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ABSTRACT

Bonemarrowmesenchymal stromal cells (BM-MSCs) have been characterized and used inmany clin-
ical studies basedon their immunomodulatory and regenerative properties.Wehave recently report-
ed the benefit of autologousMSC systemic therapy in the treatment of type 1 diabetesmellitus (T1D).
Compared with allogeneic cells, use of autologous products reduces the risk of eliciting undesired
complications in the recipient, including rejection, immunization, and transmission of viruses and
prions; however, comparable potency of autologous cells is required for this treatment approach
to remain feasible. To date, no analysis has been reported that phenotypically and functionally char-
acterizesMSCs derived fromnewly diagnosed and late-stage T1D donors in vitrowith respect to their
suitability for systemic immunotherapy. In this study, we used gene array in combination with func-
tional in vitro assays to address these questions. MSCs from T1D donors and healthy controls were
expanded from BM aspirates. BMmononuclear cell counts and growth kinetics were comparable be-
tween the groups, with equivalent colony-forming unit-fibroblast capacity. Gene microarrays dem-
onstrated differential gene expression between healthy and late-stage T1D donors in relation to
cytokine secretion, immunomodulatoryactivity, andwoundhealingpotential.Despite transcriptional
differences, T1D MSCs did not demonstrate a significant difference from healthy controls in immu-
nosuppressive activity, migratory capacity, or hemocompatibility.We conclude that despite differen-
tial gene expression, expandedMSCs from T1D donors are phenotypically and functionally similar to
healthy control MSCs with regard to their immunomodulatory and migratory potential, indicating
their suitability for use in autologous systemic therapy. STEM CELLS TRANSLATIONAL MEDICINE

2016;5:1485–1495

SIGNIFICANCE

The potential for mesenchymal stromal cells (MSCs) as a cell-based therapy in the treatment of
immunologic disorders has been well established. Recent studies reported the clinical potential
for autologous MSCs as a systemic therapy in the treatment of type I diabetes mellitus (T1D).
The current study compared the genotypic and phenotypic profiles of bone marrow-derived MSCs
from T1D and healthy donors as autologous (compared with allogeneic) therapy provides distinct
advantages, such as reduced risk of immune reaction and transmission of infectious agents. The
findings of the current study demonstrate that despite moderate differences in T1D MSCs at
the gene level, these cells can be expanded in culture to an extent corresponding to that of MSCs
derived from healthy donors. No functional difference in terms of immunosuppressive activity,
blood compatibility, ormigratory capacitywas evident between the groups. The study findings also
show that autologous MSC therapy holds promise as a T1D treatment and should be evaluated
further in clinical trials.

INTRODUCTION

Type 1 diabetes mellitus (T1D) is a multifactorial
chronic immune-mediated disease leading to the
progressive destruction of insulin-producingb-cells
in the pancreas [1–3]. Addressing this inflammatory

responsemay provide an opportunity for T1D ther-
apy,with the aimof controlling or arresting the pro-
gressionofb-celldestructionandrestoringglycemic
control and immune hemostasis [4].

Systemic infusions with multipotent mesen-
chymal stromal cells (MSCs) have been studied
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alone and in combinationwithdifferent therapeutic strategies for
b-cell replacement [5], with several preclinical studies suggesting
that MSC infusion protects mice from the development of exper-
imentally induced diabetes [6–9]. Lee et al. demonstrated that
infused human MSCs support murine insulin production, lower
blood glucose levels, and improve kidney disease in the non-
obese diabetic (NOD) mouse model [6]. A lack of human insulin
in this model suggests thatMSCs do not differentiate intob-cells,
but may instead promote the function and repair of remaining
endogenous islets [6].

MSCs are rapidly cleared from the blood circulation after
infusion, suggesting that these cells are able to trigger the in-
stant blood-mediated inflammatory reaction (IBMIR), which is
characterized by rapid lysis of the infused cells, involving plate-
let consumption and complement and coagulation activation
[10]. Despite the potential loss of MSCs, a complex and sophis-
ticated immunosuppressive environment including the release
of paracrine factors and vesicles may be initiated following
IBMIR.

Notably, microvesicles released from MSCs have been
shown to inhibit a proinflammatory response to an islet anti-
genic stimulus in T1D in vitro [11], as well as improving graft ver-
sus host disease symptoms in a patient study [12]. The strategy
to use MSC therapy in diabetes is further supported by the
knowledge that when coculturing islets withMSCs, islet survival
and insulin secretion are enhanced in vitro [13], and in vivo, islet
survival, function, and angiogenesis after transplantation are
also improved [14].

Inflammatorymediators in T1Dpatients, aswell as theuremic
microenvironment in subjects with end-stage diabetic nephrop-
athy, can potentially alter bone marrow MSC (BM-MSC) pheno-
type and therapeutic properties [2–4, 15, 16]. We have
recently presented a phase I/IIa trial on the use of autologous
MSCs in patients with newly diagnosed T1D [17]. In our clinical
study, we observed no side effects with MSC adoptive transfer;
and C-peptide responses to a mixed-meal tolerance test during
the first year after treatment were preserved or even increased.
This study, in addition toother clinical trials using autologousMSC
transplantation, demonstrates the safety of such cellular thera-
pies [17–20].

