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Immune Responses and the Induction of Foxp3™*
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TOHRU TAKAHASHI, P ANNIKA TIBELL,® KARIN LIUNG, YU SAITO,? ANNA GRONLUND,®

CECILIA OSTERHOLM, JAN HOLGERSSON,® TORBIORN LUNDGREN,? BO-GORAN ERICZON,?
MATTHIAS CORBASCIO,®”" MAKIKO KUMAGAI-BRAESCH™ "

Key Words. Mesenchymal stem cells * CTLA4lg * Anti-CD40L * Costimulation blockade ¢
Foxp3* regulatory T cell * Rejection

ABSTRACT

Multipotent mesenchymal stromal cell (MSC) therapy and costimulation blockade are two immuno-
modulatory strategies being developed concomitantly for the treatment of immunological diseases.
Both of these strategies have the capacity to inhibitimmune responses and induce regulatory T cells; how-
ever, their ability to synergize remains largely unexplored. In order to study this, MSCs from C57BL/6
(H2") mice were infused together with fully major histocompatibility complex-mismatched Balb/c
(H2%) allogeneic islets into the portal vein of diabetic C57BL/6 (H2P) mice, which were subsequently
treated with costimulation blockade for the first 10 days after transplantation. Mice receiving both
recipient-type MSCs, CTLA4Ig, and anti-CD40L demonstrated indefinite graft acceptance, just as did
most of the recipients receiving MSCs and CTLA4Ig. Recipients of MSCs only rejected their grafts, and
fewer than one half of the recipients treated with costimulation blockade alone achieved permanent
engraftment. The livers of the recipients treated with MSCs plus costimulation blockade contained
large numbers of islets surrounded by Foxp3* regulatory T cells. These recipients showed reduced
antidonor IgG levels and a glucose tolerance similar to that of naive nondiabetic mice. Intrahepatic
lymphocytes and splenocytes from these recipients displayed reduced proliferation and inter-
feron-y production when re-exposed to donor antigen. MSCs in the presence of costimulation
blockade prevented dendritic cell maturation, inhibited T cell proliferation, increased Foxp3* regula-
tory T cell numbers, and increased indoleamine 2,3-dioxygenase activity. These results indicate that
MSC infusion and costimulation blockade have complementary immune-modulating effects that can
be used for a broad number of applications in transplantation, autoimmunity, and regenerative med-
icine. STEM CELLS TRANSLATIONAL MEDICINE 2014;3:1484-1494

have been initiated to test MSC treatment of
GVHD, Crohn disease, ulcerative colitis, and mul-
tiple sclerosis. Currently, more than 400 regis-
tered clinical trials studying MSCs in different
applications are ongoing [8]. Experimentally,
MSCs are being studied in a plethora of immuno-
logical and degenerative disease models [9]. This

INTRODUCTION

Islet transplantation is a promising treatment for
patients with insulin-dependent diabetes melli-
tus; however, lifelong immunosuppressive therapy
is required to prevent rejection [1, 2]. Long-term
administration of conventional immunosuppres-

sive drugs can cause opportunistic infections,
malignances, and drug toxicities, including hyper-
tension, dyslipidemia, and diabetes mellitus [3].
To overcome this problem, cellular immunother-
apy has been investigated as an alternative to
conventional immunosuppressive drugs in trans-
plantation [4, 5].

The successful use of mesenchymal stromal
cells (MSCs) to treat steroid-resistant severe
graft-versus-host disease (GVHD) was a milestone
in regenerative medicine [6, 7]. Since those initial
reports were published, multiple clinical trials

broad applicability is subsequent partially to the
ability of MSCs to modulate nearly every cellular
component of the innate and adaptive immune
system. This includes reducing inflammation
and neutrophil activation [8], modulating macro-
phages toward an anti-inflammatory phenotype
[9], inhibiting natural killer cell activation and cy-
totoxicity [10], modulating dendritic cell (DC) ac-
tivation [11], and inhibiting CD4" and CD8" T cell
responses [10, 12, 13]. This also includes the abil-
ity to convert conventional T cells into regulatory
T cells [8, 9]. These capabilities have attracted
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a great amount of interest from the field of solid organ transplan-
tation, and studies are being conducted to investigate MSC infu-
sion in conjunction with organ transplantation in patients treated
with standard immunosuppression [14].

Concurrently, costimulation blockade has emerged as a prom-
ising strategy for replacing immunity with long-term acceptance
[15]. In a seminal article from 1996, it was demonstrated that by
blocking B7 and CD40L with CTLA4lg and anti-CD40L in the peri-
operative period, indefinite survival of vascularized allografts
could be achieved [16]. Inhibition of costimulatory signals, while
allowing for T cell receptor/major histocompatibility complex
(MHC) interactions to remain intact, renders T cells anergic to do-
nor antigen. In later studies, graft acceptance toward the trans-
plants was shown to be in part due to the development of
intragraft Foxp3* regulatory T cells [17]. Later studies would
show, however, thatimmune modulation by costimulation block-
ade was not sufficient in the most immunogenic transplant mod-
els [18]. Furthermore, heterologous immunity, the phenomenon
of cross-reactivity of memory T cells to donor antigen, constitutes
a major barrier in clinical settings [19].

