pathway) between significant (FDR < 0.05)
angiogenic pathways (i.e., canonical and
immune modulatory) enriched in (C) UC-
MSCs and (D) adult-MSCs.

A

g

s 3

s 3

(g

£ o

N
]
0}
AD-MSC _BM-MSC _UC-MSC

B

4

o

L =

g R

° ~

2

= o

o o

=

S N

E £-

E

0.5 0.0 05 AD-MSC BM-MSC _UC-MSC
PC1 (29.1%)

C D

Cell migration ———
Eosinophil chemotaxis
Monocyte chemotaxis

Lymphocyte chemotaxis
Macropage migration [
Neutrophil chemotaxis
Leukocyte migration
Cellular response to IL1 [
Angiogenesis [l
Actin cytoskeleton |

proliferation

Angiogenic and Immune pathways
Gene frequency (UC-MSCs)
Angiogenic and Immune pathways
Gene frequency (adult-MSCs)

AD-MSCs. Among the adult-MSCs, BM-MSCs had the
lowest secretory profile for both angiostatic factors and
immune mediators, while showing higher expression for
growth factors.

Interestingly, pathway enrichment analysis for UC-
MSCs found the highest gene ratio values (0.4-0.1) with
pathways related to positive regulation of microglial cell
proliferation followed by activation of the innate immune
system, including neutrophil chemotaxis, eosinophil
chemotaxis, and macrophage migration (Figure 5C). Path-
ways related to angiogenesis, including positive regula-
tion of angiogenesis, positive regulation of cytoskeleton
organization, and anatomical structure morphogenesis,
had the lowest gene ratio values (0.0002-0.01). Similarly,
adult-MSC enriched pathways included endothelial cell
chemotaxis, endothelial cell proliferation, and sprouting
angiogenesis with the highest gene ratio values, while
leukocyte chemotaxis-related terms had the lowest
(Figure 5D).
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Immunomodulatory potential of UC-MSCs is lower than BM-
MSCs but higher than AD-MSCs

Although activation of immune cells and angiogenesis
cascade is essential to prevent further tissue damage and
allow tissue renewal to begin, there are immunomodulatory
checkpoints that regulate the continuous and premature
activation of these signaling pathways in order to prevent
long-term chronic inflammatory responses. Analytes in
the CM of different sources of MSCs were categorized based
on their immunomodulatory functions: (1) anti-inflamma-
tory, inhibiting proliferation and differentiation of immune
cells, and (2) immunosuppressive, including regulatory
T cells for maintaining immune tolerance and limiting
chronic inflammatory signals (Table S3). Interestingly,
two-dimensional PCA indicated as much as 49% difference
in the anti-inflammatory secretome between UC-MSCs
and adult-MSCs (Figure 6A). The UC-MSCs had a predomi-
nantly anti-inflammatory secretome that was found to be
enriched in T cell inhibitory interleukins (IL4, IL13, IL6,



Figure 6. Comparison of immunomodu-
latory factors in the secretome of UC-
MSCs and adult-MSCs

(A and B) PCA and heatmap of MFI values
of (A) anti-inflammatory factors; and
(B) immunosuppressive factors, secreted in
culture media (CM) from all three MSC
sources (n = 3 donors per source).

(C) Protein-protein interaction maps (PPI
score >1.0 X 107 %) of 24 immunomodu-
latory factors were identified using the
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IL35, 112, 1122, IL1R1, and IL25) as well as the colony-stim-
ulating growth factor CSF3, which promote anti-inflamma-
tory M2 macrophage polarization (Figure 6A).

In contrast, PCA analysis for the immunosuppressive
profile of MSCs indicated that BM-MSCs cluster away
from both UC-MSCs and AD-MSCs with as much as
42% difference (Figure 6B). Indeed, BM-MSCs were found
to be enriched specifically with immunomodulatory fac-
tors, including CCL2, CCL22, LIF, IL10, IL4, CD274,
VCAM]1, and HGE, associated with maintaining the Th1/
Th2 balance. A protein-protein interaction (PPI) network
analysis among all the identified immunomodulatory fac-
tors further validated the exclusive ability of BM-MSCs to
secrete high amounts of immunosuppressive modulators
(Figure 6C), although the mean expression level for
immunomodulatory factors was found to be higher in
UC-MSCs (Figure 6C). This was further confirmed using
a gene enrichment analysis, which highlighted that im-
mune-regulatory pathways upregulated in UC-MSCs

BM-MSC

UC-MSC

were related to activation of the host innate immune
response (Figure S6).

