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Abstract
Aims/hypothesis Anti-CD3 monoclonal antibodies remain
the most promising immune therapy for reversing recent-
onset type 1 diabetes. However, current clinical trials have
revealed their major drawback, namely the narrow therapeu-
tic window in which low doses are ineffective and higher
doses that preserve functional beta cell mass cause side
effects. Strategies that sidestep these limitations while pre-
serving or improving anti-CD3’s therapeutic efficiency are
essential. We hypothesised that combining a potent vitamin
D3 analogue (TX527), ciclosporin A (CsA) and anti-CD3
would act to lower the dose while maintaining or even
boosting therapeutic efficacy to counteract autoimmune
destruction of transplanted islets.
Methods This study involved the use of syngeneic islet
transplantation, immunofluorescence microscopy, immune
phenotyping by flow cytometry, RT-PCR analysis, and in
vitro and in vivo suppression assays.
Results Combination therapy with TX527, CsA and anti-
CD3 was well tolerated on the basis of weight, bone and
calcium variables. Remarkably, combining all three agents
at sub-therapeutic doses greatly reduced recurrent auto-
immune responses to a grafted islet mass (mean±SEM:
79.5±18.6 days; p<0.01), by far exceeding the therapeu-
tic efficacy of monotherapy (24.8±7.3 days for anti-CD3)

and dual therapy (25.5±12.4 days for anti-CD3+CsA).
Combination therapy surpassed anti-CD3 monotherapy
in reducing islet infiltration by effector/memory pheno-
type CD8+ T cells, as well as by reducing proinflamma-
tory cytokine responses and increasing the frequency of
T regulatory cells that were functional in vitro and in
vivo, and acted in a cytotoxic T lymphocyte antigen
4-dependent manner.
Conclusions/interpretation Combining the immunomodula-
tory actions of anti-CD3 mAb with CsA and the vitamin D3

analogue, TX527, delivers therapeutic efficacy in an islet-
transplanted NOD mouse model of diabetes.
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Abbreviations
APC Antigen-presenting cell
ConA Concanavalin A
CT Combination therapy
CTLA-4 Cytotoxic T lymphocyte antigen 4
CXCR3 CXC chemokine receptor 3
FOXP3 Forkhead box P3
H&E Haematoxylin and eosin
KDLN Kidney draining lymph node
mAB Monoclonal antibody
TCR T cell receptor
Treg T regulatory cell

Introduction

In recent years, several strategies have been put forward to
prevent or curb the autoimmune response in type 1 diabetes,
a disease of the pancreas in which autoreactive T cells attack
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the beta cells in the islets of Langerhans [1, 2]. The first
results with anti-CD3 monoclonal antibodies (mAbs) were
very promising, showing that a short treatment course with
these T cell targeting mAbs could successfully reverse
recent-onset type 1 diabetes and induce long-term disease
remission in a model of diabetes-prone NOD mice [3, 4].
Also, in human trials, anti-CD3 mAb therapy has shown
great promise, especially in patients who still have a large
functional beta cell mass when therapy is initiated, resulting
in reduced requirements for exogenous insulin in the months
after therapy [5–7].

The major drawback of anti-CD3 mAb therapy is its
narrow therapeutic window formed on the high-dose side
by clinical adverse events, such as a transient cytokine
release syndrome causing flu-like symptoms and temporal
re-activation of Epstein–Barr virus infections [5, 7, 8], and
on the low-dose side by the loss of therapeutic efficacy [9].
Such setbacks have driven the search for alternative strat-
egies, not only to overcome the limitations but also to
improve the therapeutic efficacy of anti-CD3 monotherapy.

