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ABSTRACT

Multipotent mesenchymal stromal cell (MSC) transplantation is proposed as a novel therapy for
treating diabetes by promoting the regeneration of damaged islets. The clinical promise of such
treatments may be hampered by a high degree of donor-related variability in MSC function and
a lack of standards for comparing potency. Here, we set out to identify markers of cultured
human MSCs directly associated with islet regenerative function. Stromal cultures from nine
separate bone marrow donors were demonstrated to have differing capacities to reduce hyper-
glycemia in the NOD/SCID streptozotocin-induced diabetic model. Regenerative (R) and non-
regenerative (NR) MSC cultures were directly compared using isobaric tags for relative and
absolute quantitation (iTRAQ)-based quantitative proteomics. A total of 1,410 proteins were
quantified resulting in the identification of 612 upregulated proteins and 275 downregulated
proteins by = 1.2-fold in R-MSC cultures. Elastin microfibril interface 1 (EMILIN-1), integrin-
linked protein kinase (ILK), and hepatoma-derived growth factor (HDGF) were differentially
expressed in R-MSCs, and Ingenuity Pathway Analyses revealed each candidate as known regu-
lators of integrin signaling. Western blot validation of EMILIN-1, ILK, and HDGF not only showed
significantly higher abundance levels in R-MSCs, as compared with NR-MSCs, but also correlated
with passage-induced loss of islet-regenerative potential. Generalized estimating equation mod-
eling was applied to examine the association between each marker and blood glucose reduc-
tion. Both EMILIN-1 and ILK were significantly associated with blood glucose lowering function
in vivo. Our study is the first to identify EMILIN-1 and ILK as prospective markers of islet regen-
erative function in human MSCs. STEM CELLS 2016;34:2249-2255

SIGNIFICANCE STATEMENT

The vast majority of current stem cell based clinical trials are testing the therapeutic capacity
of multipotent mesenchymal stem cells for treating a wide range of diseases. One of the criti-
cal issues plaguing the progress of these trials is a lack of suitable and reliable methods for
measuring the potency of these stem cells. This study uncovers two new potential proteins
whose abundance in human bone marrow mesenchymal stem cell cultures provides an accu-
rate indication of their potency for repairing damaged pancreatic islets, as would be found
patients suffering from Type | diabetes. We predict these proteins to impact the development
of novel stem cell products for treating pancreatic diseases.

type 1 diabetes [1, 2]. Phase 2 clinical trials
using human MSCs for the treatment of type 1
diabetes mellitus are currently underway. Using
the well-established streptozotocin (STZ)-treated
diabetic NOD/SCID model [3], we have recently
shown that transplanted human MSCs can stim-
ulate endogenous islet formation associated

INTRODUCTION

Multipotent mesenchymal stromal cells, also
called mesenchymal stem cells (MSCs), are
strong candidates for regeneration-inducing
therapies during diabetes, as these cells pro-
mote islet repair and can modulate the immune
system, two aspects critical for the treatment of
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with ductal structures resulting in improvements in islet func-
tion and glycemic control [4-6].

MSCs are found at extremely low frequency in the bone
marrow and peripheral tissues. Thus, expansion in vitro is nec-
essary prior to clinical use. As a result, current methods for cul-
turing MSCs generate a heterogeneous mixture of stromal cells
with variable functional properties. Unfortunately, standards
currently used to characterize the purity of MSC cultures do
not address this heterogeneity with respect to clinically-
relevant secretory functions, such as immune suppression or
paracrine islet restoration. This was illustrated in preclinical
studies where MSC cultures demonstrated identical properties
of surface phenotype and multipotent differentiation capacity,
but showed a high degree of donor- and culture duration-
dependent variability in their capacity to improve glycemia
after transplantation in STZ-treated mice [4, 6]. In addition,
both intra- and inter-individual heterogeneity from MSC prepa-
rations has been previously reported to affect their functional
properties [7-12]. These studies reinforce the importance of
identifying functionally relevant potency-associated markers
that permit the identification of MSCs with indication-specific
therapeutic potential.