Assessing the immunogenic and angiogenic response
of UC-MSCs and adult-MSCs in vitro

In order to assess the differential immunogenic and angio-
genic responses exerted by different sources of MSCs and
the variability associated with the donors within each
source, we established in vitro models for activation of im-
mune and angiogenic cascade.

UC-MSCs induce non-classical monocyte and anti-
inflammatory M2 macrophage differentiation

The ability of MSCs to induce different subpopulations of
monocytes associated with different immune functions
was assessed using macrophage/monocyte cells (RAW
264.7), where the cells were activated with inflammatory
stimuli and co-cultured with different sources of MSCs.
The expression of surface markers associated with clas-
sical (CD11b*CD167) and non-classical (CD11b*CD16%)
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Figure 7. Differences in immune and angiogenic response between UC-MSCs and adult-MSCs

(A) Representative flow cytometry figures showing classical (CD116+(D16 ) and non-classical (CD11b+(D16+) monocytes populations in
RAW 264.7 macrophages under resting (M(0)) and activated (M(®)) states (INFy (150 ng/mL) + TNFa (50 ng/mL)) and following
treatment with different MSC sources.

(B) Changes in population of monocytes (CD11b+CD16" ™) (top) and Macrophages (M1, CD86*; M2, CD206+) (bottom) following activation
with INFy (150 ng/mL) + TNFa (50 ng/mL) and treatment with different MSC sources.

(C) Changes in expression of CD202b (top) and CD31(PECAM1) (bottom) in MS-1 endothelial cells following activation with INFy
(150 ng/mL) + TNFa (50 ng/mL) and treatment with different MSC sources.

(D) Changes in Caspase-3/7 activity (top) and apoptosis (bottom) for HK-2 cellular injury models using LPS or hypoxia (ischemia)/
normoxia (reperfusion). For all experiments, three different donors (n = 3) for each MSC source were used as replicates.

Data represents mean + SEM. Statistical analysis was computed using one-way anova or Fisher's t-test; p* <0.05, p** <0.01and p*** <0.001.”

subsets were measured (Figure 7A). While adult-MSCs
favored the migratory classical monocyte, UC-MSCs were
found to promote a population shift toward the non-
migratory and non-classical subset, which is associated
with clearance of apoptotic cells as well as anti-viral and
anti-bacterial immune surveillance roles in the vasculature
(Figure 7B). In addition, we estimated the ability of
different MSCs to induce polarization of differentiated
macrophages into pro-inflammatory (M1) or anti-inflam-
matory (M2) phenotypes. Our data show that UC-MSCs
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were also able to induce a stronger polarization to the M2
phenotype (Figure 7B), which is in concordance with the
higher expression of immune mediators observed in the
UC-MSC secretome (Figure 5B). Furthermore, the ability
of each source of MSC:s to elicit a specific immune response
was found to be consistent across all donors (Figure S7B).
Adult-MSCs stimulate angiogenesis signaling pathways

To assess the angiogenic potential of the three different
MSC sources, pancreatic endothelial (MS-1) cells were
exposed to inflammatory stimuli, and the ability of



adult-MSCs to stimulate stronger angiogenic signaling cas-
cades was assessed by computing the surface marker
expression of adhesion molecules Angiopoietin-1 receptor
(CD202b) and platelet endothelial cell adhesion molecule
(PECAM1/CD31), both of which are known to play a crit-
ical role in vessel maturation and endothelial cell migra-
tion (Brindle et al., 2006; Cao et al., 2002). Furthermore,
the variability in expression among the donors within
each source was found to be negligible (Figure 7C).

In vitro models confirm differences in the regenerative
signature between UC-MSCs and adult-MSCs