1α,25-Dihydroxyvitamin D3, the active metabolite of vita-
min D3, and its synthetic analogues with decreased hyper-
calcaemia liability are potent immunomodulators which target
multiple central players of the autoimmune processes in type 1
diabetes. Vitamin D3 exerts its immunomodulatory activities
at supraphysiological doses [10], hence less calcaemic ana-
logues are preferred. As such, vitamin D3 analogues induce
T regulatory cells (Tregs) in vitro and in vivo [11–13] and
skew antigen-presenting cells (APCs), such as dendritic cells
and macrophages, towards a tolerogenic profile [14–16]. As
shown by our group, these properties culminate in the pre-
vention of insulitis and type 1 diabetes in NODmice [17–19].
Late administration of vitamin D3 analogues cannot halt
ongoing autoimmunity in NOD mice, but co-administration
of other immunomodulating agents greatly enhances their
disease-modifying abilities [20–22]. In particular, combina-
tions of vitamin D3 analogues and calcineurin inhibitors such
as ciclosporin A (CsA) are highly effective in preventing
spontaneous diabetes [21] or the autoimmune destruction of
syngeneic islet transplants in NOD mice [22]. The use of low
doses of CsA almost doubled the frequency of circulating
Forkhead box P3 (FOXP3)+ CD4+ Tregs in patients with
atopic dermatitis [23], indicating that this compound does
not counteract in vivo Treg induction per se, as indicated in
other studies [24].

The effectiveness of immunotherapies for autoimmune
diabetes is often tested in recent-onset diabetes in a NOD
mouse model [25]. In such a setting, the success of the
immunotherapy not only depends on whether the autoim-
mune response is actually blocked or deviated, but also on
the functional beta cell mass present, whether residual,
regenerated or revived. In the recurrence model used here,
syngeneic islets are transplanted to restore normoglycaemia

in diabetic NOD mice, thus eliminating the variable factor of
residual beta cell mass. Typically after syngeneic islet trans-
plantation, the autoimmune response active in diabetic
recipients rapidly destroys the transplanted beta cell mass
unless a successful immunotherapeutic intervention is
administered. The advantage is that this model is independ-
ent of remaining beta cell mass and links the immunological
efficacy directly to the clinical outcome. In this model, we
found that combination immunotherapy with sub-
therapeutic doses of anti-CD3 mAb, CsA and the bioactive
vitamin D3 analogue, TX527, delays diabetes recurrence
after syngeneic islet transplantation.

Methods

Diabetes follow-up in NOD mice NOD mice, originally
obtained from Professor C.Y. Wu (Beijing, China), have
been bred in our animal facility since 1989 under semi-
barrier conditions. Diabetes incidence in the colony was
75% in female and 45% in male mice at the time of the
study. Diabetes was determined as two consecutive days of
hyperglycaemia (>11.1 mmol/l). Severely diabetic male and
female mice (mean initial blood glucose concentrations of
25.5±5.4 mmol/l) were selected as recipients for grafting.
All animal breeding and experimental protocols were
approved by the ethics committee of the Katholieke Uni-
versiteit Leuven (KU Leuven).

Treatment substances Whole anti-CD3 mAb (145-2C11,
hamster IgG) was kindly provided by Professor L. Chatenoud
(Inserm, Paris, France). The vitamin D3 analogue, TX527 [19-
nor-14,20-bisepi-23-yne-1,25(OH)2D3], was synthesised by
M. Vandewalle and P. de Clercq (University of Ghent,
Belgium) and obtained from Théramex S.A. (Monaco).
CsA was obtained from Novartis (Basel, Switzerland).
For in vivo administration, TX527 and CsA were dis-
solved in peanut oil; anti-CD3 mAb was diluted in 0.9%
NaCl.

Islet isolation and transplantation and treatment regimen Is-
lets were prepared from 14–21-day-old insulitis-free NOD
donor mice and transplanted under the kidney capsule of
diabetic NOD mice, as previously described [20]. Trans-
planted mice were either left untreated or treated with sub-
therapeutic doses of anti-CD3 mAb (2.5 μg/day, i.v.,
days 0–4), TX527 (10 μg/kg every 2 days, i.p., day 1
until day 60) or CsA (5 mg/kg per day, by mouth, day 1
until day 60) or a combination of these three agents
(combination therapy, CT). In electronic supplementary
material (ESM) Fig. 1, the transplanted mice received a
combination of TX527 (5 μg/kg per day, i.p., day 1 until
day 30) and CsA (7.5 mg/kg per day, by mouth, day 1
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until day 20). The anti-cytotoxic T lymphocyte antigen 4
(CTLA-4) mAb (clone UC10-4F10) dose regimen was as
follows: 250 μg i.p. on days 0 and 2, then 100 μg on
days 7, 9, 11, 14 and 19. In ESM Fig. 3, diabetic mice
did not receive islet transplants and were treated with
anti-CD3 mAb only.