Where therapeutically efficacious, autologous cellular thera-
pies offer distinct advantages over an allogeneic approach, with a
reduced risk of human leukocyte antigen (HLA) immunity, rejec-
tion, and transmission of donor-derived infection or disease [17].
To date, however, no comparative evaluation of MSCs derived
fromT1Dandhealthydonorswith respect to their therapeutic po-
tential has been reported. In this study, we investigated whether
BM-MSCs fromT1D donors offer a therapeutic cell source, for im-
munotherapy via systemic intravenous delivery, equivalent to
BM-MSCs derived from healthy donors. BM-MSCs were isolated
fromT1D andhealthy donors and phenotypically and functionally
characterizedusing a variety of in vitro assays in combinationwith
gene array expression profiling.

MATERIALS AND METHODS

MSC Donors, Isolation, Expansion, and Characterization
of Therapeutic MSCs

Expansion and characterization of MSCs was performed accord-
ing toguidelinesof theEuropeanBloodandMarrowTransplantation

Group and approved by the Swedish National Board of Health
and Welfare, as described previously [21–23]. MSCs were har-
vested from healthy volunteer donors or diabetic patients un-
dergoing autologous MSC treatment in the context of clinical
trials. Simultaneous consent for in vitro investigations of the cell
characteristics was obtained in accordance with the Helsinki
convention. Iliac crest BM aspirates were collected from 19
healthy control donors (HCs), 10 patients diagnosed with T1D
less than 6 weeks earlier (early-stage T1D [ET1D]), and 12 pa-
tients with late-stage T1D (LT1D) and severe renal failure
(Table 1). The clinical status of patients was previously de-
scribed [17].

To isolate MSCs, BM-MNCs were separated over a gradient
of Percoll (GE Healthcare, Uppsala, Sweden, http://www.
gelifesciences.com), washed, and resuspended in Dulbecco’s
modified Eagle’s medium low-glucose medium (Thermo
Fisher Scientific Life Sciences, Waltham, MA, http://www.
thermofisher.com) supplemented with 5% pooled human
platelet-rich plasma and 100 IU/ml penicillin, 0.1 mg/ml strep-
tomycin, and 0.25 mg/ml Fungizone (culture medium) and
plated at a density of 1.63 105 cells per cm2.When the cultures
reached confluence (.80%), the cells were detached by
0.05% Trypsin-EDTA (Thermo Fisher Scientific Life Sciences),
replated at a density of 4.0 3 103 cells per cm2, and cultured
for up to five passages.

All isolated MSCs from T1D donors and HCs were confirmed
by flow cytometry to express the MSC marker profile according
to the International Society for Cellular Therapy guidelines (pos-
itive for CD73, CD90, CD105, and HLA-I and negative for CD14,
CD34, CD45, and HLA-II) (supplemental online Fig. 1A). The fol-
lowing antibodies from BD Biosciences (Stockholm, Sweden,
http://www.bd.com/se) were used: CD14/45 (fluorescein iso-
thiocyanate [FITC]/phycoerythrin [PE]) #342408, CD73 (PE)
#550257, CD90 (FITC) #555595, IgG1/2a (FITC/PE) #342409,
and CD34 (PE) #345802. CD105 (PE) #326040 was purchased
from Ancell Corp. (Stillwater, MN, http://www.ancell.com).
HLA-I (PE) #R7000 and HLA-II (FITC) #F0817 were purchased
from Dako Sweden (Solna, Sweden, http://www.dako.com).
Retained capacity to differentiate into both osteogenic and
adipogenic lineages was assessed as previously described [22]
and demonstrated by Alizarin red and Oil Red O staining
(supplemental online Fig. 1B, 1C).

CFU-F Capacity and Growth Kinetics

The number of colony-forming units-fibroblast (CFU-F) relative
to the number of seeded MSCs after plastic adherence and

Table 1. Bone marrow donor characteristics of HC and T1D donors

Characteristic Early T1D Late T1D HC

n 10 12 19

Sex, M/F M9/F1 M7/F5 M13/F6

Age, years 22 (18–35)a 42 (31–62) 37 (21–70)

BM harvested, ml 49 (34–91)b 28 (26–31) 29 (14–61)

MNCs per ml BM,3 106 12.9 (3.4–31)b 7.0 (3.5–11) 4.7 (1.4–25)

Values are presented as median (range).
ap , .01, bp, .05 compared with healthy control group based on
Mann-Whitney U test.
Abbreviations: BM, bone marrow; F, female; HC, healthy control; M,
male; MNC, mononuclear cell; T1D, type 1 diabetes.
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expansion for onepassagewas recorded (n = 4per group; passage
1 [P1]). Briefly, 100MSCs at P0were seeded into onewell of a six-
well plate, and colonies of more than 50 cells were counted after
14 days after fixation with 70% ethanol and staining with 0.1%
(wt/vol) crystal violet.

Growth kinetics were monitored for five sequential passages
by calculating cell population doublings (PDs) at each passage us-
ing the formula log n/log 2, where n is the number of cells at har-
vest divided by the number of cells seeded. The cumulative PD
was calculated toexpress theproliferative capacity of eachdonor.
PD rate at clinically relevant P1 was calculated by dividing the
number of days in culture with the number of PDs and is
expressed as PDs per week.

