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Abstract

Anti-CD 154 blockade-based regimens remain unequaled in prolonging graft survival in various organ transplantation models.
Several studies have focused on transplantation tolerance with the anti-CD 154 blockade, but none of these studies has
investigated the mechanisms associated with its use as the sole treatment in animal models, delaying our understanding of anti-
CD 154 blockade-mediated immune tolerance. The purpose of this study was to investigate the mechanism underlying the anti-
CD154 monoclonal antibody (mAb) blockade in inducing immune tolerance using an intrahepatic murine allogeneic islet
transplantation model. Allogeneic BALB/c AnHsd (BALB/c) islets were infused into the liver of diabetic C57BL/6 (B6) mice via
the cecal vein. Anti-CD 154 mAb (MR1) was administered on —1, 0, I, 3, 5, and 7 d posttransplantation at 0.5 mg per mouse.
We showed that short-term MRI| monotherapy could prolong the allogeneic islet grafts to more than 250 d in the murine
intrahepatic islet transplantation model. The second islet grafts transplanted under the kidney capsule of the recipients were
protected from rejection. We also found that rejection of same-donor skin grafts transplanted to the tolerant mice was
modestly delayed. Using a DEREG mouse model, FoxP3+ regulatory T (Treg) cells were shown to play important roles in
transplantation tolerance. In mixed lymphocyte reactions, Treg cells from the tolerant mice showed more potency in sup-
pressing BALB/c splenocyte-stimulated Teff cell proliferation than those from naive mice. In this study, we demonstrated for
the first time that a short-term anti-CD | 54 mAb single treatment could induce FoxP3+ Treg cell-mediated immune tolerance
in the intrahepatic murine allogeneic islet transplantation model.
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Introduction

Allogeneic islet transplantation is a promising therapy for
patients with type I diabetes' . To date, more than 1,500
patients have undergone B-cell replacement therapy at 40
different international centers, and 50% to 70% of them have
shown insulin independence at 5 yr*. However, patients
receiving life-long immunosuppressive (IS) drugs to mini-
mize donor-specific immune responses are susceptible to sev-
eral adverse effects, such as infections, malignancies, and
organ toxicities™. Immune tolerance induction is therefore
attractive as a major strategy to enable acceptance of histo-
compatibility complex (MHC)-mismatched allografts without
compromising the host’s resistance to infections or risking
other complications. Several strategies have been established
to induce immune tolerance in various rodent models of trans-
plantation using costimulatory signal blockades, induction
and expansion of regulatory T (Treg) cells, peripheral T cell
deletion, and mixed hematopoietic chimerism”*%. Also, the
role of novel immunomodulatory cell groups, such as
mesenchymal stromal cells and regulatory macrophages, in
response to tolerogenic therapies is currently under investiga-
tion”!°. However, five decades of preclinical and clinical
research outcomes in solid organ transplantation have demon-
strated that, unlike the studies conducted using rodent models,
immune tolerance induction in nonhuman primates (NHPs)
and humans is extremely difficult to achieve'''?> and may
only be applicable in a limited subset of patients'*™'>. This
concern is in line with our previous work, in which we
found that porcine xeno-islets transplanted into the liver
of NHPs survived only when the recipients were under
regular administration of IS therapies, implying a failure
of immune tolerance induction in our preclinical studies'®.
Although there are several possible explanations for these
inconsistent outcomes between rodents and NHPs, a lack of
definite therapies demonstrating the clear success of
immune tolerance in the rodent model has delayed our
understanding of in vivo tolerance, hampering the progress
of research to the next level.

CD154 (CD40 L) is a type II transmembrane protein
belonging to the tumor necrosis factor subfamily'’. CD154
is a costimulatory molecule mainly expressed on the surface
of activated T cells; its expression is tightly regulated to
maintain the activation of T cells'”. Regarding islet trans-
plantation, most studies have demonstrated the superiority of
adopting the anti-CD154 blockade in combination therapy
regimens since the long-term survival of allo- and xenografts
has been achieved in various rodent models'® 2. Among
several studies showing the potency of anti-CD154 mono-
clonal antibody (mAb), one study has shown that the admin-
istration of anti-CD154 mAb with anti-ICOS mAb achieved
transplantation tolerance in a murine islet allo-
transplantation model where retransplantation of donor islets
was accepted by the same recipients, without the need to
administer IS drugs®. Mice treated with anti-CD154 mAb
and anti-LFA-1 mAD have also been shown to achieve long-

term survival of xeno-islets with selective immunomodula-
tory activities over donor islets, but not over third-party
antigens®*. These studies have emphasized the role of
FoxP3+ Treg cells in achieving transplantation tolerance,
but the combined regimens used make it difficult to establish
whether the anti-CD154 blockade truly induces immune tol-
erance. There have been reports on the effect of anti-CD154
monotherapy in islet transplantation in rodent and NHP
modelszs*”; however, none of these studies investigated the
mechanisms associated with Treg cells, which are known to
play a critical role in tolerance induction. This omission
makes it difficult to determine the efficacy of anti-CD154
mADb therapy for tolerance induction.