Histology and immunohistochemistry On days 10 or 21
after islet transplantation, graft-bearing kidneys were
removed and fixed in 4% formaldehyde followed by paraf-
fin embedding, or embedded and frozen in Tissue-Tek OCT
compound (Sakura, Alphen aan den Rijn, the Netherlands)
for cryosectioning. Morphology of the grafts was assessed
on serial sections (5–7 μm) stained with haematoxylin and
eosin (H&E). For immunohistochemical analysis, frozen sec-
tions were stained as described by Sutherland et al [26] and
mounted in Vectamount Aqua (Vector Labs, Burlingame, CA,
USA). Images were acquiredwith a ×20 objective on the Zeiss
AxioPlan2 imaging system (Zeiss, Zaventem, Belgium) using
AxioVision imaging software (Zeiss).

In vitro assays Splenocytes, isolated from 21-day trans-
planted mice, were cultured in quadruplicate in round-
bottom 96-well plates (2×105 cells in 200 μl), and either left
unstimulated or stimulated with soluble anti-CD3 (145-2C11,
1 μg/ml; eBioscience, San Diego, CA, USA) or concanavalin
A (ConA; 6.25 μg/ml; Sigma-Aldrich, St Louis, MO, USA)
for 72 h. During the last 16 h of cell culture, cells were pulsed
with [3H]thymidine (1 μCi/well), after which 3H incorpora-
tion was determined by liquid-scintillation counting. For cyto-
kine analysis, supernatant fractions of ConA-stimulated
splenocytes were collected after 56 h and analysed using the
Mouse Th1/Th2/Th17/Th22 13plex FlowCytomix Multiplex
kit (Bender Medsystems, eBioscience, San Diego, CA, USA),
as specified by the manufacturer. Data were acquired on a
Gallios flow cytometer (Beckman Coulter, Indianapolis, IN,
USA) and analysed with FlowCytomix Pro 2.3 (Bender
Medsystems).

Real-time RT-PCR for cytokines mRNA quantities of indi-
cated cytokines were quantified as previously determined [27].
The data were analysed using the comparative Ct method, in
which the amount of target, normalised to an endogenous
reference gene (normalisation gene) and relative to a calibrator

(e.g. an untreated control sample), is given by 2�ΔΔCt, where
ΔCt0Cttarget gene−Ctnormalisation gene and ΔΔCt0ΔCtsample

−ΔCtcalibrator. All samples were normalised to the average of
β-actin, hydroxymethylbilane synthase (HMBS) and riboso-
mal protein L27 (RPL27). Background quantities of each target
gene were calculated from the non-grafted kidney.

Flow cytometry Blood and the indicated organs were har-
vested, processed and then incubated with fluorochrome-

labelled mAbs against Thy1.2, T cell receptor (TCR)-β
(BD Biosciences, San Jose, CA, USA), CD3, CD4, CD8,
FOXP3 (eBioscience), CD44 (Biolegend, San Diego, CA,
USA) or matching isotype controls for 20 min on ice. After
being washed, samples were acquired on a FACS Canto
(BD Biosciences) or Gallios flow cytometer and analysed
using the FACSDiva (BD Biosciences) or Kaluza software
(Beckman Coulter), respectively.

In vitro and in vivo suppression assay In vitro responder
T cells were negatively isolated as CD4+CD25− from spleen
and pancreatic lymph nodes (PLN) of non-diabetic NOD
mice (Dynabeads; Invitrogen, Carlsbad, CA, USA) and
labelled with eFluor 670 Proliferation Dye (eBioscience).
Splenocytes from NOD Scid (also known as Prkdc) γc−/−