Gene Expression Analysis With Microarray and
Real-Time Quantitative Polymerase Chain Reaction

RNAwas extracted fromMSCs (P1–P3) obtained from HCs, ET1D,
and LT1D donors (n = 3 per group) using an miRNA Mini Kit
(Qiagen, Hilden, Germany, http://www.qiagen.com). The RNA
was labeled and amplified (one-cycle amplification) according
to Affymetrix GeneChip Expression Analysis Technical Manual.
Chips were scanned using the GeneChip Scanner 3000. Human
Genome U133 plus 2.0 Chips were normalized by robust multiar-
ray average using invariant set normalization [24].

Probe level expression values were calculated using the
PM-MMmodel provided by the DNA-Chip Analyzer (dCHIP) soft-
ware (http://www.dchip.org). Differentially expressed genes
were definedwith a cutoff of 1.5-fold change, with a lower bound
of 90% confidence interval (CI). Mapping of KEGG pathways for
biochemical pathway analysis of microarray data was performed
with the Database for Annotation, Visualization, and Integrated
Discovery (DAVID) Bioinformatics resources v6.7 (http://david.
abcc.ncifcrf.gov/tools.jsp) [25].

For gene expression analysis with quantitative real-time po-
lymerase chain reaction (qRT-PCR), total RNAwas extracted from
MSCs of HC and LT1D (n = 5 per group) using the RNeasy Mini Kit
(Qiagen). cDNAwas synthesizedusing theHighCapacity cDNARe-
verse Transcription kit (4368814; Applied Biosystems, Foster City,
CA, http://www.appliedbiosystems.com), and qRT-PCR was per-
formed with Fast SYBR Green Master Mix (Applied Biosystems).
Amplification was performed on a CFX384 C1000 Touch Real-
time system (Bio-Rad, Hercules, CA, http://www.bio-rad.com).
Expression levels were normalized to b-actin levels and are
presented as normalized expression or as fold change over
unscratched controls. The primers usedwere actin: forward AGC-
TACGAGCTGCCTGAC, reverse AAGGTAGTTTCGTGGATGC; tissue
factor pathway inhibitor (TFPI): forward GGAAGAAGATCCTG-
GAATATGTCGG, reverse CTTGGTTGATTGCGGGAGTCAGGGAG;
plasminogen activator, urokinase (PLAU): forward CACG-
CAAGGGGAGATGAA, reverse ACAGCATTTTGGTGGTGACTT;
cyclooxygenase 2 (COX2): forward CTTCACGCATCAGTTTTTCAAG,
reverse TCACCGTAAATATGATTTAAGTCCAC; leukemia inhibi-
tory factor (LIF): forward TGCCAATGCCCTCTTTATTC, reverse
GTCCAGGTTGTTGGGGAAC; FBJ murine osteosarcoma viral
oncogene homolog (FOS): forward ACTACCACTCACCCGCAGAC,
reverse CCAGGTCCGTGCAGAAGT; bone morphogenetic protein-2
(BMP-2): forward CGGACTGCGGTCTCCTAA, reverse GGAAG-
CAGCAACGCTAGAAG; nuclear factor (NF)-kB: forward CTGGCAG-
CTCTTCTCAAAGC, reverse TCCAGGTCATAGAGAGGCTCA; NF-kB
inhibitor (IKB): forward CATCCGATGGCACAATCA, reverse

CTGGATCTCCAGGCACCA; and transforming growth factor (TGF)-b:
forward ACTACTACGCCAAGGAGGTCAC, reverse TGCTTGAACTTG-
TCATAGATTTCG.

Functional Analyses

MSCs isolated fromHC, ET1D, and LT1D donors were assessed us-
ing a number of in vitro functional assays to indicate whether
these cell sources demonstrated equivalent efficacy in respects
relevant for successful immunotherapy.

Secretion of Immunomodulatory Cytokines
and Chemokines

The secretion of trophic mediators in response to licensing by
proinflammatory stimuli was assessed in HC and T1D MSCs
(n = 4 donors per group). MSCs were seeded at a concentration
of 13 105 cells per 2ml culturemedium and allowed to adhere
overnight. Culturemediumwas removed and replacedwith fresh
medium6 100 U/ml interferon (IFN)-g and 10 ng/ml tumor ne-
crosis factor (TNF)-a. Cells were incubated for 3 days, before the
media was removed and spun for 5 minutes at 500g to remove
cellular debris. Levels of secreted interleukin (IL)-6, prostaglandin
E2 (PGE2), hepatocyte growth factor (HGF), chemokine (C-X-C
motif) ligand 1 (CXCL1), and CXCL6 were quantified by enzyme-
linked immunosorbent assay (ELISA) according to the supplier’s
instructions (R&D Systems, Minneapolis, MN, http://www.
rndsystems.com). Indoleamine 2,3-dioxygenase (IDO) activity
was measured by quantification of the tryptophan metabolite
L-kynurenine, as previously described [26].