The kidney subcapsule has been adopted as a site for islet
transplantation in an experimental rodent model due to the
advantage of graft retrieval for histological and functional
analysis of the islet grafts*®. However, since the success of
the Edmonton protocol”, hepatic infusion via the portal vein
is currently accepted as a clinical site for islet transplanta-
tion* despite the potential risks, including thrombosis, hepa-
tic ischemia, and an instant blood-mediated inflammatory
reaction®’>'. Although bone marrow cavities and brachior-
adialis muscles have been suggested as alternative sites for
clinical islet transplantation®**?, recent improvements in
islet purification and IS therapies with their minimal inva-
sive approach in surgery make intrahepatic islet transplanta-
tion a feasible option for most patients™*. The liver also
offers anatomical advantages as a result of its first-pass
exposure to both nutrients and insulin, sensing the blood
glucose level to regulate it immediately without the delay
of insulin secretion®*. Hence, in order to minimize the inter-
species variation, a rodent model of intrahepatic islet trans-
plantation, which mimics the clinical islet transplantation,
seemed more appropriate to expand current understanding
of immune tolerance across species. In addition, we previ-
ously established a novel technique of transplanting islets via
the cecal vein, which can lead to more effective control of
bleeding-related death, compared to portal vein infusion®.
Using newly developed techniques, we chose to transplant
MHC-mismatched islet allografts into the liver of rodents,
aiming to investigate the mechanism behind anti-CD154
mADb on its own in inducing immune tolerance.

In this study, we demonstrated that, following CD154
blockade, augmented graft-protective FoxP3+ Treg cells
play a critical role in the induction of transplantation toler-
ance, preventing allograft rejection in the intrahepatic mur-
ine islet transplantation model.

Materials and Methods
Animals

All experimental procedures were approved by the Seoul
National University Institutional Animal Care and Use Com-
mittee and were conducted according to the animal experi-
ment ethical guidelines and regulations. All animals were
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aged 8 wk. Female C57BL/6 (B6, H-2"), BALB/c AnHsd
(BALB/c, H-2%), and C3H/HeJ (C3H, H-2 ¥) inbred mice
were purchased from the Jackson Laboratory (Bar Harbor,
ME, USA). Female knock-in B6 (DEREQG) mice expressing
Forkhead box P3 (FoxP3) together with diphtheria receptor
and enhanced green fluorescent protein (eGFP) were also
purchased from the Jackson Laboratory. FoxP3 tagged with
eGFP reporter mice were kindly provided by Alexander Y.
Rudensky (Memorial Sloan Kettering Cancer Center, New
York, NY, USA).

Monoclonal Antibodies and Diphtheria Toxin
Treatment Protocols

Anti-CD154 mAbs (MR1; Bio X Cell, West Lebanon, NH,
USA) were administered at 0.5 mg per mouse on days —1, 0,
1, 3, 5, and 7 posttransplantation. Diphtheria toxin (DT was
injected on days 28, 29, 31, and 32 posttransplantation at 1.5
pg per mouse. The concentration of DT was titrated for
every experiment, as described elsewhere’®.

Diabetic Induction

One hundred twenty milligrams per kilogram of streptozo-
tocin (STZ; Sigma-Aldrich, St. Louis, MO, USA) was intra-
peritoneally injected twice (one time a day) and only the
mice with more than 16.8 mmol/l (=302.67 mg/dl) for three
consecutive days were considered to have diabetic sta-
tus®’>%. After diabetic induction, mice were caged for the
next 5 to 6 d prior to islet transplantation to excrete the
remaining STZ from the body. The mouse tail was snipped
to obtain blood, and the blood glucose level was measured
with an OneTouch Ultra device kit (Lifescan, Inc., Chester-
brook, PA, USA).