Although we validated the individual differences in the
immunogenic and angiogenic potential between UC-
MSCs and adult-MSCs, these effects may not reflect the sys-
temic regenerative effect exerted by MSCs at sites of injury.
As a proof of concept, we also developed two different
cellular injury models by exposing proximal renal tubular
epithelial cells (HK-2) to (1) Lipopolysaccharide (LPS),
used to represent sepsis induced injury, and (2) hypoxia fol-
lowed by normoxia, used to represent ischemia/reperfu-
sion injury. Injured HK-2 cells were co-cultured with three
different MSC sources and assayed for caspase activity as
well as release of cytoplasmic nucleosomes as a surrogate
for cell death (Figure 7D). For LPS-mediated injury, we
expect an increased damage to cellular components and
release of inflammatory cytokines via Toll-like receptor
(TLR) signaling. Here, UC-MSCs were able to significantly
reduce caspase activity and cell apoptosis compared with
adult-MSCs. Similarly, following ischemia/reperfusion
injury, which is characterized by direct mitochondrial
damage and enhanced mitochondrial Reactive Oxygen
Species (mitoROS, associated with inhibition of angiogen-
esis, adult-MSCs were found to reduce apoptosis more
significantly than UC-MSCs. However, when comparing
adult-MSCs, BM-MSCs were found to have a better thera-
peutic signature in attenuating cell death compared with
AD-MSCs in both our model systems. In part, this may be
attributed to the lower expression of angiostatic factors
and a higher expression of immunosuppressive modulators
in BM-MSCs compared with AD-MSCs (Figure 6C).

DISCUSSION

This study demonstrated that the origin from which MSCs
are derived plays a significant role in influencing their regen-
erative potential. In particular, we explored source-specific
differences among MSCs in response to the different phases
of tissue regeneration, including (1) suppression of the acute
inflammatory cascade, and (2) initiation of cellular prolifera-
tion with concordant angiogenesis. Our integrative-omics
study explored these differences at the genomic and prote-

omics levels with further validation using targeted secretome
analysis and proof-of-concept in vitro models.

In our studies, UC-MSCs were found to have low expres-
sion of canonical growth factors, but were enriched in
expression of immune mediators. Our proof-of-concept
in vitro model studies showed that UC-MSCs can cause a
shift in the population of classical monocytes toward their
non-classical counterpart. Non-classical monocytes are
crucial for activating the innate host defense against
invading pathogens, including HIV (Saito et al., 2017)
and parasites such as Leishmania (Oghumu et al., 2010),
and in clearance of apoptotic endothelial cells from the
vasculature (Narasimhan et al., 2019). Ironically, this im-
mune surveillance function is also associated with secre-
tion of pro-inflammatory cytokines such as TNFa and
IL1B in response to pathogen detection (Kapellos et al.,
2019). Further, UC-MSCs were also found to secrete high
amounts of CC-chemokine ligands that promote differen-
tiation of a subcategory of regulatory T cells (Tregs) via alter-
nate M2 macrophage polarization (Ruytinx et al., 2018).
Overall levels of anti-inflammatory molecules (i.e., 1L4,
IL13, IL12, IL35) were also found to be higher in UC-
MSCs, which acts in different ways to prevent T cell prolif-
eration (Garlanda and Mantovani, 2013). Taken together,
activation of these pathways would be crucial in treating
any acute inflammatory responses at sites of tissue injury
or infection. Further evidence to support this finding
comes from a large prospective, double-blind, multi-center,
randomized phase 2a trial examining the effect of MSCs in
ARDS (NCT02097641), in which BM-MSCs were shown to
have no effect on patient mortality (Laffey and Matthay,
2017), whereas, in a recent double-blind, single-center,
randomized, phase 1/2a trial, UC-MSCs were shown to
improve the outcome in patients with ARDS from
COVID-19 (Sharma and Zhao, 2021). This unique biolog-
ical characteristic of UC-MSCs can possibly be attributed
to the critical role that the umbilical cord plays in the main-
tenance of a healthy pregnancy. Recent longitudinal
studies with blood samples of pregnant women have
shown that, although induction of pregnancy induces an
immunosuppressive state in the maternal placental sys-
tem, the umbilical cord has an enhanced activation of neu-
trophils, natural killer (NK) cells, and mast cells to prevent
infection to the fetus (Cornish et al., 2020).

Interestingly, adult-MSCs were found to be exclusively
enriched in factors related to ECM remodeling, which pro-
vides the spatial localization for the dissemination of all in-
ter-cellular signaling (Caley et al., 2015). This signaling is
crucial in treating diseases associated with diabetic wound
healing, re-vascularization following islet transplant, or
ischemia-related tissue injury. In fact, based on a recent re-
view by Wang et al. in 2021, despite the higher prolifera-
tion and differentiation ability of neonatal sources of
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MSCs, adult-MSC:s still remain the preferred choice for the
treatment of acute burn wound related injuries. Further,
our transcriptomic pathway analysis also identified a crit-
ical role of adult-MSCs in B cell differentiation, which is
transcriptionally linked (Bensellam et al., 2018) to islet re-
vascularization. Similarly, most studies related to the treat-
ment of ischemia-related diseases, including acute kidney
injury (AKI) and myocardial infraction, have observed
favorable results with the use of BM-MSCs as opposed to
other sources (Pires et al., 2016), similar to our cellular
model of ischemia/reperfusion.