Suppression of T-Cell Activation and Effector Function
by T1D MSCs

Peripheral bloodmononuclear cells were prepared by centrifuga-
tion of heparinized blood on Ficoll-Isopaque (AlereTechnologies
AS, Oslo, Norway, http://www.axis-shield-density-gradient-media.
com), and untouched CD3+ T cells were subsequently isolated
by magnetic-activated cell sorting (Human Pan T Cell Isolation Kit;
Miltenyi Biotec Norden, Lund, Sweden, http://www.miltenyibiotec.
com). T cells were cultured in RPMI 1640 medium supplemented
with penicillin (100 U/ml), streptomycin (100 mg/ml), L-glutamine
(2 mM; Thermo Fisher Scientific Life Sciences), and 10% heat-
inactivated pooled human blood type AB serum and activated using
anti-CD2/CD3/CD28microbeads(MiltenyiBiotec)ata1:2bead-to-cell
ratio. MSCs (P2; n = 4 donors per group) were added at a 1:10 ratio
to T cells either in direct contact or in 0.4 mm PET Transwell mem-
brane inserts and cultured for 3 days. CD25 was used as a marker
ofMSC-mediated suppression of T-cell activation as assessed by flow
cytometry (CD3 [V450] #560365 and CD25 [PE] #555432 purchased
from BD Biosciences). Fifty thousand gated events were recorded
persampleandanalyzedusingFlowJosoftware(v7.6;FlowJo,Ashland,
OR, http://www.flowjo.com).

Suppression of T-cell effector function was assessed by mea-
surement of the proinflammatory cytokines TNF-a, IL-2, and IFN-g
in the coculture supernatants by ELISA (R&D Systems).

In Vitro Scratch Wound Healing Assay

Migration in response towoundingwas assessed in vitro using the
scratch assay as previously described [27]. Briefly, HC and LT1D
MSCs (where significant gene expression differences in the gene
ontology term [GO term] stress and wounding was detected by
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array;n =4donors per group)were seeded in duplicates into a 24-
well plate at a density of 1.73 105 cells per well in 1 ml culture
medium (density previously optimized for 100% confluence upon
adherence and spreading). Cells were allowed to adhere over-
night before removal of the medium and introduction of a full-
depth scratch using a pipette tip (average wound width 0.9 mm).
Wounded cells were washed twice with phosphate-buffered sa-
line (PBS) to remove cellular debris before replacing with 1 ml of
fresh culturemedium.Wound closurewas visualized by acquiring
transmitted light images (10-millisecond exposure) in three view-
points per well at35 optical magnification at 37°C using a Leica
DMI6000 wide-field microscope with an EM-CCD 16-bit camera
(Evolve; Andor Technology, Windsor, CT, http://www.andor.
com) at 30-minute intervals for 24 hours. Degreeofwound closure
was assessed bymeasuring woundwidth, using Image J 1.46r soft-
ware (NIH, Bethesda, MD, http://imagej.nih.gov/ij), every 4 hours
after scratching. Data are expressed as percentage wound closure
compared to initial wound width. At the end of the 24-hour imag-
ing, cell lysates were harvested with RLT buffer (Qiagen) for gene
expression analysis with qRT-PCR. A parallel plate without scratch
wounds, incubated in corresponding conditions, was used as a
control.

Assessment of Cell Surface Expression of Complement
Inhibitors by T1D MSCs

Expression levels of the complement inhibitors CD46, CD55, and
CD59 were assessed on the cell surface of HC and T1DMSCs (P2;
n = 4 donors per group) by flow cytometry. Briefly, cells were ex-
panded to P2 as described above, trypsinized, and stained using
CD46 (FITC) #315304, CD55 (PE-cyanine 7) #311314, and CD59
(PE) #304707 (all purchased from BioLegend, San Diego, CA,
http://www.biolegend.com). Viability was assessed using LIVE/
DEAD Fixable Aqua Dead Cell Stain (Thermo Fisher Scientific Life
Sciences). Thirty thousand events were recorded in the live cell
gate and analyzed using FlowJo software.

In Vitro Assessment of MSC Blood Compatibility

Aliquots of freshly thawed clinical gradeMSCs fromHCs or LT1D
donors (n = 5 per group)were exposed to human blood using the
Chandler whole blood loop system, consisting of tubing with a
heparinized inner surface (Corline Systems, Uppsala, Sweden,
http://www.corline.se), as described previously [10, 28–31].
Fresh non-anticoagulated ABO-compatible human blood was
obtained fromhealthy volunteers, who had given informed con-
sent in accordance with the Helsinki protocol and had received
no medication for at least 10 days. Pieces of tubing containing
7 ml human blood were prepared [31] and supplemented with
100 ml PBS containing 5% AB plasma with or without freshly
thawedMSCs. To determine the time course of the reaction be-
tween the blood and the cells, 1 ml samples from each blood
tube were collected before and at 5, 15, and 30 minutes after
cell addition. Reactions were stopped by addition of 10 mM
EDTA (pH 7.4). Platelet counts were obtained for each sample
using a cell counter (Beckman-Coulter, Nyon, Switzerland,
http://www.beckmancoulter.com). The remaining sample vol-
ume was centrifuged at 3,000g for 20 minutes at 4°C. Plasma
samples were collected and stored at 280°C, and formation
of thrombin-antithrombin complex, complement C3 activation
fragment a (C3a), and soluble C5b-9 complex (sC5b-9) was mea-
sured by ELISA [10].