Costimulation blockade and MSC treatment modulate many of
the same components of the immune system and can induce the
peripheral conversion of T cells into regulatory T cells [8, 19]. These
two treatment strategies are being tested independently in clinical
organ transplantation and in autoimmune diseases. Because these
strategies share common goals and converge on some of the same
target cells, it seems imperative to study their ability to synergise
in downmodulating immune responses. In order to test this,
we chose a robust model of transplant rejection using Balb/c
insulin-producing islets injected through the portal vein into fully
MHC-mismatched diabetic C57BL/6 mice. Recipient-type MSCs
were injected with the Balb/c islets, and the recipients were
treated with CTLA4Ig only or with CTLA4Ig and anti-CD40L every
other day for the first 10 days. This combination of MSCs and
costimulation blockade yielded superior islet graft survival and
function in this highly immunogenic model.

MATERIALS AND METHODS

Experimental Mice

Male Balb/c (H2% and C57BL/6 (H2°) mice, aged 6-12 weeks
(Taconic Biosciences, Ejby, Denmark, http://www.taconic.com),
were used as donors and recipients, respectively. The mice were
maintained under specific pathogen-free conditions and had free ac-
cess to standard mice chow and water under a 12-hour light/dark
cycle. The local Ethics Committee for Animal Research approved
all animal experiments, which were performed in accordance with
the local institutional and Swedish national rules and regulations.

Isolation, Culture, and Characterization of MSCs

C57BL/6 bone marrow (BM) cells were flushed from the femurs
and tibias and cultured in mouse mesenchymal stem cell basal
medium with supplements (Stemcell Technologies, Grenoble,
France, http://www.stemcell.com). The cells were filtered
through a 100-um strainer and centrifuged at 1200 rpm for 5
minutes. After the viable cells were counted, the cells were plated
in a 75-cm? tissue culture flask in mouse mesenchymal stem cell
basal media with supplements in a 5% CO, humidified atmo-
sphere at 37°C. Nonadherent cells were removed by rinsing
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and replacing the media after 48 hours, and the culture medium
was replaced twice a week. Passages 3—10 of MSCs were used and
phenotyped, and their ability to differentiate into adipocytes,
osteocytes, and chondrocytes and to inhibit T cell activation
was assessed (supplemental online Fig. 1) [20, 21].

Osteogenic and adipogenic differentiation was induced by
culturing subconfluent cells in StemMACS OsteoDiff Media
(Miltenyi Biotec GmbH, Bergisch Gladbach, Germany, http://
www.miltenyibiotec.com) and Adipogenesis Differentiation Media
(Life Technologies, Paisley, U.K., http://www.lifetechnologies.
com), respectively. The media were changed every 2—-3 days for
14 days. Subsequently, the cells were fixed in 4% formalin and
stained with alizarin red (Sigma-Aldrich, St. Louis, MO, http://
www.sigmaaldrich.com) for osteogenesis and Oil Red O (Sigma-
Aldrich) for adipogenesis according to the manufacturer’s proto-
cols (supplemental online Fig. 1).

For differentiation toward chondrocytes, the cells were cul-
tured in StemXVivo Chondrogenic Differentiation medium
(R&D Systems, Abingdon, U.K., http://www.rndsystems.com) with
StemXVivo Chondrogenic Differentiation Supplement (R&D Sys-
tems) in three-dimensional culture systems according to the manu-
facturer’s instructions. The media were changed every 3 days for
21 days; thereafter, the cell clusters were fixed in formalin and em-
bedded in paraffin. After deparaffinization, the 5-um sections were
blocked with 5% rabbit serum (Life Technologies) in phosphate-
buffered saline containing 0.2% Triton X-100. The monoclonal
anti-aggrecan antibody (clone AF-28, Merck Millipore, Darmstadt,
Germany, http://www.merckmillipore.com) was applied at 1:100 di-
lution, and the slides were incubated overnight. The secondary an-
tibody, rabbit anti-mouse IgG conjugated with Alexa Fluor 488 (Life
Technologies), was applied at 1:600 dilution, and the slides were
incubated for 2 hours followed by washing and mounting with
Vectashield (Vector Laboratories, Peterborough, U.K., http://www.
vectorlabs.com) containing 4'6-diamidino-2-phenylindole (DAPI;
Pierce, Rockford, IL, http://www.piercenet.com) (supplemental
online Fig. 1). As a negative control, a proportion of the cells were kept
in culture in mouse mesenchymal stem cell basal medium with sup-
plements as described. Then, the cells were fixed in 4% formalin and
stained with hematoxylin (supplemental online Fig. 1).