In contrast to the significant difference observed be-
tween different sources of MSCs, intra-donor heterogeneity
within the sources, for both transcriptomic and proteomic
data were not found to be significant. Furthermore, the
donor-associated variability was higher for the transcrip-
tome, as opposed to the proteome. Previous studies of
cellular economics have shown that genes with higher pro-
tein abundance not only express high mRNA but also stim-
ulate higher expression of regulatory factors (Vogel et al.,
2010), which can account for this observation. The highest
donor variability was observed among AD-MSCs. In part,
this can be attributed to the distinct metabolic profile
that characterizes AD-MSCs based on their diverse anatom-
ical distributions (Morais et al., 2021). However, the
variability among donors did not affect the functional bio-
logical pathways, through which MSCs exert their regener-
ative effect, as validated by our in vitro cellular injury
models.

Although multiple methods can be employed for devel-
oping a joint model to compare the different omics plat-
forms, the ultimate objective of any study will dictate
the manner of the integrative platform chosen (Haider
and Pal, 2013). Despite the high correlation in expression
values between transcriptome and proteome levels,
mRNA abundance as a proxy to protein measurement
often results in discrepancy due to factors impacting
translational efficiency, protein degradation and clearance
(Eldad and Arava, 2008; Hargrove and Schmidt, 1989;
Shine and Dalgarno, 1974). This would affect the degree
of overlap between the gene sets identified. Thus, a direct
integration of the transcriptomic and proteomic datasets
would potentially limit the number of identified pro-
tein-coding genes in the master list, leading to loss of
genes related to signaling and metabolic pathways, whose
expressions are tightly regulated via transcriptional feed-
back loops (Du et al., 2019). Additionally, signaling mole-
cules are also characterized by low half-lives. Since the
main goal of the present work is to compare the func-
tional attributes between the different sources of MSCs
and their associated regenerative signatures, we decided
to extract and compare the common functional processes
between the two omics platforms (Perco et al., 2010). One
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drawback of this method is that it does not allow for
creating a dynamic dependency model between tran-
scripts and proteins (Piruzian et al., 2010). However, this
is only relevant for the identification of upstream tran-
scriptional regulators as a surrogate for downstream pro-
tein functions, and was beyond the scope of this study.
We also acknowledge our in vitro secretome study may
not fully represent the differences between secreted pro-
teins from different sources of MSCs in stimulated or
adverse conditions, relative to the basal conditions used
in the present study. Thus, a complete investigation of
MSCs and MSC-derived extracellular vesicles and their ef-
fects in vivo is still necessary to validate our hypothesis-
driven targeted treatment model.

Overall, our study integrates various omics platforms at
multiple functional levels in order to decipher the molecu-
lar mechanisms associated with differences in regenerative
signature observed among the different sources. Pheno-
typic characterizations cannot be solely used to standardize
MSC therapies with the present data providing proof-of-
concept validation for the need to use molecular signatures
to fully understand and characterize MSC therapies for
particular clinical indications. This understanding will
hopefully help researchers and clinicians select source-spe-
cific MSCs targeted for specific disease indication. Further,
it also opens up the possibility of using source-specific
MSCs in combination, or even sequentially, depending
on the time point when they are administered during the
disease process.

EXPERIMENTAL PROCEDURES

Resource availability

Corresponding author

Further information and requests for resources should be
directed to and will be fulfilled by the corresponding author,
Dr. Avnesh S Thakor (asthakor@stanford.edu).

Materials availability

This study did not generate any new cell lines. All human mesen-
chymal stem cell donors used were obtained from StemBioSys, USA.
Data and code availability

The authors declare that all data supporting the findings of this
study are available within the article and its supplementary mate-
rial files. The accession number for the transcriptomics data re-
ported in this paper is “GEO: GSE199826” and the accession num-
ber for the proteomics data is “PRIDE: PDXD032994".