Isolation and Transplantation of Pancreatic Islets

For intrahepatic islet transplantation, 700 IEQ of BALB/c
islets were infused. For renal subcapsular islet transplanta-
tion, 400 IEQ or 500 IEQ of BALBY/c islets with or without
corresponding amounts of C3H/HelJ (C3H) islets were
implanted. The technical details of the surgery have previ-
ously been described®>=°. Once allogeneic islets were trans-
planted, all mice remained euglycemic without exogenous
insulin for 34 to 250 d until they were euthanized for histo-
logical examination.

Skin Transplantation

Syngeneic B6 and allogeneic BALB/c skin grafts were trans-
planted onto the left flanks of B6 mice. The technical details
of the surgery have previously been described*’.

Immunohistochemistry

Immunohistochemical staining was carried out as described
previously'®. Paraffin-embedded liver, kidney, and

pancreatic tissue sections were triple stained. For primary
antibody staining, anti-insulin guinea pig immunoglobulin
G (IgG; Genetex, Irvine, CA, USA), anti-CD3 rabbit IgG
(Dako Laboratories, Santa Clara, CA, USA), and anti-
FoxP3 rat IgG (eBioscience, San Diego, CA, USA) antibo-
dies were used. For secondary antibody staining, goat
anti-guinea pig IgG-AP (Abcam, Cambridge, UK), goat
anti-rabbit IgG-HRP (Abcam), and goat anti-rat IgG-AP
(Abcam) were used. The precipitates, Fast Red (Zytomed
System GmbH, Berlin, Germany), DAB (GBI Labs, Bothell,
WA, USA), and LV Blue (Vector Laboratories, Burlingame,
CA, USA) were applied for color development. The sections
were visualized with imaging microscopy (Axio Imager Al;
Carl Zeiss, Heidenheim, Germany).

Mixed Lymphocyte Reaction

For stimulators, a BALB/c mouse was killed to obtain the
spleen, and isolated splenocytes were irradiated with 25 Gy
of y-ray. For responders, a naive FoxP3-eGFP transgenic B6
mouse was sacrificed to obtain the splenocytes, which were
further purified into Thyl.2+ T cells using a Thyl.2 mag-
netic bead separation (Magnetic-Activated Cell Sorting;
Miltenyi, Bergisch Gladbach, Germany). Using a
fluorescence-activated cell sorting (FACS) Aria sorter III
(BD Biosciences, Franklin Lakes, NJ, USA), Thyl.24+ T
cells were divided into the GFP+ Treg cells and GFP— Teff
cells. With 1 pM of CFSE (Thermo Fisher Scientific, Wal-
tham, MA, USA) 5 x 10° GFP— Teff cells were labeled, and
cocultured with irradiated 5 x 10° BALB/c splenocytes in
96-well round-bottom plate for 5 d. In this coculture, GFP+
Treg cells isolated from tolerant and naive FoxP3-eGFP
transgenic mice were added at a ratio of 2:1 (2.5 x 10°),
8:1(6.25 x 10%), and 32:1 (1.56 x 10%), respectively. GFP—
Teff cells stimulated with anti-CD3 (eBioscience) and CD28
Abs (eBioscience) were used as a positive control. After 5 d
of incubation, the cells were harvested and stained with
PerCP-Cy5.5-anti-mouse H2-K® Ab (Biolegend, San Diego,
CA, USA), fixable viability dye eFluor660 (Invitrogen,
Carlsbad, CA, USA), and PE-anti-mouse FoxP3
(eBioscience) to analyze only the proliferation of viable
B6 Teff cells. The analysis was conducted using a FACS
Canto II flow cytometer (BD Biosciences).

Interferon gamma (IFN-y) ELISpot Assay

Splenocytes of tolerant recipients were stained with APC-
Cy7-anti-mouse CD8 Ab (eBioscience), and CD8+ T cells
were subsequently isolated using a FACS Aria sorter [11 (BD
Biosciences). Microtitre plates (EMD Millipore Corpora-
tion, Billerica, MA, USA) were coated overnight at 4 °C
with anti-mouse IFN-y mAb (15 pg/ml; eBioscience) and
then blocked for 2 h with 10% fetal bovine serum (FBS)-
supplemented RPMI1640 media (Hyclone Laboratories,
Inc., Logan, UT, USA) at 37 °C in a 5% CO, incubator.
After removing the media, 7 x 10* CD8+ T cells were
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seeded with 5 x 10° of 20 Gy irradiated BALB/c splenocytes
in 10% FBS-supplemented RPMI1640 media for 24 h at 37
°C in a 5% CO, incubator. After incubation, cells were
washed off, and the plates were then washed three times with
PBST (0.1% TWEEN20). After washing the plates a further
three times with sterile PBS, biotinylated anti-mouse IFN-y
detection antibodies diluted (3 pg/ml, eBioscience) in PBS
(1% bovine serum albumin [BSA]) were added and incu-
bated overnight at 4 °C. After washing, 1 pg of
streptavidin-alkaline phosphatase (eBioscience) diluted at a
ratio of 1:100 in ELISA diluent buffer (eBioscience) was
added in 100 pl for 2 h at room temperature. Then, color
was developed by adding 100 pl of AEC substrates (BD
Biosciences) and stopped by washing off using tap water.
The spots were analyzed using an ELISpot reader system
(AID, Strassberg, Germany).