We used quantitative proteomics comparing MSC cultures
with and without islet-regenerative capacity as a comprehen-
sive system to identify MSC-specific markers associated with
islet regeneration. Herein, we establish EMILIN-1 and ILK as
markers highly associated with MSC islet-regenerative
capacity, suggesting integrin-mediated extracellular matrix sig-
nals influence the efficacy of MSC-based cellular therapies in
the context of islet regeneration.

MATERIAL AND METHODS

Detailed materials and methods were provided as Supporting
Information.

Isolation and Propagation of MSCs from Human
Bone Marrow

Human bone marrow was drawn from the iliac crest of nor-
mal donors with informed consent from the London Health
Sciences Centre, London, Ontario and MSCs were derived as
previously described [1, 3, 4, 6, 13]. In-process data for MSC
characterization and donor-related factors are provided in
Supporting Information Table 1.

Transplantation of MSCs into STZ-treated
NOD/SCID Mice

Animal care was in accordance to the Institutional Animal
Care and Use Committee (IACUC) guidelines at the University
of Western Ontario. Immunodeficient NOD/SCID mice (Jackson
Labs) were intraperitoneally-injected (i.p.) with 35mg/kg
streptozotocin (STZ) (Sigma-Aldrich) for 5 consecutive days, as
previously described [3—6, 14]. Mice reaching hyperglycemia
on day 10 (15-25 mmol/L) were sublethally irradiated (300
cGy) and transplanted by tail vein injection with PBS or MSCs
(5 X 10°). Systemic blood glucose was monitored weekly for
42 days, as previously described [1, 3-6]. MSCs from individ-
ual donors were classified as either “regenerative” (R) or
“non-regenerative” (NR) based on their capacity to reduce
hyperglycemia in transplanted mice.

©AlphaMed Press 2016

Table 1. EMILIN-1 and ILK abundance levels were significantly
associated with blood glucose level (“>20mM” and “ <20 mM”)
based on the generalized estimating equation modeling

Parameter Estimate Standard error p-value
EMILIN-1 159.14 40.83 <.0001
ILK 178.84 40.86 <.0001
HDGF 58.19 37.39 1196

The results were summarized based on the generalized estimating
equation modeling; the independent variables are day and one of
the potential markers investigated in our study. The p-values of
EMILIN-1, ILK, and HDGF are 0.0348, 0.0286, and 0.0579, respec-
tively, in the mixed model.

Sample Preparation for iTRAQ Labeling

iTRAQ was performed using subcellular fractionations (cyto-
solic, membrane, nuclear) which were generated by QPro-
teome Cell Compartment Kit (QIAGEN) according to the
manufacturer’s instructions and mass spectrometry analysis
was performed with QTof Synapt and LT-FTICR, both coupled
to a Waters nanoAcquity UPLC. A total of 1,410 proteins were
identified in all conditions, where proteins with ratios either
at >+1.2 or< —1.2 comparing the islet regenerative versus
non-regenerative groups were considered to be differentially
expressed, and canonical and non-canonical pathways
(p-value <.05) activated were analyzed using Ingenuity Path-
way Analysis (version 23814503).

Quantitative Infrared Western Blotting

Whole protein lysates were prepared for quantitative infrared
Western blotting, as described previously [15]. Bands were
detected using the ChemiDoc XRS + system for fluorescent
secondary antibodies and quantified with Image Lab Software
(Bio-Rad Laboratories). The quantification of Western blots
was performed using a loading control (i.e. gapdh or alpha-
tubulin) according to the method described in Degasperi [16].
Three technical replicates were performed and representative
blots are shown.

Statistical Analyses

To examine the association between each identified potential
markers and blood glucose level after transplantation, the
blood glucose data between day 14 and 42 and the
expression-level average values (obtained by Western blot)
were examined for EMILIN-1, HDGF, and ILK. Blood glucose was
analyzed as binary data (i.e., “>20mM” and “<20mM”), and
its association with potential markers was assessed using gen-
eralized estimating equation (GEE) modeling. Since a blood glu-
cose level of less than 20mM is a clinical meaningful and
reliable indicator of islet regeneration, the GEE modeling is
considered the primary analysis of our study. The GEE modeling
allows sample-specific correlation across time (i.e., days after
MSC i.v. injection), and an auto-regression correlation structure
was chosen for the modeling based on quasi-likelihood infor-
mation criterion statistics [17, 18]. In the secondary analysis
assessing the association, the blood glucose data were analyzed
as continuous data or using a mixed model, and an auto-
regressive covariance structure was chosen based on interpret-
ability and Akaike’s Information Criteria. Statistical models were
implemented using SAS EG4.2.