Isolation, Culture, and Phenotypic Characterization of DCs

C57BL/6 immature DCs were isolated according to methods pre-
viously described [22]. MSCs were added with 500 ng/ml
lipopolysaccharide (LPS; L2654, Escherichia coli 026:B6, Sigma-
Aldrich) to examine the inhibitory effect on DC maturation.
CD11c* DCs were separated from BM cells using CD11c
MicroBeads (Miltenyi Biotec GmbH) according to the
manufacturer’s instructions. The cell phenotype was analyzed
using a FACScan flow cytometer (Becton, Dickinson and Company,
Franklin Lakes, NJ, http://www.bd.com) using the CellQuest soft-
ware (BD Biosciences, San Jose, CA, http://www.bdbiosciences.
com). DCs were stained with monoclonal antibodies (mAbs) against
CD11c, CD80, CD86, MHC class I, and isotype-matched controls
(eBioscience, Hatfield, U.K., http://www.ebioscience.com). The data
are presented as the mean fluorescence intensity.

Islet Isolation and Transplantation

Balb/c islets were isolated by collagenase P (Roche Diagnostics
GmbH, Mannheim, Germany, http://lifescience.roche.com), as de-
scribed previously [23]. C57BL/6 recipient mice were rendered
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MSC Synergize With Costimulation Blockade

diabetic by intravenous injection of alloxan (75 mg/kg) (Sigma-
Aldrich) 3 days before transplantation and transplanted with 250
Balb/cislet equivalents, either alone or together with C57BL/6 MSCs
(2.5 X 10° cells per mouse) via the portal vein. The mice were treated
with either CTLA4Ig and anti-CD40L (clone MR1) or CTLA4Ig only ev-
ery other day until postoperative day 10 at doses of 0.5 mg on day
0and 0.25 mg on days 2, 4, 6, 8, and 10 or with isotype control anti-
bodies (human 1gG and hamster 1gG) at similar doses.

All antibodies and fusion proteins were purchased from Bio-
XCell (West Lebanon, NH, http://www.bxcell.com). Nonfasting
blood glucose levels of less than 11.1 mmol/l were considered
to indicate a reversal of diabetes, and islet rejection was defined
as >20 mmol/Il nonfasting blood glucose for 2 consecutive days.
The mice were followed up for 30 days or 100 days. Diabetic recip-
ients were observed and treated with s.c. injection of insulin
(Actrapid, Novo Nordisk, up to 2 U per day; this dose maintains
the animal’s condition but does not affect the next day’s blood
glucose level). All the mice were subjected to an intraperitoneal
glucose tolerance test (IPGTT) 1 month after transplantation, and
nontransplanted, age-matched male C57BL/6 mice served as con-
trols. During the IPGTT, care was taken to minimize the stress of
the mice, and they had free access to water.

Flow Cytometry

Donor-specific antibodies in mouse serum were detected by flow
cytometry. Mouse serum was collected from naive and trans-
planted recipients at euthanasia and kept frozen at —20°C until
use. A total of 10 wl of mouse serum and 100 wl of T cells isolated
from Balb/c splenocytes (1 X 10° cells per test) were incubated at
4°Cfor 30 minutes, labeled with fluorescein isothiocyanate (FITC)-
conjugated goat anti-mouse IgG (1:100 diluted, Sigma-Aldrich)
and analyzed by flow cytometry.

Immunohistochemistry

Livers from recipients surviving to 100 days after transplantation
were snap-frozen, cut into 5-um-thick sections, and fixed in 4%
formaldehyde. For Foxp3 staining, 10% donkey serum (Jackson
ImmunoResearch Laboratories, Inc., West Grove, PA, http://
www.jacksonimmuno.com) was used as a blocking agent; for
CD4 and CDS8 staining, 5% donkey serum and 5% mouse serum
was used (Dako, Glostrup, Denmark, http://www.dako.com).
The sections were incubated with rat anti-mouse Foxp3 (eBio-
science) or rat anti-mouse CD4 or CD8 (AbD Serotec, Oslo, Nor-
way, http://www.abdserotec.com) overnight. Donkey anti-rat
IgG (Alexa Fluor, Life Technologies) was added, and the slides
were incubated for 1 hour and mounted with the antifading
reagent containing DAPI. For insulin staining, the sections were
incubated with rhodamine-conjugated anti-insulin antibody
(Mabtech AB, Nacka, Sweden, http://www.mabtech.com) for 1
hour, followed by staining with DAPI.

Enzyme-Linked Immunospot Assay

To examine the graft-specific T cell activity, splenocytes and
intrahepatic lymphocytes (IHLs) were isolated from the recipient
livers and used as responder cells. Splenocytes (1 X 10° per well)
or IHLs (1 X 10 per well) were seeded in triplicate with irradiated
Balb/c splenocytes (4 X 10° per well) for 18 hours. Pretreated 96-
well plates and the anti-rat interferon-y (IFNy) enzyme-linked
immunospot (ELIspot) kit were gifts from Mabtech AB. The calcu-
lation of the number of spot forming units and cytokine activity
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were determined by the ELlspot counter software, version 3.5
(AID, Strasburg, Germany) and signifies a relative quantification
of cytokine levels. The cytokine activities were calculated from
spot numbers, intensities, and area size of the spots and analyzed
by the ELIspot counter software, version 3.5 (AID).