Statistical Analysis

All statistical analyses were performed using GraphPad
Prism 5 (GraphPad Software, La Jolla, CA, USA). Statistical
significance was determined by paired or unpaired two-
tailed Student’s ¢ test. All P values were defined as * level
of significance, P < 0.05.

Results

Short-Term Anti-CD | 54 mAb Treatment Alone
Significantly Prolonged the Survival of BALB/c Islets
Transplanted into the Liver of Diabetic B6 Mice

To determine the effect of the CD154 blockade alone, we
administered MR1 for a short time to diabetic B6 mice trans-
planted with BALB/c islets (Fig. 1A). It was of note that all
mice injected with MR1 maintained normoglycemia for
more than 100 d, whereas the untreated mice rejected the
islet allografts within 20 d (Fig. 1B, C). All mice treated with
MR1 were normoglycemic until they were euthanized. The
immunostaining of the liver showed that islets located near
the liver sinusoids were positive for insulin and remained
intact for more than 250 d in MR 1-treated mice only and not
in untreated mice (Fig. 1D). Also, the MR 1-treated mice still
showed a complete lack of B-cells in the pancreas, whereas
these cells were present in wild-type mice (Fig. 1D). These
findings proved that the recovered normoglycemia was
solely controlled by the engrafted allo-islets in the liver, and
not by pancreatic regeneration. Altogether, these results
indicate that MR1 treatment alone results in indefinite islet
allograft survival in the liver.

Secondly Transplanted BALB/c Islets Under the Kidney
Capsule of the Bé6 Mice Engrafted Formerly with BALB/
c Islet in the Liver Were Permanently Accepted

We investigated whether MR1 alone could induce
immune tolerance in our model. Thus, without

administering additional IS therapy, we transplanted sec-
ond allo-islets under the kidney capsule of B6 recipients
that had formerly been transplanted with BALB/c islets
into the liver. Among those mice that were maintaining
normoglycemia for more than 100 d, one group was trans-
planted with second-party (donor-specific) BALB/c islets,
and the other group was transplanted with both BALB/c
and C3H islets (third-party) beneath the left kidney
capsule (Fig. 2A). On day 14 or 34 posttransplantation,
islet-bearing kidneys were removed by nephrectomy. Sur-
prisingly, we found that second-party BALB/c islets sur-
vived for periods up to kidney removal in all mice,
whereas third-party C3H islets were completely rejected
at 14 days posttransplantation (DPT) (S1). Immunostain-
ing analysis of the surviving graft-bearing kidneys
revealed that donor islets transplanted under the kidney
capsule remained almost intact in all mice, while heavy
infiltration of CD3+FoxP3+ Treg cells was mostly
observed in the perigraft sites (Fig. 2B). Considering the
fact that CD3+FoxP3+ Treg cells were consistently
found around the surviving allo-islets, these immune-
regulatory cells might contribute to immune tolerance in
our model. Overall, these results may indicate that long-
term graft survival is due to the immune tolerance
induced by MRI1 in the intrahepatic islet allo-
transplantation model.