Figure 1. Growth characteristics of MSCs from HC and T1D donors.
(A): Age-dependent decline in BM-MNCs per milliliter of BM aspi-
rated from HCs (n = 19), ET1D donors (n = 10), and LT1D donors
(n = 12). (B): CFU-F per 100 MSCs at P1 for HC (n = 4), ET1D (n = 4),
and T1D donors (n = 4). (C): Growth kinetics (mean 6 SD) for MSCs
isolated from healthy and T1D donors P1–5 (n = 4 each). (D): Popula-
tion doubling rate per week for cells fromHC (n = 4), ET1D (n = 4), and
LT1D (n=4)donors at P1.Boxplotwhiskers indicateminimumtomax-
imum. pp, p, .01. Abbreviations: BM-MNC, bone marrow mononu-
clear cell; CFU-F, colony-forming unit fibroblast; ET1D, early-stage
T1D; HC, healthy control; LT1D, late-stage T1D; MSC, mesenchymal
stromal cell; ns, not significant; P, passage; T1D, type 1 diabetes.
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Statistical Analysis

Comparisons between HCs and T1D MSCs were statistically ana-
lyzed using Student’s t test or Mann-Whitney U test where data
did not fulfill requirements for parametric testing (normal distri-
bution and equal variances). Time-related changes in the groups
were analyzed using repeated-measures analysis of variance or
Friedman test, whereas pairwise comparisons in the groups were
analyzed using paired t test or Wilcoxon signed rank test. p, .05
was considered statistically significant (Prism 5.0; GraphPad, San
Diego, CA, http://www.graphpad.com; SPSS 22; IBM, Armonk,
NY, http://www.ibm.com).

RESULTS

No Differences in Growth Kinetics Between HC and T1D
MSCs In Vitro

Isolated MSCs from BM aspirates of 10 ET1D donors, 12 LT1D
donors, and 19 HCs (Table 1) were initially compared with
regard to number of MNCs, colony-forming capacity, and
growth kinetics (Fig. 1). Linear regression analysis demon-
strated a significant age-related decline in the number of
BM-MNCs per milliliter of BM in both diabetes and HC donors
(p, .01) (Fig. 1A). No significant difference in colony-forming
capacity of T1D donors at P1 was evident compared with HCs
(Fig. 1B).

A comparative analysis of growth kinetics was performed to
investigate whether expansion rates and a comparative number
of cells for therapeutic usage (in our experience this is generally
P2–P3 [32]) could be generated in an equivalent time frame. No
significant difference in growth potential or kinetic rate (at P1)
betweenHCs and ET1D or LT1DMSCswas apparent (Fig. 1C, 1D).
These data suggest that expansion capacity is comparable be-
tween the T1D and HC MSCs, and therefore a sufficient thera-
peutic number of cells can be expanded in a time frame
similar to that of HCs.

Identification of Differentially Expressed Genes

Whole-genome microarray analysis revealed that only 30 tran-
scripts were more than 1.5-fold differentially expressed in
MSCs from ET1D donors, and 211 of 47,000 were differentially
expressed in LT1D donors compared with HCs (Fig. 2;
supplemental online Tables 1, 2). Among these, 177 genes
were upregulated and 31 genes were downregulated. GO term
analysis of differentially expressed genes in LT1D suggested ex-
pression changes in genes enriched in pathways related to
growth factor activity, multicellular organismal development
and process, response to external stimulus, stress and wound-
ing, adenylate kinase, the TGF-b-signaling pathway, and chromo-
some 20p12 genes (supplemental online Table 3). Enrichment of
the pathway chromosome Y geneswas identified from the differen-
tially expressed genes in ET1D compared with HC because of a
skewed distribution of the sex of the donors. No other pathway
was enriched in ET1D.

Migration Response to In Vitro Wounding Is Not
Affected in T1D MSCs

Results from the whole-genome microarray GO term analysis
(supplemental online Table 3) suggested differential expres-
sion of genes associated with response to wounding. To assess

whether the LT1DMSCs had a differential migratory response
to wounding, as suggested by the gene array, an in vitro scratch
wound assay was performed. Despite the observed differ-
ences in gene expression, no difference in time-dependent
wound closure between HC and LT1D MSCs (Fig. 3A, 3B) was
observed.

qRT-PCR confirmed the array findings, demonstrating a
threefold higher expression of FOS (p , .05) and sixfold higher
expression of BMP-2 (p, .05) in LT1D compared with HC MSCs
at resting unscratched state (Fig. 3C). Twenty-four hours after
wounding, no differences between HC and T1DMSCs in expression
levels of any of the nine genes analyzed were detected. Compared
with expression levels in unscratched cultures, there was a signifi-
cant decrease in FOS levels in bothHCand LT1DMSCs 24hours after
initial wounding (p, .05 for both), and in LIF (p, .05) and BMP-2
(p, .01) in LT1DMSCs, indicatingnormalizationof expression levels
of these genes in response to scratch wounding (Fig. 3D).

Figure 2. Microarray analysis on global gene expression pattern of
MSCs. Heatmap of gene expression inMSCs fromET1Ddonors (n = 3),
LT1D donors (n = 3), andHCs (n = 3). Clustering shows 1.5-fold up- and
down-regulated genes (using lower bound of 90% CI) of MSCs from
T1D donors compared with HC MSCs. Red represents upregulated
and blue downregulated expression. See supplemental online
Tables 1 and 2 for complete lists of differentially expressed genes
inMSCs from ET1D and LT1D donors, respectively. Abbreviations:
CI, confidence interval; ET1D, early-stage T1D; HC, healthy con-
trol; LT1D, late-stage T1D; MSC, mesenchymal stromal cell;
T1D, type 1 diabetes.
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Preserved Immunomodulatory Phenotype of T1DMSCs

HC, ET1D, and LT1DMSCs constitutively secreted comparable lev-
els of IL-6, CXCL1, CXCL6, and PGE2 and demonstrated similar IDO
activity (Fig. 4A–4D,4F). Baseline levels ofHGFwere lower inET1D
MSCs compared with LT1D (p , .05) (Fig. 4E).