Expression of Indoleamine 2,3-Dioxygenase,
Transforming Growth Factor-£, Ins2, and
Foxp3 Transcripts

Total RNA was isolated from recipient livers, as previously de-
scribed [23]. Real-time polymerase chain reaction (PCR) was per-
formed with 2X FAST SYBR Green Master Mix (Life Technologies)
in triplicate using 7500 Fast Real-Time PCR System (Applied Bio-
systems, Foster City, CA, http://www.appliedbiosystems.com).
Primer sequences (Life Technologies) and fragment sizes of the
genes are shown in supplemental online Table 1. The level of sam-
ple mRNA was normalized by glyceraldehyde-3-phosphate dehy-
drogenase as an internal control.

Mixed Lymphocyte Reaction

Splenocytes isolated from recipients of each treatment group or
naive C57BL/6 and irradiated splenocytes prepared from naive
Balb/c mice were used as responders (2 X10° per well) and stim-
ulator cells (4 X 10° per well), respectively. After 3 days of culture
in 96-well round-bottom plates (BD Biosciences) in a total volume
of 0.2 ml Roswell Park Memorial Institute 1640 supplemented with
2 mmol/I glutamine, 100 U/ml penicillin, 100 IU/ml streptomycin,
5X10°°M B-mercaptoethanol, and 10% (vol/vol) fetal bovine se-
rum, the cells were pulsed with 1 uCi [*H] thymidine (Perkin Elmer,
Waltham MA, http://perkinelmer.com) for an additional 18 hours
and counted using a MicroBeta TriLux B-counter (Perkin Elmer).
The results are expressed as a percentage of the sample group
response minus the syngeneic response divided by the naive allo-
geneic response minus the syngeneic response.

CD4* T cells (1 X 10° per well) from naive C57BL/6 spleen and
irradiated pan-T cells (2 X 10° per well) from naive Balb/c spleens
were used as the responder and stimulator cells, respectively.
C57BL/6-derived mature DC (mDC) or MSC-cocultured DCs
(MSC-DCs) were used as antigen presenting cells (2 X 10* per
well). In some experiments, MSCs (2 X 10% per well) were seeded
onto the wells with mDC (mDC plus MSCs). After 3 days of culture,
the cells were pulsed with 1 uCi of [*H] thymidine (Perkin Elmer)
for 18 hours. The results are expressed as the mean cpm after sub-
traction of the syngeneic response. The results are also expressed
as a percentage of the sample group allogeneic response minus
the syngeneic response divided by the allogeneic response minus
the syngeneic response in the mDC group.

Analysis of Regulatory T Cells by Flow Cytometry

Splenocytes from recipients were harvested on postoperative day
100 and labeled for surface CD4-FITC and CD25-phycoerythrin
(PE), and intracellular Foxp3-PerCP (eBioscience). Naive C57BL/
6 CD4" T cells (1 X 10° per milliliter) and C57BL/6-derived
CD11c" DCs (2 X 10° per milliliter) were cocultured with Balb/c
pan-T cells (2 X 10° per milliliter) with or without MSCs (MSC-
DCs) (2 X 10° per milliliter) at a ratio of 5:1:1 (CD4* T/DC/MSC).
In some experiments, MSCs (2 X 10* per well) were added to
the wells with mDC (mDC plus MSCs). After 96 hours of incubation,
CD4" T cells were purified again and labeled for CD4, CD25, and
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Table 1. Experimental groups and islet graft survival

Group MmsC Treatment® Mice (n) Graft survival (days) MST (mean = SD)
A Negative Control 6 3,6,8,8,89 7 +£2.19
B Negative CTLA4Ig 6 8,13, 17,37, >100 X2 45.8 £ 43.1
C Negative CTLAA4Ig + anti-CD40L 9 4,7,34,48, >100 X5 65.89 * 42.5
D Positive Control 6 7,8,12,8,8,10 8.83 + 1.83

B Positive CTLA4Ig 5 12, >100 X4 82.4 =394

F Positive CTLA4Ig + anti-CD40L 6 >100 X6 >100

?CTLA4Ig + anti-CD40L: 0.5 mg per mouse i.p. (day 0); 0.25 mg per mouse i.p. (days 2, 4, 6, 8, 10).
Abbreviations: MSC, mesenchymal stromal cell; MST, mean islet graft survival time.

Foxp3. L-kynurenine concentrations from the supernatants were
determined using enzyme-linked immunosorbent assay (MyBio-
Source Inc., San Diego, CA, http://www.mybiosource.com).

Statistical Analysis

Data are reported as the mean = SD. Allograft survival data were
evaluated using the Kaplan-Meier method and compared using
the log-rank test. All other data comparisons were analyzed using
one-way analysis of variance followed by the Tukey-Kramer post
hoc test. A value of p < .05 was considered significant.