Analysis of the area under each glucose tolerance curve
was performed with student two-tailed t-test (Fig. 1). Analysis

STEM CELLS
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Figure 1. Transplantation of islet regenerative mesenchymal stem cell (MSC) samples induces recovery from hyperglycemia and
improved glucose tolerance. (A): MSC cultures derived from nine independent donors (N =9) were transplanted at day 10 into STZ-
treated nonobese diabetic/SCID mice and segregated into MSC samples that demonstrated islet-regenerative capacity (R) and those that
did not (NR) based on significant (p <.05) recovery from hyperglycemia at days 17-42 compared to PBS-injected controls (n = number
of mice transplanted/MSC sample). (B): Analysis of the area under each glucose curve was calculated for all mice transplanted with R-
MSC and NR-MSC samples. R-MSC samples showed significantly reduced area under the curve. (C): Glucose tolerance tests were per-
formed for 2 hours after intraperitoneal injection of a glucose bolus (2 mg/kg) at day 42 on mice transplanted with 3 R versus 3 NR sam-
ples. (D): Analysis of the area under each glucose tolerance curve was calculated for mice transplanted with R-MSCs and NR-MSCs. R-
MSC samples showed significantly reduced area under the curve. Analysis of significance was performed by student t-test. **, p <.01,

*** p <.001. Abbreviation: AUC, area under the curve.

of Fig. 3A, 3B was executed by Mann-Whitney two-tailed test
and one-way ANOVA followed by Tukey’s post hoc test,
respectively. A p-value < .05 was considered statistically signif-
icant. The analyses related to Figs. (1 and 3) were performed
with GraphPad Prism software version 6.0.

RESULTS

MSCs Derived from Independent Donors Showed
Variable Capacity to Reduce Hyperglycemia
in STZ-treated NOD/SCID Mice

Using the STZ-treated NOD/SCID model to assess islet regener-
ation [5, 6], we initially set out to identify islet regenerative (R)
and nonregenerative (NR) MSC samples, based on donor-
dependent capacity to reduce hyperglycemia after transplanta-
tion. MSCs from nine healthy bone marrow (BM) donors were
i.v-injected at passage 4 into NOD/SCID mice at day 10 follow-

www.StemCells.com

ing STZ-treatment from days 1-5 (Fig. 1A). Blood glucose levels
were measured weekly for up to 42 days post STZ-treatment.
Compared with PBS-injected controls that remained severely
hyperglycemic (>25 mmol/L), injection of MSCs (5 X 10°)
derived from five independent donors led to significantly
improved systemic glycemia from days 14-42 (Fig. 1A, 1B). In
contrast, mice injected with MSCs from four other independent
donors maintained blood glucose levels similar to PBS injected
controls (Fig. 1A, 1B). Glucose tolerance tests were also per-
formed after i.p. injection of a glucose bolus (2mg/kg) at day
42 on mice transplanted with three NR-MSC versus three R-
MSC samples. Mice transplanted with R-MSC demonstrated sig-
nificantly improved glucose tolerance (Figure 1C, 1D). These
data confirm that the ability of transplanted BM-derived MSCs
to improve glucose control varied between donors and could
be clearly segregated into either islet R or NR sub-groups.
Importantly, we have previously established that transplanted
human BM-MSCs do not acquire insulin expression in vivo. In

©AlphaMed Press 2016
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performed using Ingenuity Pathway Analysis version 23814503. Abbreviations: ECM, extracellular matrix; EMILIN-1, Elastin microfibril

interface 1; ILK, integrin-linked protein kinase.

contrast, injected BM MSCs engraft murine tissues and stimu-
late the formation of small islet clusters in the recipient pan-
creas via undetermined secretory activities [3-5].