mice served as accessory cells. CD4+CD25+ T cells were
isolated by a CD4+-enrichment step followed by a
CD25+-selection step using biotinylated anti-CD25 and anti-
biotin microbeads (Miltenyi, Bergisch Gladbach, Germany).
Suppression assays were performed in round-bottom 96-well
plates containing 5×104 responder T cells, 1×105 accessory
cells, soluble anti-CD3 mAb (145-2C11, 1 μg/ml) and
CD4+CD25+ T cells isolated from untreated or CT-treated
transplant-recipient NOD mice as putative suppressor cells
at indicated suppressor/responder ratios. Where indicated,
blocking antibodies, hamster anti-mouse CTLA-4 mAb
(UC10-4F10; kindly provided by Louis Boon, Bioceros BV,
Utrecht, the Netherlands) or anti-IL-10 (JES5-2A5; BioXell,
West Lebanon, NH, USA), were added at 10 μg/ml. After
72 h, responder T cell proliferation was determined by flow
cytometric analysis of eFluor 670 Proliferation Dye dilution.
In vivo suppressive capacity was assessed by glycaemia mon-
itoring of 6–8-week-old NOD Scid mice upon transfer of 9×
106 CD25-depleted diabetic NOD splenocytes with or without
1×106 CD4+CD25+ cells from untreated, anti-CD3-treated or
CT-treated transplant recipients.

Calcium and bone variables On day 10 after transplanta-
tion, mice were killed to collect blood serum by heart
puncture and to isolate the femurs. Calcium in serum and
femur was determined by a microcolorimetric assay (Sigma)
[19]. Serum osteocalcin concentrations were determined
with an in-house radioimmunoassay using mouse osteocalcin
as a standard and polyclonal guinea pig anti-mouse osteocal-
cin serum. The sensitivity of this assay is 0.02 nmol/l. The
calcium content of the femur was determined as described
previously [15].

Statistical analysis Statistical analysis was performed using
GraphPad Prism (La Jolla, CA, USA). Statistical signifi-
cance was calculated by the logrank test, ANOVA or
Mann–Whitney test, as appropriate and indicated. For all
tests, data were considered significantly different at p<0.05.
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Results

Combination therapy with sub-therapeutic doses of anti-
CD3, TX527 and CsA prevents recurrence of autoimmune
islet destruction Restoration of functional beta cell mass in
recent-onset diabetic NOD mice was achieved by trans-
plantation of syngeneic islets, restoring normoglycaemia
within 2 days in all animals (Fig. 1a, b). Autoimmune dia-
betes recurred in all animals, rendering them diabetic again
within a maximum of 15 days (Fig. 1a, b; ESM Table 1).
Sub-therapeutic doses of TX527 and CsA, alone or com-
bined, did not significantly prolong the diabetes-free period
(Fig. 1a), although the combination at a higher dose pro-
duced a modest delay of diabetes recurrence (ESM Fig. 1).
On the other hand, low-dose anti-CD3 monotherapy signifi-
cantly delayed diabetes recurrence (ESM Table 1, Fig. 1a).
Dual treatment with sub-therapeutic doses of anti-CD3 plus
either TX527 or CsA did not improve the effect of anti-CD3
alone, except for preventing primary graft non-function
(Fig. 1b). Strikingly, islet-transplanted mice receiving all
three drugs (CT) remained diabetes-free for 79.5±18.6 days
(mean±SEM) (Fig. 1a). Protection by this CT was well
tolerated, without bone decalcification (ESM Table 2) or
weight loss (data not shown). In addition, no significant

increase in bone turnover was observed, as evidenced by
serum osteocalcin concentrations. Serum calcium concentra-
tions were marginally increased after 10 days of treatment,
but normalised once treatment ended (>60 days), indicating
that the CT induces limited and transient calcaemic effects
(ESM Table 2).

To assess whether the immunotherapy interfered with the
immune infiltrate attacking the transplanted islets, histology of
the transplanted islets was performed. Without immunother-
apy, the islet grafts were already severely infiltrated and
mostly destroyed after 10 days. At that time point, both anti-
CD3 alone and CT preserved islet architecture and limited the
immune infiltration of the transplanted islets (Fig. 1c). On
day 21, however, anti-CD3 alone no longer dammed islet
graft infiltration of either CD4+ or CD8+ T cells (Fig. 1d). In
contrast, islet grafts of CT-treated mice were in general better
preserved and less infiltrated by CD4+ and, especially, CD8+