RESULTS

Islet Transplant Survival

Mice receiving islet cell transplants and treated with isotype con-
trol antibodies exhibited a mean islet graft survival time (MST) of
7 days, demonstrating the robust immune response to fully MHC-
mismatched islets after intraportal injection. Cotransplantation
with recipient-type MSCs yielded a MST of 9 days (Table 1; Fig.
1A). In the group treated with CTLA4Ig only, 2 of 6 mice were nor-
moglycemic for more than 100 days (MST 45.8 days). In the group
treated with CTLA4Ig and anti-CD40L, 5 of 9 recipients had long-
term graft survival of 100 days (MST 65.9 days). When treated
with MSCs and CTLA4Ig, the MST was 82 days, with 4 of 5 surviving
to 100 days. MSC cotransplantation prolonged islet graft survival
in all recipients when they also were treated with costimulation
blockade in the form of CTLA4Ig and anti-CD40L (MST =100 days).
This increase in graft survival was significant compared with all
other treatment groups (p < .05; Fig. 1B). In order to test graft
function, IPGTTs were performed 1 month after transplantation.
Recipients treated with MSCs, CTLA4lg, and anti-CD40L had signif-
icantly lower blood glucose levels at 90 minutes than did groups
receiving costimulation blockade only (p < .05; Fig. 1C). The blood
glucose levels in the mice treated with MSCs plus CTLA4Ig and
anti-CD40L were equivalent to the levels in nondiabetic nontrans-
planted mice at 90 minutes after glucose administration.
Insulin-producing islets could be found in all the livers of the
different recipient groups with normal glucose levels at 100 days
after transplantation (Fig. 2). Recipients treated with CTLA4lg and
anti-CD40L, having survived to 100 days after transplantation,
had infiltrating CD4" and CD8" lymphocytes in the liver, but only
a few stained positively for Foxp3 (Fig. 2A). Mice treated with
MSCs and CTLA4Ig displayed a similar infiltration of CD4"* and
CD8" T cells, with some cells staining positively for Foxp3 (Fig.
2B). In the group receiving MSCs, CTLA4Ig, and anti-CD40L treat-
ment, little or no CD8 staining could be found and the lymphocytic
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infiltrate around the islets stained mostly for CD4 and Foxp3 (Fig.
2C, 2D).

In order to study the presence of antidonor antibody
responses, Balb/c pan-T cells were incubated with recipient se-
rum and then stained with anti-mouse anti-IgG. The costimula-
tion blockade-treated recipients and recipients treated with
MSCs plus costimulation blockade had significantly lower levels
of antidonor antibodies compared with the control (Fig. 3A).
The mean channel fluorescence was equivalent to that found
in naive mice, indicating that no substantial donor antigen-
specific B cell activation had occurred in these recipients. The
recipients treated with MSCs plus CTLA4lg and anti-CD40L
showed a tendency to reduced staining of Balb/c cells compared
with the group treated with costimulation blockade alone;
however, this difference did not reach statistical significance
(Fig. 3A).

T Cell Responses and Increase in CD4"CD25 Foxp3* T Cells

In order to study T-cell reactivity in recipients, splenocytes were
isolated and exposed to donor antigen, and the proliferation was
measured. Splenocytes from mice receiving CTLA4lg and anti-
CD40L with or without MSCs (159.9% =+ 43.8% or 164.1% =+
63.2%) had significantly reduced alloreactive responses com-
pared with the control mice (513.5% * 190%) at 30 days (Fig.
3B). This effect was observed even if the recipients had been
treated with MSCs alone (240.7% =+ 105.8%, p < .05). At 100 days,
the CTLA4lg and anti-CD4O0L treated recipients induced signifi-
cantly more alloreactive responses than did the naive mice
(CTLA4Ig alone: 242.6% =+ 70.3%, CTLA4lg plus anti-CD40L
mAb: 253.3% *+ 124.5%, p < .05). Groups treated with MSCs plus
costimulation blockade showed reduced alloreactive responses
and no significant differences were found compared with naive
mice (Fig. 3C). Moreover, recipients treated with MSCs combined
with CTLA4Ig and anti-CD40L (122.3% * 22.8%) showed a signif-
icantly reduced alloreactive T cell proliferation compared with the
CTLA4Ig and anti-CD4O0L treated recipients (p < .01; Fig. 3C).