Quantitative Proteomic Analysis of R- and NR-MSC
Samples Identified Prospective Markers Associated
with Islet Regeneration

Based on this in vivo platform, MSCs from R-MSCs (n = 4) and
NR-MSCs (n = 2) samples were expanded to generate sufficient
cell numbers to allow quantitative proteomic comparison
between sub-groups. We applied iTRAQ-based quantitative pro-
teomics following upstream protein fractionation of cytosolic,
nuclear and membrane subcellular fractions with subsequent
purification of peptides based on isoelectric point using off-gel
fractionation. A total of 1,410 proteins were identified and
quantified by 1D LC-MS-MS, where 612 proteins were observed
to be upregulated and 275 downregulated in R-MSCs by *= 1.2

©AlphaMed Press 2016

fold. To further filter the data using a non-biased approach, we
analyzed differently regulated proteins using Ingenuity Pathway
Analysis (IPA) to search for canonical and non-canonical signal-
ing pathways significantly modulated in R-MSCs (Fig. 2A). These
analyses revealed that nine canonical pathways were signifi-
cantly activated in R-MSCs, including EIF2 and mTOR signaling,
remodeling of epithelial junctions, RhoA signaling and integrin
signaling (Fig. 2A, orange bars, p < .00001), and that 1 pathway
was significantly repressed in R-MSCs, namely the RhoGDI sig-
naling pathway (Fig. 2A, blue bar, p <.0001). Of these 10
enriched pathways, 8 (MmTOR, RhoA, Integrin, Rho family
GTPases, Actin-based motility by Rho, Rac, RhoGDI and PI3K/
AKT) are known to be engaged following ECM-integrin activa-
tion. Interestingly, both the Target of Rapamycin (mTOR) and
Ras homology, member A (RhoA) pathways can be activated by
integrin engagement via the activity of integrin-linked kinase
(ILK) and focal adhesion kinase (FAK) [19], respectively. Based

STEM CELLS
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on these results highlighting the importance of ECM-integrin
engagement from R-MSCs, candidate proteins involved in the
integrin signaling pathway were further scrutinized using IPA to
identify proteins for further functional validation as potential
markers of R-MSCs. Several canonical intracellular integrin path-
way proteins were found to be differentially regulated in R-
MSCs, as highlighted in Supporting Information Fig. 1. More
notably, examination of differentially regulated proteins partici-
pating in non-canonical integrin pathways uncovered the
extracellular matrix protein EMILIN-1 (Fig. 2B). As depicted in
Fig. 2C, EMILIN-1 interacts directly with integrin alpha and beta
subunits, as well as with other players involved in the integrin-
ILK pathway, including PTEN, PI3K, and AKT, but do not directly
interact with ILK. A second extracellular matrix protein upregu-
lated in R-MSCs, heparin-binding HDGF, was also shown to have
an indirect relationship with the integrin signaling pathway
through TGFB1, COL1A1 or heparin, putting further accent on
the potential importance of integrin pathways (Fig. 2D). Based
on these bioinformatics results along with the previously
reported importance of the ECM-integrin signaling complex in
islet regeneration [4], EMILIN-1, HDGF, and ILK were selected
for further validation as predictive markers of islet regenerative
capacity.

Validation by Western Blot Showed that EMILIN-1, ILK,
and HDGF were Prospective Markers Associated with
Islet-regenerative Potential

To validate the quantitative iTRAQ LC-MS/MS results and to
directly assess the importance of three prospective markers asso-
ciated with islet regeneration, EMILIN-1, ILK, and HDGF total
abundance levels were examined by Western blotting using inde-
pendently derived whole cell lysates from 4 R- and 4 NR-MSC cul-
tures. All three prospective markers showed significantly increased
abundance levels in R-MSCs when compared with NR-MSCs (Fig.
3A). Our previous work has also demonstrated that prolonged
expansion of R-MSCs resulted in loss of MSC potency for the
capacity to reduce hyperglycemia after transplantation [4]. These
studies reported that islet regenerating capacity was consistently
maintained for up to four passages and then progressively
decreased with cell expansion until being lost completely by pas-
sage eight. As a measure of prospective biological validation for
the protein markers discovered, we used quantitative Western
blotting to measure the abundance levels of EMILIN-1, HDGF, and
ILK in islet-regenerative MSC cultures subjected to prolonged cul-
ture. This experiment was performed using an R-MSC sample (R2)
that was shown to progressively lose glucose lowering function
with extended passage in a previous publication [5]. All three of
the prospective markers showed a progressive and significant
decrease in relative abundance levels with increased passage
number (Fig. 3B). By passage 8, when glucose lowering function
was completely lost, abundance levels of EMILIN-1, HDGF, and ILK
had reduced by 1.80-fold, 1.52-fold, and 1.41-fold, respectively.
These results indicated that decreased abundance of EMILIN-1,
HDGF, and ILK in R-MSCs correlated with passage-induced loss of
islet regenerating function after transplantation in vivo.