T cells (Fig. 1e, f).
We next examined the intragraft amounts of the T cell-

related cytokines on days 10 and 21 after transplantation. On
day 10, CT and anti-CD3 both reduced the amounts of
mRNA for Ifng, Tnfa, Il10 and Foxp3 (ESM Fig. 2). On
day 21, Ifng and Tnfa were still reduced, but Foxp3 had
increased in CT-treated mice (ESM Fig. 2).
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Fig. 1 Prolonged graft acceptance on CT with low-dose anti-CD3,
CsA and TX527. (a, b) Diabetic NOD mice received 500 synge-
neic islets from 14–21-day-old NOD pups together with mono-
therapy (a) or CT (b). (a) Circles, untreated; squares, anti-CD3;
diamonds, TX527; upside-down triangles, CsA. (b) Circles,
untreated; squares, anti-CD3+TX527; diamonds, anti-CD3+CsA;
upside-down triangles, TX527+CsA; triangles, anti-CD3+TX527
+CsA (CT). Shown is the percentage of normoglycaemic mice

per group as a measure of graft functionality. Also see ESM
Table 1. Statistical significance was calculated by logrank test;
***p<0.001. (c, d) H&E staining of cryosections of graft/kidney
harvested from mice on day 10 (c) or 21 (d) after transplantation
of syngeneic islets. (e, f) Immunohistochemistry staining for insu-
lin (blue) and CD4 (red, e) or CD8 (red, f) on cryosections of
graft/kidney harvested from mice on day 21 after transplantation
of syngeneic islets. CTR, control; aCD3, anti-CD3
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Taken together, CT with anti-CD3, CsA and TX527
reduced the autoimmune attack on transplanted islets and
prolonged the diabetes-free phase.

CT temporarily reduces the frequency of CD4+ T cells Im-
munotherapies preferably achieve immune modulation with-
out immune depletion. We first assessed the impact of low-
dose anti-CD3 treatment on T cell depletion in a time kinetic
and found that, in line with the immune phenotype described
for high-dose anti-CD3 [28], low-dose anti-CD3 transiently
depleted T cells and caused antigenic modulation in spleen
and blood (data not shown). In blood, FOXP3+ Tregs were
transiently increased when measured as a relative fraction of
CD4+ T cells (ESM Fig. 3a), but not when measured as total
percentage of cells in the blood (ESM Fig. 3b).

We studied the immune phenotype of CT-treated islet recip-
ients in further detail on days 10 and 21 after transplantation,
i.e. when anti-CD3-induced T cell depletion was still apparent
or had recovered, respectively. On day 10, anti-CD3 alone and
CT decreased the CD4+ T cell frequency in the spleen and the
kidney draining lymph nodes (KDLNs) of islet recipients
(Fig. 2a, d). In the KDLNs, this decrease was accompanied
by a rise in CD8+ T cell frequency (Fig. 2e), but the CD4/CD8
ratio was nevertheless reduced in both spleen and KDLNs
(Fig. 2c, f). Even though bulk CD4+ and CD8+ T cells nor-
malised by day 21 (Fig. 2a–f), the distribution of CD4+ and
CD8+ T cell subsets remained altered (Fig. 3a, b). As such, the
anti-CD3 and CT increased antigen-experienced (CD44high)
T cell fractions in CD4+ and CD8+ T cells in the spleen
(Fig. 3b, f), but not in blood (Fig. 3a, e), and in CD8+ T cells,
but not in CD4+ Tcells, in the KDLNs (Fig. 3c, g). Importantly,

CT treatment also reduced activated T cells locally, as evi-
denced by the lower proportion of CD44highCD4+ and
CD44highCD8+ T cells in the islet grafts (Fig. 3d, h).

We next assessed the potential of T cells to traffic to sites
of inflammation. CT did not differ from anti-CD3 mono-
therapy in the upregulation of CXCR3 (CXC chemokine
receptor 3, CD183) and CCR5 (C-C chemokine receptor 5,
CD195) on CD4+ T cells, or in the transient upregulation of
CXCR3 and downregulation of CCR5 on CD8+ T cells
(ESM Fig. 4a, b). CXCR6 (CD186), although only
expressed by a small fraction of the T cells, trended towards
a higher positive fraction of CD4+ T cells by CT and a lower
fraction of CD8+ T cells, compared with anti-CD3 mono-
therapy (ESM Fig. 4a). This is in line with the predominant
CD4+ T cell nature of the immune infiltrate on CT.