In order to further characterize the recall immune responses,
the IFNy spot number and activities were measured at donor an-
tigen exposure at 30 and 100 days after transplantation. Spleno-
cytes fromrecipients treated with CTLA4Ig and anti-CD40L with or
without MSCs (24.3 = 19.7 or 26.8 * 9.8 activities per 10° cells,
respectively) showed significantly lower production of IFNy com-
pared with isotype control-treated recipients or recipients
treated with MSCs only (257.6 * 128.2 or 180.0 = 49.7 activities
per 10° cells, respectively; p < .01 or p < .05; Fig. 4A). The activity
of IFNy-producing IHLs from the recipients treated with CTLA4Ig
and anti-CD40L with or without MSCs (1.5 = 2.6 or 0.6 * 3.1
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Figure 1. Islet allograft survival and function. (A): Eight- to 12-week-old diabetic C57BL/6 mice received 250 islets from fully major histocom-
patibility complex-mismatched Balb/c donors by portal vein injection. Recipients were randomized to cotransplantation with 2.5 X 10° MSCs
originating from recipient bone marrow and treatment with CTLA4Ig only or CTLA4Ig and anti-CD40L or isotype control antibodies. Graft survival
was followed by studying the fasting blood glucose levels. Blood glucose levels higher than 20 mM on more than 2 consecutive days was con-
sidered rejection. (B): Percentage of graft survival. Differences between groups were tested using log-rank statistics. *, p <.05: MSC + CTLA4Ig +
anti-CD40L vs. CTLA4Ig + anti-CD40L; *#*, p < .05: MSC + CTLA4Ig + anti-CD40L vs. CTLA4Ig. (C): Intraperitoneal glucose tolerance test was per-
formed 4 weeks after transplantation. Nontransplanted age-matched C57BL/6 naive mice were tested simultaneously. Data are shown as
mean = SD. *, p < .05: MSC + CTLA4Ig + anti-CD40L vs. CTLA4Ig + anti-CD40L; #, p < .05: MSC + CTLA4Ig + anti-CD40L vs. CTLA4Ig; $, p < .05:
naive vs. CTLA4Ig; +, p < .05: naive vs. CTLA4Ig + anti-CD40L. Statistical analysis was performed by analysis of variance with the Tukey-Kramer
post hoc test, n = 5-9. Abbreviations: «CD40L, anti-CD40L; MSC, mesenchymal stromal cell.

activities per 10 cells) was significantly lower than that of the
control (268.8 = 144.8 activities per 10* cells, p < .05) and
MSC treated recipients (249 * 176 activities per 10* cells; Fig.
4B). The frequency of CD4'CD25"Foxp3” T cells in the spleen

©AlphaMed Press 2014

was evaluated at 100 days after transplantation in the different
treatment groups. Recipients treated with MSCs, CTLA4Ig, and
anti-CD40L (6.0% * 2.3%) and MSCs and CTLA4Ig only (7.0% *=
1.0%) had significantly more CD4*CD25"Foxp3"* T cells than did
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MSCs plus CTLA4Ig, and (C, D): MSCs plus CTLA4Ig plus anti-CD40L. 4'6-Diamidino-2-phenylindole (blue) was used for nuclear staining. Foxp3
stained cells are indicated by arrows. Original magnification, X 20 (A—C), X40 (D). Abbreviations: «CD40L, anti-CD40L; MSC, mesenchymal stro-

mal cell.

mice that had received only CTLA4lg and anti-CD40L (3.3% =
0.9%, p < .05 or p < .01; Fig. 4C).

Intrahepatic Expression of Indoleamine
2,3-Dioxygenase, Transforming Growth Factor-£3,
Insulin, and Foxp3

MSCs and tolerogenic DCs both use indoleamine 2,3-dioxygenase
(IDO) to degrade tryptophan as an immune modulating pathway
in the prevention of T cell activation. In order to study whether
this pathway was activated in the transplanted recipients, the
mRNA levels of IDO in the livers were quantified. The IDO mRNA
levels in the islet grafted livers of mice treated with MSCs,
CTLA4Ig, and anti-CD40L (1.25 = 1.43) appeared to be higherthan
that of mice receiving CTLA4lg and anti-CD40L without MSCs
(0.48 = 0.72) at 100 days after transplantation, but the difference
was not statistically significant (Fig. 5A). IDO mRNA expression in
the other groups was negligible. Transforming growth factor-f3
(TGFB) mRNA expression levels were significantly upregulated
in all long-term functioning graft recipients compared with the
levels at 30 days after transplantation in all groups (Fig. 5B).

In order to estimate the functional islet-graft mass, the Ins2
mRNA levels in the livers were measured. Only when CTLA4Ig
and anti-CD40L were combined with MSCs (1.0 = 0.85 X 10 3)
did recipients maintain significantly higher Ins2 levels than those
receiving control antibodies (0.0002 + 3.79E > X 10~ 3) or MSCs
alone (0.0002 =+ 0.0002 X 10 3, p < .05). In the group treated
with MSCs plus CTLA4Ig and anti-CD40L, Ins2 mRNA expression
decreased gradually but was, at 100 days, significantly higher than
in the group treated with CTLA4lg and anti-CD40L (0.33 = 0.11 X
10 3vs.0.16 £ 0.17 X 10~ 3, p < .05; Fig. 5C). The combination of
MSCs, CTLA4Ig, and anti-CD40L (0.3 £ 0.26) seemed to upregu-
late Foxp3 transcription levels more than did CTLA4Ig and anti-
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CD40L (0.09 £ 0.12); however, statistical significance was not
reached (Fig. 5D).

MSCs Attenuate DC Maturation

To determine the potential mechanisms underlying the immune
modulating function of MSCs on DCs, the direct effect of MSCs on
DC maturation was examined. Flow cytometric analysis revealed
that CD86 and MHC class Il high expression were significantly (p <
.05) downregulated in a dose-dependent fashion on DCs cocul-
tured with MSCs (MSC-DCs) compared with mature DCs (mDCs)
(Fig. 6A). In contrast, CD80 expression by MSC-DCs was signifi-
cantly upregulated compared with mDCs, suggesting that DC mat-
uration was altered by MSCs.