Modest Delay in BALB/c Skin Graft Rejection in
Tolerant B6 Mice

Next, in order to investigate whether transplantation toler-
ance to islet allografts could be extended to allogeneic skin
grafts in our model, we prepared three groups: tolerant B6
mice with engrafted intrahepatic BALB/c islets by MR1
monotherapy, naive B6 mice, and presensitized B6 mice
previously injected intraperitoneally with irradiated
BALB/c splenocytes (Fig. 3A). All groups were then trans-
planted with syngeneic (B6) and allogeneic (BALB/c) skin
grafts on the left flank of the body, and the skin grafts were
inspected daily until they were fully engrafted (S2). We
found that both tolerant and naive B6 mice accepted syn-
geneic skin grafts at 10 DPT. It is of note that, unlike naive
B6 mice, which rejected BALB/c skin allografts at 14 DPT,
tolerant B6 mice showed a modest prolongation of skin
allograft survival for up to 16 to 17 DPT (Fig. 3B, S2).
Meanwhile, presensitized B6 mice rejected the BALB/c
skin graft at 9 to 10 DPT (Fig. 3B, S2). Interestingly, tol-
erant B6 mice still maintained normoglycemia (Fig. 3C)
throughout the observation period even after the rejection
of BALB/c skin, implicating that the immune response of
skin allograft rejection does not induce the rejection of
engrafted intrahepatic allo-islets. Subsequent immunos-
taining of the liver showed undamaged allo-islets, with
infiltration of CD3+4-FoxP3+ T cells in the perigraft sites
(Fig. 3D).
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Fig. |. Effect of short-term MR single treatment on intrahepatic islet survival in vivo. (A) Schematic illustration of the experimental setup.
Diabetic C57BL/6 mice were transplanted with BALB/c allogenic islets (700 IEQ) through the cecal vein route. Anti-CD154 mAbs (MRI)
were intraperitoneally administered on days —1, 0, 1, 3, 5, and 7 (n = 8). Nontreated mice were used as controls (n = 4). (B) blood glucose
level (BGL) was measured with a OneTouch Ultra device from day 0. The blood was obtained from snipped tail. (C) The survival graph was
plotted from B. Statistical significance was determined by the Mantel-Cox (log-rank) test. Asterisk (*) indicates statistical significance (P <
0.05). All normoglycemic mice were sacrificed at 257 DPT (I to 4) or 105 DPT (#5 to 8) for histologic analysis. (D) Immunohistochemical
stain of paraffin-embedded islet-transplanted liver and pancreatic tissues. Section slides were triple-stained with anti-CD3 (brown), anti-
insulin (red), and anti-FoxP3 (blue) or mono-stained with anti-insulin (red). | to Il (105 DPT), Ill to VI (257 DPT): liver section of islet-
transplanted mouse. VIl to VIII: liver section of graft-rejected mouse. IX: pancreatic section of islet-transplanted mouse. X: pancreatic
section of non-STZ-treated mouse. Original magnification 200, 100, and 50 um.

DPT: days posttransplantation; mAb: monoclonal antibody; STZ: streptozotocin.

CD4+-FoxP3-+ Treg Cells in Tolerant B6 Mice Play a
Key Role in Protecting Islet Allografts from Rejection

To examine the underlying mechanisms of immune toler-
ance exerted by MR1, we first performed an IFN-y ELISpot
assay using CD8+ T cells isolated from tolerant B6 mice.
CDS8+ T cells stimulated with irradiated BALB/c spleno-
cytes secreted comparable amounts of IFN-y compared to
the control, indicating that alloantigen recognizing CD8+ T
cells were neither anergized nor deleted (Fig. 4A). To eval-
uate the role of Treg cells, we exploited B6 DEREG mice in

which FoxP3+ Treg cells can be selectively depleted in vivo
upon administration of DT. Diabetic B6 DEREG mice were
transplanted with BALB/c islets via the cecal vein under
short-term MR1 monotherapy. When normoglycemia was
achieved, DT was intraperitoneally injected at 28, 29, 31,
and 32 DPT (Fig. 4B). The complete ablation of
CD4+CD25+FoxP3+ Treg cells was confirmed in periph-
eral blood by FACS analysis (Fig. 4C). Within 2 wk of DT
administration, hyperglycemia (>600 mg/dl) recurred, indi-
cating that the islet allograft was being rejected in the liver
(Fig. 4D). Immunostaining analysis of the whole liver of
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Fig. 2. Second transplantation of BALB/c and C3H islets to confirm tolerance. (A) Schematic illustration of the experimental setup. After
recovery to normoglycemia, second allo-islets were transplanted under the left kidney capsule of the recipients without administration of
immunosuppressive drugs. #| and 2 mice were transplanted with single BALB/c islets (blue line circle), and #3 and 4 mice were transplanted
with BALB/c islets (blue line circle) and C3H islets (red dot circle) at different sites of the same kidney. After 34 or 14 d, the islet-bearing
kidneys were removed (nephrectomy) and fixed with 4% paraformaldehyde (PFA) for subsequent immunostaining. (B) Immunohistochem-
ical stain of the surviving islets under the kidney capsule. Section slides were triple-stained with anti-CD3 (brown), anti-insulin (red), and

anti-FoxP3 (blue). Original magnification 200, 100, and 50 um.