Normal T cell proliferation but reduced cytokine production
on CT We next examined whether our CT still permitted
functional T cell responses. We could confirm that poly-
clonal splenocytes recovered from untreated, anti-CD3-
or CT-treated animals proliferated readily on restimula-
tion with anti-CD3 or ConA in vitro. Splenocytes from
mice treated with CT or anti-CD3 alone displayed some
basal proliferation and even had a slightly increased
response to ConA stimulation (Fig. 4a). Treatment of
islet recipients with anti-CD3 alone increased the pro-
duction of TNF-α, IL-5, IL-21 and IL-10, but impor-
tantly, the upregulation of these cytokines was abrogated
by the additional treatment with CsA and TX527 in the
CT (Fig. 4b). Moreover, CT reduced IL-2 production, as
expected because of inclusion of CsA, and slightly
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Fig. 2 Reduced CD4+ T cells in the KDLNs on CT. Spleen (a–c) and
KDLNs (d–f) were harvested on days 10 or 21 after syngeneic islet trans-
plantation. The frequencies of CD4+ and CD8+ T cell subsets were meas-
ured by flow cytometry and displayed as percentage CD4+ (a, d) or CD8+

(b, e) of lymphocytes, or as ratio of CD4+ to CD8+ (c, f) per individual
mouse. Symbols, line and error bars reflect individual values, mean and
SEM, respectively. Statistical significance was calculated by Mann–Whit-
ney test; ns, not significant; *p<0.05. CTR, control; aCD3, anti-CD3
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increased IL-17 (Fig. 4b). Overall, we found that in
vitro proliferation was not impaired, but cytokine pro-
duction was skewed in CT-treated islet recipients.

CT enhances functional Treg numbers Next, we verified
whether CT with anti-CD3, CsA and TX527 affected
the abundance of Tregs, as measured by the presence of
CD4+FOXP3+ cells. On day 21 after transplantation, we
found increased CD4+FOXP3+ T cell frequencies in the
blood, spleen and KDLNs on CT, compared with
untreated and anti-CD3-treated islet recipients (Fig. 5a–
c). Importantly, we detected CD4+FOXP3+ Tregs in the
grafted islets of both anti-CD3- and CT-treated mice, as
shown by FACS (Fig. 5d) and immunohistochemistry
(Fig. 5e).

We then examined whether the Treg fraction that was
increased on CT of islet recipients maintained intact sup-
pressive capacity. In vivo, CD4+CD25+ Tregs isolated from
CT-treated islet recipients (CT-Tregs) significantly delayed
diabetes in the NOD Scid transfer model (Fig. 5f). CT-Tregs
were also more effective than Tregs present in control or
anti-CD3-treated islet recipients (Fig. 5f). In vitro, CT-Tregs
suppressed the proliferation of CD4+CD25− responder T
cells from normoglycaemic NOD mice (Fig. 5g). Moreover,
blocking of CTLA-4 and not IL-10 abrogated the in vitro
suppressive capacity, indicating that the CT-induced Tregs
acted in a CTLA-4-dependent manner, at least in vitro
(Fig. 5g). To test whether the CT depended on CTLA-4 to
delay diabetes recurrence after syngeneic islet transplanta-
tion, we treated islet recipients with blocking antibodies to
CTLA-4 (clone UC10-4F10) during CT. This showed that
CT immune regulation is at least partly dependent on
CTLA-4 (Fig. 5h).

We conclude that combination therapy of syngeneic islet
recipients induces functional Tregs, which act in a CTLA-4-
dependent manner.

Discussion

We tested a novel combination immunotherapy in severely
diabetic NOD mice transplanted with a functional syngeneic
islet mass. The importance of choosing this approach over the
standard approach with recent-onset or at-onset diabetic NOD
mice is the opportunity for a targeted assessment of the effect of
immune-directed therapy on the ongoing autoimmune
responses independently of a variable presence of residual
functional beta cell mass. Indeed, the success of any therapy
in diabetic NOD mice is most certainly a function of two
variables: (1) dampening of the autoimmune response; (2)
sufficient insulin production by the remaining beta cell mass.
It is thus conceivable that immunotherapy performs perfectly in
terms of dampening or redirecting autoimmune responses, but
that this effect is not appreciated because the insufficient beta
cell mass does not allow glycaemia normalisation. Introduction
of a functional beta cell mass eliminates this confounding
variable.