To assess DC function, mixed lymphocyte reactions (MLRs)
were performed with naive C57BL/6 CD4" T cells and naive
Balb/c pan T cells in the presence of mature dendritic cells (mDCs)
or MSC-DCs. T cell proliferation was significantly suppressed
when mDCs were cocultured with MSCs (142.6 = 176.1 cpm,
2.26% * 2.87%) compared with mDCs (6960.7 = 2276.9 cpm,
100%) or MSC-DCs (4613.1 = 1268.1 cpm, 80.0% = 9.9%; p < .01;
Fig. 6B). The addition of CTLA4Ig and anti-CD40L significantly reduced
the proliferation of T cells when added to mDCs (3236.2 * 1545.7
cpm, 47.17% *+ 19.18%) or MSC-DCs (2355.5 =+ 683.2 cpm,
40.24% * 11.37%). When mDCs were cultured with MSCs,
T cell proliferation was completely abrogated, independently of
the presence of costimulation blockade (269.8 = 193.1 cpm,
4.45% *+ 3.28%).

In addition, increased numbers of CD4"CD25"Foxp3™ T cells
were observed in MLRs with CD4" T cells cocultured with mDC
and MSCs than in MLRs cocultured with mDCs or MSC-DCs, but
the difference was not statistically significant (Fig. 6C). IDO activ-
ity in MLRs was also examined by quantifying the kynurenine
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Figure 3. Presence of donor specific antibodies (DSAs) and suppression of T-cell alloreactive response. (A): DSAs in mouse serum were exam-
ined against Balb/c T cells by flow cytometry. The mean channel fluorescence (MCF) of each group was compared. The control group showed
significantly higher MCF compared with the costimulation treated group with and without MSC coinjection. Coinjection of recipient MSCs did
not significantly reduce MCF. *, p < .05; **, p < .01. (B, C): Suppression of T-cell proliferative response in recipients treated with MSC and
costimulation blockade. Splenocytes (2 X 10°) from C57BL/6 recipients were harvested and cocultured with Balb/c splenocytes (4 X 10°)
in 96-well round-bottom plates for 4 days and the proliferation was measured by [*H] thymidine incorporation. Results are shown as a percent-
age of the response calculated from the mean cpm of the allogeneic reaction after subtraction of the mean syngeneic response in each group
divided by that of naive mice in each experiment at postoperative (B): 30 days or (C): 100 days. *, p < .05; **, p < .01. Splenocyte proliferation in
the group treated with MSCs, CTLA4lg, and anti-CD40L was significantly reduced compared with the group treated with CTLA4lg and anti-CD40L
only, indicating complementary immune inhibition when combining MSCs with CTLA4Ig and anti-CD40L. Abbreviations: «CD40L, anti-CD40L;

MSC, mesenchymal stromal cell; POD, postoperative day.

levels in culture supernatant. The kynurenine levels were signif-
icantly higher in mDCs cultured with MSCs (6580 * 4234 pg/ml)
than in mDCs (17.3 = 30.0 pg/ml) or MSC-DCs alone (19.9 * 27.9
pg/ml) in the presence of CTLA4lg and anti-CD40L (p < .05), sug-
gesting a synergistic effect of combining costimulation blockade
with MSC coculture at the level of IDO activity (Fig. 6D).

DiscussION

This study demonstrates that by combining recipient-type MSC
infusion with CTLA4Ig and anti-CD40L, a complementary and po-
tentiated immunomodulatory effect can be obtained in a strin-
gent model of immune reactivity. The addition of MSCs to
conventional costimulation blockade led to normoglycemia and
indefinite graft survival in all recipients. When graft function
was tested with IPGTT, these recipients demonstrated better
glucose control and had blood glucose levels similar to those
of nondiabetic, nontransplanted mice at 90 minutes. Histo-
logical analysis of these recipients showed low numbers of
infiltrating lymphocytes. The cells that were present were CD4"*
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and expressed Foxp3. No CD8" infiltrates were found in the livers
of these recipients. The antidonor IgG levels were lower in these
mice than in the recipients receiving only costimulation blockade,
indicating an increased inhibition of B cell responses. When cocul-
tured with donor antigen, splenocytes from these recipients dem-
onstrated reduced proliferation at both 30 and 100 days, implying
thattheinhibited T cell response was maintained in the long term.
When MSCs were combined with CTLA4lg and anti-CD40L, the
proliferation was equivalent to that seen in naive T cell responses
and significantly reduced compared with CTLA4Ig and anti-CD40L
treatment only, indicating an additive or synergistic effect of com-
bining MSCs with CTLA4Ig and anti-CD40L. Splenocytes and IHLs
from these donors expressed low levels of IFNy when exposed
to donor antigen, indicating an attenuated response by
the lymphocytes. Flow cytometry of the splenocytes demon-
strated a significant increase in the number of CD4"Foxp3* and
CD25*Foxp3* lymphocytes, indicating that the number of regula-
tory T cells was increased in the recipients that received costimu-
lation blockade and MSCs. MSCs as monotherapy had a negligible
effect on graft survival. CTLA4lg combined with anti-CD40L
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induced long-term normoglycemia in 5 of 9 recipients, but many
had unstable glucose control. The combination of CTLA4Ilg with
MSCs yielded long-term graft survival in most recipients, along
with the presence of Foxp3* T cells around the islet grafts, de-
creased IFNy on re-exposure to donor antigen, and elevated num-
bers of regulatory T cells in the spleen. Expression of TGFS and
insulin was significantly upregulated in the recipient liver.