mAb: monoclonal antibody; STZ: streptozotocin, TPX: transplantation

these mice showed the total absence of islets, with heavy
infiltration of CD3+ T cells near the sinusoids, confirming
the complete rejection of engrafted intrahepatic allo-islets
(Fig. 4E). Collectively, these data suggest that FoxP3+ Treg
cells play a critical role in protecting the allo-islets from
rejection. We then assessed the ratio of FoxP3+ Treg cells
from the tissues to those from the recipients that rejected the
allo-islets. We could not observe any significant difference

between those two groups (Fig. 4F, S3). Thus, by conducting
mixed lymphocyte reaction analysis, we investigated
whether Treg cells in tolerant mice would be qualitatively
different compared with those from the naive mice, with
stronger suppressive capacity against alloantigens. The dia-
betic FoxP3-eGFP mice were infused with BALB/c islets via
the cecal vein with short-term MR1 monotherapy. When
normoglycemia was achieved, FoxP3+ Treg cells and
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Fig. 3. Second transplantation of skin grafts to confirm tolerance. (A) Schematic illustration of the experimental setup. Tail skin grafts were
obtained from naive B6 and BALB/c mice and transplanted into the left flank of (I) tolerant, (ll) naive, and (lll) presensitized B6é mice.
Presensitized B6 mice were prepared by intraperitoneally injecting irradiated BALB/c splenocytes (7 x 10° cells/mouse). (B) Survival graph of
BALB/c skin grafts was plotted. (C) BGL was measured with a OneTouch Ultra device from day 0. The blood was obtained from snipped tail.
(D) Immunohistochemical stain of liver tissues of tolerant B6 mice. Section slides were triple-stained with anti-CD3 (brown), anti-insulin
(red), and anti-FoxP3 (blue). Original magnification 100 and 50 um.

STZ: streptozotocin.

FoxP3— Teff cells were separately obtained from the sple-
nocytes of tolerant and naive B6 mice (Fig. 4G). CFSE-
labeled FoxP3— Teff cells from a naive B6 mouse were
adopted as a universal responder, and irradiated BALB/c
or C3H APCs were cocultured to stimulate the proliferation
of responder cells (Fig. 4G-H). FoxP3+ Treg cells isolated
from tolerant and naive B6 mice were added at ratios of 2:1,
8:1, and 32:1, respectively, to the coculture of stimulator and
responder cells (Fig. 4H). After 5 d of incubation, cells were

harvested and analyzed to examine the proliferation of viable
B6 Teff cells. We found that almost one-half of the naive
Teff cells proliferated when cocultured with irradiated
BALB/c or C3H splenocytes (Fig. 41-L). Surprisingly, in
the coculture of Teff cells with BALB/c splenocytes, Treg
cells from tolerant mice exhibited better suppressive capac-
ity over Teff cell proliferation compared to the Treg cells
obtained from the naive mice (Fig. 41-J). However, in the
coculture with C3H splenocytes, Treg cells from both
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Fig. 4. Analyzing the role of Treg cells in tolerant B6 mice. (A) Analysis of IFN-y-secreting CD8+ T cells in tolerant mice using an ELISpot
assay. CD8+ T cells stimulated with PMA (phorbol myristate acetate) (50 ng/ml) and ionomycin (I pg/ml) were used as a positive control.
The absolute number of IFN-y-secreting CD8+ T cells was counted using an ELISpot Reader. (B) Schematic illustration of the experimental
setup. Diphtheria toxin was given on days 28, 29, 31, and 32 posttransplantation at 1.5 g per dosage. (C) Percentage of Treg cells in
peripheral blood before and after diphtheria toxin treatment. (D) BGL was measured with a OneTouch Ultra device from day 0. The blood
was obtained from snipped tail. (E) Immunohistochemical stain of liver tissues of hyperglycemic B6 mice. Section slides were triple-stained
with anti-CD3 (brown), anti-insulin (red), and anti-FoxP3 (blue). Original magnification 100 pum. (F) The ratio of FoxP3+ Treg cells to CD3+
T cells near the graft sites was analyzed using Cell Counter Image ] software. The ratio was obtained from three different areas, and each
group expressed as mean + SD (Fig. S3). (G) Schematic illustration of mixed lymphocyte reaction. Stimulator and responder cells were
prepared as described in Materials and Methods. (H) Schematic illustration of cell coculture. In a coculture of CFSE-labeled naive effector T

(to be Continued.)
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tolerant and naive mice showed comparable suppressive
capacity over Teff cell proliferation (Fig. 4K-L). Taken
together, MR1 monotherapy induced donor-specific Treg
cells to protect allogeneic islet grafts in the liver.