Our CT unites the immunomodulatory actions of anti-CD3
with CsA and a bioactive vitamin D3 analogue (TX527), all
used at sub-therapeutic doses to prevent dose-dependent
adverse events. Indeed, besides avoiding generalised immune
suppression as evidenced by the intact mitogen-driven prolif-
erative capacity of splenocytes from CT-treated mice, our CT
did not result in severe hypercalcaemia and bone turnover as
evidenced by acceptable serum calcium, osteocalcin and bone
calcium concentrations at the end of the follow-up period.
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Fig. 3 CT reduces activated CD4+ and CD8+ T cells in the islet graft.
On day 21 after islet transplantation, blood (a, e), spleen (b, f), KDLNs
(c, g) and islet grafts (d, h) were isolated from untreated (CTR), anti-
CD3 (aCD3)- or CT-treated groups, as indicated. The frequencies of

CD44high, CD4+ or CD8+ T cells were determined and plotted as
percentage of CD4+ (a–d) or CD8+ (e–h) T cells. Bar graphs represent
the mean with SEM. Statistical significance was calculated by Mann–
Whitney test; *p<0.05; **p<0.01
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Thus, our triple CT produced safe and significantly prolonged
grafted islet preservation and, while not a permanent disease
remission, extended the diabetes-free period long (up to

40 days) after cessation of the treatment, far better than the
diabetes-free period in any of the monotherapy or dual-
therapy groups tested (even with higher doses), which already
relapsed during the course of treatment.

High-dose anti-CD3 as whole mAb or F(ab')2 fragments
can cause an apparent elimination of T cells, because of
antigenic modulation of the TCR–CD3 complex [4, 29],
physical T cell depletion [3, 4], or altered trafficking [30,
31]. Despite the lower doses of anti-CD3 mAb used in this
study (cumulative dose per mouse 12.5 μg whole IgG clone
145-2C11 over 5 days), we also observed a partial decrease
in the CD4+ T cell frequency in the spleen and KDLNs of
anti-CD3- or CT-treated animals. In line with previous data
[4], this phenomenon was transient and normalised by
day 21 after transplantation. However, the replenishing of
the depleted T cell pool coincides with the destruction of the
transplanted islet mass in anti-CD3-treated islet recipients,
suggesting that anti-CD3 alone is insufficient to restrain the
autoreactivity of the homeostatically expanded T cells, a
problematic side effect of immunosuppressive therapies
[32, 33]. Our CT on the other hand resembles anti-CD3
monotherapy in its partial and transient T cell depletion,
suggesting that additional phenomena must explain the pro-
longed diabetes-free period.

First, CT limited the infiltration of islets by CD8+ T cells in
general and effector/memory CD8+ Tcells in particular, which
are well established as primary mediators of beta cell destruc-
tion in type 1 diabetes [34]. Second, co-administration of
TX527 and CsA abrogated the splenocyte-derived production
of proinflammatory cytokines, TNF-α, IL-5 and IL-21,
induced by anti-CD3 treatment alone. IL-21 has been shown
to have a critical role in type 1 diabetes development in NOD
mice [26], and neutralisation of IL-21 delayed diabetes recur-
rence upon syngeneic islet transplantation [35]. IL-10, an
immunomodulatory cytokine produced by Tr1 cells [36],
was not produced by splenocytes from CT-treated mice, sug-
gesting that IL-10 is not required for the efficacy of the CT.
This was further supported by the IL-10-independent suppres-
sion by CD4+CD25+ Tregs derived from CT-treated mice.
Third, the unique ability of anti-CD3 mAbs to induce long-
term disease remission in diabetic mice and individuals has
been linked to their capacity to promote induction and/or
expansion of Tregs [4, 29, 37, 38]. More specifically, it has
been proposed that anti-CD3-mediated T cell depletion
preferentially affects the effector T cell compartment,
whereas Tregs rather undergo antigenic modulation of the
CD3–TCR complex, ultimately giving rise to increased
numbers of Tregs [39–42]. Similarly in our study, low-
dose anti-CD3 equally depleted CD4+ Tregs and effector
T cell subsets early after treatment, but increased Tregs in
blood, spleen and KDLNs by day 21 after transplantation.
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Fig. 4 Intact proliferative capacity but reduced cytokine production on
CT. (a) On day 21 after transplantation, splenocytes were stimulated in
vitro by 1 μg/ml anti-CD3 or 6.25 μg/ml ConA, or remained unstimu-
lated. [3H]Thymidine was added for the last 16 h of the 72 h period.
Symbols represent the mean of quadruplicate wells of individual mice,
and line and error bars reflect group mean and SEM. (b) On day 21
after transplantation, splenocytes were stimulated in vitro by 6.25 μg/
ml ConA for 56 h and cytokines were measured in the supernatant
fractions by cytokine bead array. Symbols, lines and error bars
reflect individual values, group mean and SEM, respectively. Statistical
significance was calculated by Mann–Whitney test; *p<0.05; **p<0.01.
CTR, control; aCD3, anti-CD3
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CT further increased the FOXP3+ fraction of CD4+ T cells
in the spleen, blood and KDLNs, albeit limited. The CT-
induced Tregs were functional because they delayed diabetes
in vivo in the NOD Scid transfer model, and suppressed in
vitro polyclonal activation in a CTLA-4-dependent manner.
Moreover, CT-mediated islet graft preservation depended on
CTLA-4, at least in part.