In order to study the effect of our recipient-type MSCs on DCs,
the cells were cocultured, and the expression of costimulatory mol-
ecules and MHC class Il was studied. Exposure to high numbers of
MSCs reduced the expression of CD86 and increased the levels of
CD80, indicating that the DCs can be induced to differentiate to-
ward a more immature or tolerogenic phenotype [22]. When MSCs
were cultured with mature DCs, T cell proliferation was almost
completely abrogated. The addition of costimulation blockade re-
duced T cell proliferation when exposed to DCs cocultured with
MSCs, indicating an additional effect with this combination. When
examining the supernatants of these MLRs, an increased level of
kynurenine was found, implying substantial IDO activity and poten-
tial immune modulation by the MSCs and DCs.

Earlier studies have shown that MSCs transfected with vec-
tors expressing CTLA4lg could reduce immune responses in
a model of autoimmune thyroiditis, with reduced lymphocytic
infiltrates and decreased antibody responses toward thyroid an-
tigen [24]. However, the presence of Foxp3® T cells was not inves-
tigated. More recently, a similar study using allogeneic MSCs
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transduced with an adenoviral vector carrying the CTLA4lg con-
struct was shown to ameliorate collagen induced arthritis in mice
[25]. However, studies to explore the effect on regulatory T cells
were not performed and only cytokine profiles were investigated.
MSCs have been shown to improve the outcomes in syngeneic is-
let transplantsin rats by reducing inflammation and improving an-
giogenesis [26]. These processes are most likely at work in the
experiments we have demonstrated, because inflammation and
immunity are not two separate phenomena but are integrally
linked. By exerting anti-inflammatory effects at transplantation,
MSCs can reduce damage to the transplants. In the previous study
with allogeneic mouse islet transplantation under kidney capsule,
it was also shown that MSC coinjection could slow down allograft
rejection [26]. A reduction of inflammation will subsequently lead
to a reduction in DC activation and immune activation. The find-
ings of the present study suggest that MSCs are also affecting DC
maturation directly, which can complement the immune inhibi-
tion mediated by costimulation blockade. Costimulation block-
ade, by limiting the availability of costimulatory molecules,
leads the reactive T cell population to interpret interactions with
DCs as if it was in contact with tolerogenic or immature DCs [27].
This interaction leads to an anergic response and the peripheral
conversion of T cells to regulatory T cells. MSCs have the ability to
modulate DC differentiation into tolerogenic or immature DCs,
with the subsequent effect that the DCs then induce regulatory
T cells [28]. Thus, both costimulation blockade and MSCs are
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converging on the maturation of DCs and how they are perceived
by T cells. MSCs are also capable of directly inducing regulatory
T cells by tryptophan degradation and the production of kynure-
nine metabolites [29]. Tryptophan catabolism is an immune regu-
latory pathway that costimulation blockade and MSCs also have in
common. One of the major pathways by which CTLA4Ig induces the
generation of regulatory T cells is through the expression of IDO by
DCs after binding to B7 on the DC surface [30]. In the present study,
the synergy seen between MSC infusion and costimulation block-
ade could be partially due to the increased IDO activity by the MSCs
and costimulation blockade-manipulated DCs working in concert.

The present study does not differentiate where in the chain of
events the synergy of MSC infusion and costimulation blockade is
occurring but does show that in this highly immunogenic model
these two strategies, when combined, yield a superior outcome.
CTLAA4Ig recently received Food and Drug Administration approval
as maintenance therapy for renal transplantation [31]. MSCs have
been shown to decrease acute rejection rates and improve graft
functionin renal transplantation [32]. Agonistic anti-CD40 antibod-
ies are effective in preventing rejection in islet, kidney, and liver
transplants [33] and are currently in early clinical phase trials
[34]. Antagonistic anti-CD40 is also an attractive reagent for treat-
ing autoimmune disease because of CD40s’ central role in dispers-
ing “help” from T helper cells to the cellular components of the
adaptive immune system [35]. These findings, together with the
findings of the present study, imply that combining costimulation
blockade with MSC infusion could improve outcomes even further
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in solid organ transplantation. However, the implications of the
presented findings are not limited to transplantation. MSC infu-
sion and costimulation blockade could potentiate each other’s
immune-modulating effects in a number of autoimmune diseases
for which these therapies are already being studied individually. In
summary, the combination of costimulation blockade and MSC in-
fusion is a potent strategy to inhibitimmune responses and induce
regulatory T cells. It could potentially treat many differentimmune-
mediated diseases and, subsequently, have pivotal implications for
the field of regenerative medicine.
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