Discussion

We confirmed that short-term MR1 monotherapy could
achieve normoglycemia for more than 250 d in
intrahepatic-islet-transplanted diabetic mice. To evaluate
whether immune tolerance was achieved in the mice, the
second graft, along with third-party graft (islets from C3H
mice), were transplanted underneath the kidney capsule.
Rechallenging allo-islets into the liver was not possible since
readministration of STZ could affect the established immune
system of the recipients with its cytotoxicity*®. Hepatic
lobectomy was not available because it is not a life-
sustaining surgical method. By conducting nephrectomy,
islet-bearing kidneys showed total acceptance of second-
party islets but not of third-party islets. Successful accep-
tance of second allo-islets into the nonliver solid organ
emphasized the apparent ability of MR1 to induce immune
tolerance, regardless of the microenvironment of anatomic
sites for the islet transplantation. Since we found the infiltra-
tion of Treg cells in the perigraft sites (Fig. 2B), it is con-
ceivable that graft-protective Treg cells induced by MR
treatment might have migrated into the kidney capsule, cre-
ating the immunologically privileged site where Treg cells
may prevent immune-mediated graft damage, considering
that Treg cells are key regulators of dominant tolerance for
graft protection*' ™. The mechanisms underpinning the
inhibitory functions of Treg cells and their migration to
perigraft sites would be of interest for further investigation.

Next, we verified whether transplantation tolerance could
be extended to organs other than islets by exploiting allo-
geneic skin transplantation. Among transplantation models,
skin transplantation has been noted to be extremely challen-
ging for achieving tolerance induction**. As expected,
BALB/c skin transplanted to the tolerant B6 was all rejected,
but graft survival was modestly prolonged compared to the
same grafts in the control group. Most interestingly, tolerant
B6 mice still maintained normoglycemia during and after the
rejection phase of skin allografts. Similar results were
reported in a recent study that in diabetic B6 mice treated
with anti-LFA-1 and anti-CD154 mAb, intact neonatal por-
cine islets (NPIs) were maintained beneath the kidney

capsule with normoglycemic control, even after the rejection
of retransplanted porcine skin xenografts?*. These mice
became diabetic when the NPI xenograft-bearing kidney was
removed, and abundant FoxP3+ Treg cells were observed
near the perigraft sites®*. We also confirmed the existence of
Treg cells near the perigraft sites in the liver after the rejec-
tion of skin allografts, and the islets could be protected from
potentially fatal immune responses during skin rejection by
the Treg cells, as shown by Arefanian et al.**. The rejection
of same-donor skin grafts in tolerant mice could be
explained by two reasons. First, since the primary target of
allogeneic immune responses is the MHC molecule*, allo-
geneic MHC-specific tolerance mediated by Treg cells
could, in some way, delay the rejection of skin allografts
in tolerant mice. However, strong T cell-mediated immune
responses mounted by abundant epidermal and dermal den-
dritic cells (DCs)**™*® may exceed a threshold of Treg-
mediated immunoregulation, leading to the eventual failure
of allogeneic skin grafts in all mice. Second, another possi-
bility is the occurrence of split tolerance®>2. Although the
mechanism of split tolerance in accordance with anti-CD154
blockade has barely been studied, strong immunity against
skin-specific antigens>> > could have been formed to break
allogeneic MHC-specific tolerance, resulting in skin graft
rejection.

Using the intrahepatic islet allo-transplantation DEREG
mouse model, we showed that immune tolerance could be
mediated by Treg cells. Whole liver sections showed com-
plete destruction of the entire islets with the depletion of
Treg cells. A limitation of this experiment was that upon
DT treatment, all FoxP3+ Treg cells were eradicated with-
out selectively depleting the Treg cells responsible for graft
protection. An in-depth study characterizing the distinctive
markers of graft-protective Treg cells should be conducted to
target them selectively, which would lead to more precise
interpretation of the role of the Treg cells among the FoxP3+
heterogeneous population. Although CD154 blockade was
reported as generating inducible Treg (iTreg) cells in OT-I
and OT-II transgenic mouse transplanted with ovalbumin-
expressing skin grafts®®, it still remains controversial to
define the lineage of Treg cells in the polyclonal T cell
population in our model due to the lack of universal markers
to distinguish natural Treg cells from iTreg cells’’.