Licensing of the MSCs to an anti-inflammatory phenotype
by exposure to IFN-g and TNF-a induced a significant upregula-
tion of IDO activity and IL-6 secretion to comparable levels in
HC, ET1D, and LT1D MSCs (p , .001, except IDO ET1D vs li-
censed ET1D: p, .05) (Fig. 4A, 4B). In both T1D groups, CXCL1
upregulation in response to licensing was higher than in HC
MSCs (p , .05) (Fig. 4C), and CXCL6 was significantly higher
in the licensed ET1D MSCs compared with both HCs and LT1D
MSCs (p, .05) (Fig. 4D). HGF was significantly downregulated
in HC and ET1D MSCs compared with baseline levels (p, .001
and p, .05, respectively) (Fig. 4E), but no response was seen in
the LT1D group (Fig. 4E). PGE2 secretion was not altered in li-
censed cells from either HC or T1D groups compared with their
respective baseline levels (Fig. 4F).

Despitedifferences in the responsivenessof theMSCsecretome
to proinflammatory cytokine exposure, all HCs and T1D donors
were able to actively suppress the activation of T cells in vitro
(p, .05) (Fig. 5A). Notably, ET1DMSCs were significantly more ef-
ficient in suppressing T-cell activation via their secretome than HCs
(p, .05) (Fig.5A)despite theiroverall lowersecretion levelsof some
soluble factors, as highlighted in the gene array and ELISAs. MSCs
from the LT1D donors were more efficacious in suppressing T-cell
activation inbothcontactandTranswell settingscomparedwithcor-
responding HCs (p, .05) (Fig. 5A).

Comparative analysis of T-cell effector function demon-
strated that MSCs from all donors exerted comparable suppres-
sion on T-cell secretion of IL-2 (p, .001) (Fig. 5B) and IFN-g, with
IFN-g being suppressedonlywhen the cellswerenot indirect con-
tact (p, .001) (Fig. 5C). TNF-a levels were suppressed in Trans-
well settings compared with contact conditions (HC and ET1D,
p, .01; LT1D p, .05) (Fig. 5D). Only HC and LT1DMSCs in Trans-
well suppressed TNF-a levels compared with the T cells only con-
trol (HC p, .05; LT1D p, .01) (Fig. 5D).

Figure 3. In vitro scratch wound healing. (A): Confluent cultures of MSCs from HC or LT1D (n = 4 per group) donors were subjected to scratch
wounding, and wound closure was monitored by 24-hour live cell imaging. (B): Migration in response to scratch wounding was assessed by
quantifying reduction inwoundwidthevery 4hours after initial scratching (mean6 SD). Time-dependent differences inwoundclosurebetween
MSCs from HC and LT1D donors were analyzed by repeated-measures analysis of variance. (C): Basic expression levels (mean6 SD) of genes
related to wounding were studied with qRT-PCR analysis in unscratched control cultures ofMSCs fromHC and LT1D donors. (D): Fold change in
expression levels of wound response genes in scratchedMSC cultures comparedwith unscratched control cultures of the same donors at the
24-hour end point. Box plot whiskers indicate minimum to maximum; asterisks indicate significant difference in gene expression compared with
unscratched cultures. p, p, .05; pp, p, .01. Abbreviations: HC, healthy control; LT1D, late-stage T1D;MSC, mesenchymal stromal cell; ns, not
significant; qRT-PCR, quantitative real-time polymerase chain reaction; T1D, type 1 diabetes.
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In Vitro Hemocompatibility of T1D MSCs

To test triggering of IBMIR and complement activation of HCs
and T1D MSCs, we investigated the expression of the comple-
ment inhibitors CD46, CD55, and CD59 on the cell surface of
MSCs, as well as the clotting formation upon whole blood expo-
sure in the Chandler loop model.

Flow cytometry confirmed that MSCs from HCs and T1D donors
expressed similar relative levels of CD46 on their cell surface

(Fig. 6A). LT1D MSCs expressed significantly higher levels of
CD55 compared with both HCs and ET1D donors (p , .05)
(Fig. 6B). CD59 levelswere, however, significantly lower in both
ET1D and LT1D donors compared with HCs (p, .05) (Fig. 6C),
but comparable between the T1D subsets.

Despite differential cell surface expression of the comple-
ment inhibitors between the HC and T1D MSC groups, non-
anticoagulated whole blood exposure revealed similar clot
formation for both HC and LT1D donor groups (Fig. 6D), with
LT1D MSCs demonstrating lower platelet consumption (p ,
.05) (Fig. 6E) and thrombin formation (p, .05) (Fig. 6F), indicating
an overall improved hemocompatibility comparedwithHCMSCs.
No significant difference in complement activation products C3a
and sC5b-9 was demonstrated (Fig. 6G and 6H).