Cell culture

All MSCs used in this study were obtained from StemBioSys, USA
(https://www.stembiosys.com/), at passage (P) 1 and characterized
by the minimal criteria defined by the International Society for
Cell & Gene Therapy (ISCT) (Dominici et al., 2006). MSCs were
expanded in vitro using the same culture conditions (supplemental
experimental procedures) to ensure standardization.


mailto:asthakor@stanford.edu
https://www.stembiosys.com/

Transcriptomics analysis and gene enrichment
pathway visualization

Following sequencing, quality assessment, read filtering and
genome mapping (see supplemental experimental procedures),
DESeq2 (v3.14) (Love et al., 2014) was used to perform the differen-
tial gene expression analysis. DEGs were determined using a signif-
icance threshold of adjusted p <0.05 and log-fold change >2. Gene
enrichment analyses of DEG (Gene Ontology Consortium, 2021;
Ashburner et al., 2000) were performed using the Bioconductor
packages (Gentleman et al., 2004) GO.db (v3.14 https://doi.org/
10.18129/B9.bioc.GO.db). Functional pathway analysis was also
performed using Reactome.db (https://doi.org/10.18129/B9.bioc.
reactome.db) (Gillespie et al., 2021). Hierarchical clustering was
performed using Cluster 3.0 using correlation uncentered data
and single linkage clustering. The relationship between the biolog-
ical pathways and corresponding genes was visualized using Circos
(Krzywinski et al., 2009). Protein-network analysis was performed
using the String database (Szklarczyk et al., 2015) and visualized us-
ing Cytoscape (v 3.9.0) (Shannon et al., 2003).

Peptide identification, quantification, and statistical
analysis

The raw data files were searched using Byonic 2.11.0 software (Pro-
tein Metrics) against the Swiss-Prot human proteome database
(2020, 20,385 entries) and peptide identification was filtered
with false discovery rate (FDR) <0.01 and those identified in two
or more spectra. All quantitative information was expressed in
terms of Z scores at protein level (Navarro et al., 2014). Only pro-
teins having a p value less than 5% and fold change higher
than two were considered for further analysis. For identifying
DAPs, we first computed a differential using the formula
log(p value) X [mean(X)-mean(Y)]. Only proteins having a p value
less than 5% and differential levels higher than 2 were considered
for further analysis.

Luminex cytokine assays

Concentrations of cytokines in cell supernatants were measured
using a custom Human Cytokine 80-plex Assay HCP2ZMAG-62K-
PX23 (EMD, Millipore). Samples were prepared following the
manufacturer’s protocol and normalized using both internal
bead-based standards as well as by using only media as a negative
control. Raw mean fluorescence intensity values (MFI) obtained
were normalized across samples using MFI per 1 x 10° cells.

Immune and angiogenesis assays

Mouse macrophage/monocyte cell line RAW 264.7 and mouse
pancreatic endothelial cell line MS-1 were used for the immuno-
genic and angiogenic assays respectively (see supplemental exper-
imental procedures). RAW 264.7 cells and MS-1 cell lines were
treated with inflammatory cocktail [INFy (150 ng/mL) + TNFa
(50 ng/mL)] in serum-free media for 24 h. After 24h, cells were
co-incubated with different MSCs sources (n = 3 donors) in a con-
tact-independent manner using a 0.6 uM Transwell in a ratio of
1:10 (MSC:cell) for an additional 24 h. Cells were then detached,
washed with PBS, and stained with fluorochrome-labeled mono-
clonal for flow cytometry. Data were analyzed with FlowJo v10.2
software (TreeStar, United States).

In vitro cellular injury model

For a sepsis injury model, HK-2 cells were incubated with LPS at a
concentration of 0.1 pg/mL (Sigma-Aldrich) in serum-free medium
for 24 h. After 24 h, the medium was changed to normal medium
and HK-2 cells were incubated with MSCs (n = 3 donor) in a con-
tact-independent manner using 0.6 pM Transwell in a ratio of
1:10 for an additional 24 h. For the ischemia/reperfusion-induced
model, HK-2 cells were subjected to hypoxia for 48 h, following
which they were changed to normoxia conditions with fresh
normal medium and incubated with MSC (n = 3 donor) in a con-
tact-independent manner in a ratio of 1:10 for an additional 24
h. Cells were then detached, washed with PBS, and assayed for Cas-
pase-3/7 activity (Promega, United States) and Apoptosis (Roche
Diagnostic, Switzerland).
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