Since the ratio of Treg to CD3+ T cells in the perigraft
sites was not significantly different from that in the rejected
control, further experiments were conducted to investigate

Fig. 4. (Continued). cells with irradiated BALB/c or C3H splenocytes, Treg cells isolated from tolerant and naive mice were added at a ratio
of 2:1, 8:1, and 32:1, respectively. Cells were incubated in a 96-well round-bottom plate for 5 d. (I, ]). The suppressive ability of Treg cells
against the proliferation of naive effector T cells in the coculture with irradiated BALB/c splenocytes was evaluated through FACS analysis.
(K, L) The suppressive ability of Treg cells against the proliferation of naive effector T cells in the coculture with irradiated C3H splenocytes
was evaluated through FACS analysis. Naive effector T cells stimulated with anti-CD3 and CD28 Abs were used as a positive control. The
proliferation of each group was expressed as mean + SD (n = 3). Statistical significance was determined by paired Student’s t test. Asterisk

(*) indicates statistical significance (P < 0.05).

FACS: fluorescence-activated cell sorting; IFN-v: interferon gamma; STZ: streptozotocin; Treg cell: regulatory T cell.
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whether these Treg cells contained qualitatively different
characteristics. Indeed, the Treg cells in tolerant mice
showed higher suppressive capacity on effector T cell pro-
liferation after stimulation with the same allogeneic donor of
BALB/c splenocytes, than with the third-party donor of C3H
splenocytes. It is evident that MR1 enriched a lineage of
donor-specific Treg cells in our model, but the underlying
molecular mechanisms for the generation of the Treg cells
have not yet been identified*®. Previous work has implicated
the tolerogenic plasmacytoid DCs in lymph nodes in gener-
ating donor-specific peripheral FoxP3+4 Treg cells in an
allo-cardiac transplantation mouse model treated with anti-
CD154 mAb and donor-specific transfusion (DST)>®.
Moreover, immunogenic DCs, which are triggered by
CDA40 signaling, have been shown to convert into tolerogenic
DCs when JAK3, a downstream molecule of CD40, is inhib-
ited®®. We assume that the production of costimulatory
molecules and inflammatory cytokines for immunogenic
DC activation may be hampered by inhibited CD40 signal-
ing®"2, thus driving them into tolerogenic DCs. The Notch
ligand Jagged-1, which is expressed on the surface of DCs,
has been shown to contribute to the induction and expansion
of alloantigen-specific Treg cells® . Although the com-
mon signaling network between Jagged-1 and CD40 is yet
fully understood, overexpression of Jagged-1 and blockade
of CDA40 signaling seems to be effective in prolonging allo-
graft survival in transplantation models®. Therefore, JAK3
and Jagged-1 might be the key factors for further investiga-
tion of the specific molecular mechanism involved in the
generation of donor-specific Treg cells by anti-CD154 mAb
treatment.

The key points in our single-drug therapy enabling long-
term control of blood glucose levels would be partially
explained by the difference in MR1 dosage, which was
higher and more frequently given than those in previous
studies. Ferrer and colleagues revealed that MR1 monother-
apy could decrease the frequency of CD44"€" CD8+ T cells
but elevate the frequency of KLRG-1"8" CD8+ T cells,
leading to a delay in the expansion of antigen-specific CD8+
T cells®®®’. The differentiation into antigen-specific CD8~+
T cells was also delayed by depleted cytokine production at
an early stage®. Previous studies have also shown that the
potent immunoregulatory function of anti-CD154 mAb is
not simply restricted to blockade of the signal pathway of
CD154-CDA40; elimination of CD154-expressing immune
cells by recruiting complement-mediated mechanisms is also
important in avoiding islet allograft rejection'”. Although
the exact role of anti-CD154 mAb on CD154-expressing
effector T cells was not the main focus of our study,
antibody-based therapy for CD154-CD40 blockade could
provide a beneficial effect in regulating immune responses
with their additional unknown effects. Therefore, consider-
ing the effect of anti-CD154 mAb, increased dosage of MR1
administration could be effective by taking advantage of
sparing time to develop donor-specific Treg cells in

weakened alloimmune responses at the early time point after
transplantation.

In conclusion, we demonstrated for the first time that
short-term MR 1 monotherapy could achieve transplantation
tolerance, which is critical to protecting allo-islets in recipi-
ents. In addition, we found that transplantation tolerance is
mediated by donor-specific FoxP3+ Treg cells. We expect
that our model could provide concrete evidence for anti-
CD154 mAb-mediated immune tolerance, securing a beach-
head to unveil the molecular mechanism of anti-CD154
mAb-mediated Treg cell induction in the allo-islet
transplantation.
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