DISCUSSION

In this study,wedemonstrate that BM-MSCsderived fromHCand
T1D donors have comparable phenotypic and in vitro functional
profiles. Their overall similar in vitroproperties, long-termgrowth
kinetics, and immunomodulatory capacity indicate thatBM-MSCs
from T1D donors are suitable for autologous cell therapy. These
findings agreewith our recent clinical experience that autologous
MSC treatment is safe in T1Dpatients andmay even help tomain-
tain C-peptide secretion for at least 1 year [17]. The option of an
autologous cellular approach is preferential, where therapeuti-
cally efficacious, reducing the risk of HLA immunity, rejection,
and potential transmission of donor-derived infection or disease.

MSCs derived for this study demonstrated typical counts and
an age-dependent decline of BM-MNCs for HC and T1D donors at
isolation. No difference in CFU-F efficacy at P1 and comparable in
vitro growth kinetics confirmed that sufficient numbers of cells
for therapeutic efficacy could be yielded from a volume of BM
and in a time frame comparable to those of HCs.

Global gene expression analysis indicated moderate differ-
ences between ET1DMSCs and HCs.MSCs derived from LT1D do-
nors demonstrated differential expression (.1.5-fold) of 211
genes in categories such as response to external stimulus, stress,
wounding, and growth factor activity, suggesting a state of dis-
easememory in these cells. To ascertainwhether these genotypic
differences correspond to a change in functionality, HCMSCs and
T1DMSCs were further investigated using a number of specific in
vitro assays.

Upregulation of several genes involved in wound healing and
stress responses in LT1DMSCswas confirmedwith qRT-PCR anal-
ysis of resting MSCs. However, the in vitro scratch wound assay
showed no difference in the rate or extent of wound closure be-
tween HC and LT1D MSCs. In contrast to the in vivo situation, in
which wound healing involves a range of cell types and signaling
molecules, the in vitro assay reflects the migrational capacity of
MSCs in response to wounding alone. Our results indicate that
the MSCs are functionally unaltered in this respect when

Figure 4. Trophic properties of HC and T1D MSCs in response to
licensing. P2 MSCs from HC, ET1D, and T1D donors (n = 4 per group)
were evaluated for trophic properties at baseline and after exposure
to proinflammatory cytokines IFN-g and TNF-a (licensed MSCs). (A)
IDO activity was assessed bymeasurement of L-kynurenine (mM). De-
tection of representative secreted trophic and immunomodulatory
factors (pg/ml), IL-6 (B), CXCL1 (C), CXCL6 (D), HGF (E), and PGE2
(F) (mean 6 SEM). The effect of licensing in each donor group was
analyzed using paired t-test (B, D–F) or Wilcoxon signed rank test
(A, C); p, p, .05; ppp, p, .001. Differences between donor groups
were analyzed with one-way analysis of variance with Tukey’s post
hoc test; #, p , .05. Abbreviations: CXCL, chemokine (C-X-C motif)
ligand; ET1D, early-stage T1D; HC, healthy control; HGF, hepatocyte
growth factor; IL, interleukin; LT1D, late-stage T1D;MSC,mesenchymal
stromal cell; ns, not significant; P, passage; T1D, type 1 diabetes.
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investigated under in vitro conditions. It is therefore possible to
conceive that delayed wound healing in T1D patients may be due
primarily to impaired fibroblast functionality in thediabetic tissue
or potential impairment in MSC-stromal crosstalk in the orches-
tration of the wound healing response under diabetic conditions
in vivo [33]. This hypothesis is supported by gene expression data
demonstrating differences in levels of FOS, which has been impli-
cated in initiation of re-epithelialization [34], and BMP-2, which
has been linked to recruitment and migration of MSCs [35] and
the stromal response to injury [36].

In establishing a suitable cell source for systemic immuno-
therapy, understanding of the trophic and immunomodulatory
properties of the MSC source is central. Long-term exposure to
the diabetic environment has been suggested to induce disease
memory in BM-MSCs [37], characterized by an increased expres-
sion of proinflammatory markers such as IL-6. Although our
mRNA expression data supports a fourfold increase of IL-6 in
LT1DMSCs comparedwithHCs, baseline secretion of IL-6 protein,
along with PGE2, CXCL1, CXCL6, and IDO activity, were not signif-
icantly changed in the diabetes MSCs. We do report significantly
lower secretion of HGF by ET1D MSCs compared with the LT1D
donors, but no significant change from the HCs was evident.

ExposureofMSCs toproinflammatory cytokines suchas IFN-g
and TNF-a has been reported to induce an anti-inflammatory
MSC phenotype [22, 38]. In this study, we investigated whether
responsiveness to such licensing was affected in T1D MSCs com-
pared with HCs. IDO and IL-6 have been reported as two of the
primary soluble immunomodulatory factors implicated in MSC-
mediated immunosuppression [39–41]. Here we report significant
upregulation of both factors in response to licensing, but no differ-
ence in the level of secretion between MSC donor groups.

ModeratedownregulationofHGFwasevident inHCandET1D
MSCs in response to inflammation. In contrast, LT1D MSCs dem-
onstratednosignificantdecrease in secretion comparedwithbase-
line controlswith proinflammatory cytokine exposure. Differences
were also evident in CXCL1 secretion, with T1D MSCs secreting
higher levels compared with HCs, and in CXCL6 secretion, with
ET1D MSCs also secreting higher levels in response to licensing
comparedwith bothHCs and LT1DMSCs. These differences in che-
mokine expression suggest no loss in responsiveness to inflamma-
tory stimuli and a comparable or increased ability to recruit innate
immune cells such as monocytes, neutrophils, and eosinophils.