To examine the association between each potential
markers to the reduction of blood glucose level after MSC
transplantation, the abundance level values obtained for each
marker (Fig. 3A) and the blood glucose data between day 14
and 42 (Fig. 1A) were used in the primary analysis using a
generalized estimating equation (GEE) modeling (Table 1). A

www.StemCells.com

statistically significant association between EMILIN-1 and ILK
abundance and reduced blood glucose concentration after
transplantation was revealed (blood glucose analyzed as
binary data, p-value: EMILIN-1, < .0001; ILK, < .0001) (Table 1).
Furthermore this correlation was also upheld when blood glu-
cose concentration was analyzed as continuous data (p-value:
EMILIN-1 < .0348; ILK < .0286). While these analyses also sug-
gested that HDGF may also serve as a prospective marker, its
association with blood glucose concentration did not quite
reach statistical significance using GEE (p-value: blood glucose
as binary data, 0.1196; as continuous data, 0.0579) (Table 1).

DiscussIiON

Our study demonstrates that EMILIN-1 and ILK are novel markers
of islet regenerative capacity in cultured MSC samples. HDGF
likely represents a potential secretory marker as well; however,
due to limited sample size, a statistically significant association
between HDGF and blood glucose concentration was not
achieved. Although the identification of the specific role of these
markers in islet regeneration warrants further mechanistic study,
the work presented here highlights the variability that exists
among stromal cultures and the importance of finding reliable
markers related to therapeutic effectiveness after transplantation.
To date, few proteins have been identified that show varied
abundance levels in stromal cultures correlating directly with in
vivo regenerative function. Selection of candidate markers for fur-
ther validation was based on our bioinformatics results and previ-
ous findings highlighting the importance of ECM-integrin and
angiogenesis in islet regeneration [4]. Indeed, EMILIN-1, ILK, and
HDGF proteins selected for the validation work are all known
interactors of the integrin pathway, as demonstrated by pathway
enrichment analysis, and also represent known effectors of angio-
genesis [20-23], a process that has been postulated to play a
crucial role in MSC mediated tissue repair [4-6]. In addition,
EMILIN-1 and ILK are important regulatory factors in cell prolifer-
ation, survival, matrix interaction and adhesion via integrins
[24-26]. By being an upstream activator of the integrin pathway,
EMILIN-1 could influence the activity of ILK.

EMILIN-1 is an extracellular matrix (ECM) glycoprotein pre-
viously shown to regulate elastogenesis [27], lymphatic valve
formation and maintenance [24] and cell proliferation via the
interaction with integrins «4f1 and «9B1 [28]. HDGF is a
known heparin-binding protein shown to induce the chemo-
taxis and growth of smooth muscle cells [29, 30]. ILK is a 59-
kDa ankyrin-repeat containing serine/threonine protein
pseudo-kinase that interacts with the cytoplasmic domain of
31 and B3 integrin receptors and is therefore a critical com-
ponent of the integrin-ECM signaling complex [31]. In line
with these findings, Bell et al. had previously reported the
up-regulation of genes translating to known secreted proteins
from R-MSCs involved in regulating the ECM, including several
matrix metalloproteases (MMP1 and MMP13) and targets
implicated in angiogenesis (HGF, FGF16 and ANGPTL4), as well
as transcripts encoding integrins (integrin B8 and «8) [4].

SUMMARY

Based on the known functions of the markers that we identi-
fied, we postulate that increased abundance of EMILIN-1 and

©AlphaMed Press 2016
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