The strength of our CT resides in its potential to target
multiple cellular players of the autoimmune response. It is
possible that the peripheral increase in Tregs sufficiently
interferes with the activation of effector CD8+ T cells in
the local lymph nodes and/or their migration to the graft to
yield this phenomenon. In addition, the vitamin D3 ana-
logue, TX527, can also modulate APCs [43] and inhibit

the release of inflammatory cytokines and chemokines by
beta cells under immune attack, thereby limiting the further
recruitment of inflammatory immune cells [44]. Unravelling
these potential mechanistic pathways is the subject of
ongoing and future studies.

We show that CTconsisting of sub-therapeutic doses of anti-
CD3mAb, CsA and a non-hypercalcemic vitamin D3 analogue
(TX527) restrains autoreactivity in islet-transplanted diabetic
NOD mice and prevents recurrent autoimmune responses.
Individual agents of the CT clearly cooperate to enhance their
individual potency, thereby offering an interesting strategy for
circumventing the dose-related side effects of anti-CD3 mAb
currently encountered in the treatment of autoimmune
diabetes.
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Fig. 5 CT increases FOXP3+CD4+ T cell frequencies. (a–d) On
day 21 after transplantation, blood (a), spleen (b), KDLNs (c) and
graft (d) were harvested, and the frequency of Tregs was determined as
percentage FOXP3+ in the CD4+ fraction using flow cytometry. Sym-
bols, lines and error bars reflect individual values, group mean and
SEM, respectively. (e) Detection of FOXP3 (green) and CD4 (blue) in
the transplanted islet mass (insulin: red) using immunofluorescence
microscopy. (f) CD25-depleted splenocytes (9×106) from diabetic
NOD mice (white circles; n030) were co-transferred with 1×106

CD4+CD25+ cells isolated from untreated (white upside-down trian-
gles; n05), anti-CD3- (grey squares; n05) or CT- (black circles; n08)
treated transplant-recipient mice (day 21) into 6-week-old NOD Scid
mice. Shown is the diabetes incidence (glycaemia >11.1 mmol/l) in
recipient mice and the number of mice per group. (g) Dye-labelled

CD4+CD25− responder T cells (Tresp) were stimulated with anti-CD3
(1 μg/ml) in the presence of CD4+CD25+ T cells from day-21 CT-
treated islet recipients (Treg), APCs and neutralising antibodies
(10 μg/ml): anti-CTLA-4 (white triangles); no antibody (black circles);
anti-IL-10 (white upside-down triangles). Shown is the percentage of
cells that underwent two or more divisions, normalised to Tresp only.
(h) Percentage of normoglycaemic mice per group of transplant recip-
ients receiving control treatment (white circles), combination therapy
(black triangles) or combination therapy plus anti-CTLA-4 (white
triangles) (n03). Statistical significance was calculated using the
Mann–Whitney non-parametric test (a, d) and Mantel–Cox logrank
(c, e): ns, not significant; *p<0.05; **p<0.01. CTR, control; aCD3,
anti-CD3
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