Experience from animal models suggests that MSC infusions
slow T1D progression by supporting damaged tissues and modu-
lating immune responses [6–9]. In our study, both HCs and T1D
MSCs demonstrated a similar suppression of T-cell activation,
with some indication of a potentially enhanced immunosuppres-
sive effect with LT1D MSCs. In addition, similar suppression of
proinflammatory cytokine production is reported between MSC
donor groups, particularly in Transwell culture, in which soluble
factors andmicrovesicles releasedby theMSCs play apivotal role.
These data suggest that the in vitro immunomodulatory activity
of the MSCs is not compromised after exposure to the diabetic
microenvironment in vivo; further supporting the above similar-
ities in trophic factor levels between HCs and T1D MSCs.

Soria and coworkers recently reported on the altered hemo-
compatibility of diabetic donor adipose tissue-derived MSCs [42]
and suggested the need to include appropriate safety testing of
autologous MSC products before clinical use. We found that
LT1D MSCs had similar to favorable hemocompatibility after

Figure 5. Suppression of T-cell activation and effector function with
exposure to HC and T1DMSCs. MSCs from HC, ET1D, or LT1D donors
(n = 4 per group) were cocultured with antibody-activated T cells in
direct contact and separated by Transwell membrane inserts. (A):
MSCs suppress T-cell activation as assessed by decreased CD25 ex-
pression in contact and Transwell cultures (MFI). Secretion of T-cell
effector functionmolecules IL-2 (B), IFN-g (C), and TNF-a (D)was sup-
pressed in MSC coculture; most evidently by MSC produced soluble
factors (mean6 SEM). All MSCs were compared with T cells only us-
ing one-way analysis of variance with Dunnett’s post hoc test; com-
parisons between MSC donor groups were analyzed using one-way
analysis of variance with Tukey’s post hoc test; p, p , .05; pp, p ,
.01; ppp, p, .001. Abbreviations: BM-MNC, bone marrow mononu-
clear cell; ET1D, early-stage T1D; HC, healthy control; IFN, interferon;
IL, interleukin; LT1D, late-stage T1D;MFI, median fluorescence inten-
sity; MSC, mesenchymal stromal cell; P, passage; T1D, type 1 diabe-
tes; TNF, tumor necrosis factor.
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exposure to human whole blood. In addition to their potentially
enhanced immunosuppressive activity, LT1D MSCs demon-
strated significantly lower platelet consumption and thrombin
formation in comparison with HC MSCs.

CONCLUSION

In determining an appropriate cell source for systemic cell-based
immunotherapy, knowledge of immunomodulatory potential

Figure 6. Hemocompatibility profiling ofMSCs fromHC and T1D donors. Cell surface expression of complement inhibitors CD46 (A), CD55 (B),
and CD59 (C)was assessed by flow cytometry on HC, ET1D, and LT1DMSCs (n = 4 donors per group) at P2. Data are expressed as median fluo-
rescence intensity (MFI)6 SEM and analyzed using Mann-Whitney U test; p, p, .05. Early passage MSCs (P2–3) from HC or T1D donors were
tested for triggering of the instant blood mediated inflammatory reaction (IBMIR) after exposure to nonanticoagulated whole blood in the
Chandler blood loop model (n = 10 per group). (D): Representative photographs of clot formation from 4 donors from each group after a
60-min incubation of blood with HC or T1D MSCs (15,000 cells per milliliter) or PBS buffer as negative control. (E): Detection of coagulation
and complement activationmarkers after treatment of bloodwithMSCs (mean6 SD): free platelets (% relative to PBS, 30minutes time point),
andELISAquantificationof TAT, complementC3activation fragmenta (C3a), and solubleC5b-9 complex (sC5b-9). Significancewas analyzedwith
paired t test (same blood donor exposed to different MSCs); p, p, .05. Abbreviations: BM-MNC, bone marrow mononuclear cell; C3a, com-
plement C3activation fragment a; CFU-F, colony-forming unit fibroblast; Cy7, cyanine 7; ET1D, early-stage T1D; FITC, fluorescein isothiocyanate;
HC, healthy control; LT1D, late-stage T1D; MFI, median fluorescence intensity; MSC, mesenchymal stromal cell; P, passage; PBS, phosphate-
buffered saline; PE, phycoerythrin; T1D, type 1 diabetes; TAT, thrombin-antithrombin complex.
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andhemocompatibility is essential. In this study,wedemonstrate
that despite transcriptional differences between HC and T1D
MSCs, no functional differences in terms of migratory capacity,
immunomodulation, or hemocompatibility were evident. Nota-
bly, we have recently published a clinical trial using the same do-
nor MSCs as investigated here for the autologous treatment of
newly diagnosed T1D patients [17]. This study demonstrated
no side effects after MSC infusion and, during the first year, pre-
served or even increased C-peptide response to amixed-meal tol-
erance test. We conclude, therefore, that autologous BM is a
suitable source for clinical grade production of therapeutic MSCs
in the systemic treatment of T1D and should be evaluated in
larger clinical trials.
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