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Abstract
Aims/hypothesis Interruption of IL-2 signalling is an attrac-
tive therapeutic target in autoimmune disorders. In this
study we evaluated the effect of a fusion protein composed
of IL-2 and caspase-3 (IL2–cas) on NOD mice, as
compared with disease induction by cyclophosphamide.
Methods IL2–cas was assessed in NOD mice at various
ages and in conjunction with cyclophosphamide adminis-
tration. The effect of IL2–cas on diabetogenic cells was
evaluated in adoptive transfer experiments and in cell
suspension in vitro.
Results IL2–cas induced apoptosis in T cells expressing the
α chain of the IL-2 receptor (cluster of differentiation [CD]
25) in vitro, with superior survival of T cells expressing
CD4 and forkhead box P3 (FOXP3). The fusion protein
decreased mixed lymphocyte reactivity, and pretreatment
with IL2–cas decreased the efficacy of adoptive transfer of
diabetes into NOD severe combined immunodeficiency
mice. Administration of one dose of IL2–cas decreased the
incidence of diabetes in NOD mice, showing a superior

beneficial effect when administered at young age, and
effectively blocked induction of hyperglycaemia by cyclo-
phosphamide, reducing the severity of islet inflammation.
Administration of IL2–cas caused an acute increase in
CD25-FOXP3+ T cells in the lymph nodes, pancreas and
thymus in NOD mice, with similar effects in wild-type
mice. Administration of IL2–cas after onset of hyper-
glycaemia resulted in superior survival.
Conclusions/interpretation Targeted elimination of cells
expressing the IL-2 receptor by this fusion protein disrupts
the autoimmune pathogenesis in prediabetic and diabetic
NOD mice, despite depletion of CD25+ regulatory T cells.
Furthermore, this particular fusion protein is permissive to
the development of FOXP3+ T cells that might contribute to
protracted protection from the progression of insulitis and
overt hyperglycaemia.
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Introduction

Multiple immune deficits in NOD mice result in deregula-
tion of homeostasis and eruption of destructive autoimmune
insulitis [1–3]. Progressive development of pathogenic
clones and islet infiltration starting at young age are
evidence of continuous insufficiency of the suppressor
pathways in controlling the reaction against self-antigens.
Numerous therapeutic strategies have been implemented,
with variable success, that aim to both reduce the activity of
diabetogenic cells and enhance the suppressive efficacy of
regulatory T cells (Treg). Generalised immunosuppression
fails to correct the autoimmune process and is associated
with adverse effects that are detrimental to the treatment of
insulitis. Administration of one dose of cyclophosphamide
(Cy) has been long recognised to induce diabetes in NOD
mice. While causing transient lymphodepletion [4, 5], this
agent is particularly toxic to naturally occurring Treg that
express cluster of differentiation (CD)25 and Forkhead
box P3 (FOXP3), causing both their depletion and
functional inactivation in the pancreas and its draining
lymph nodes [4]. Subsequent administration of agents that
stimulate immuno-haematopoietic reconstitution partially
reverse the toxic effects of Cy by increasing the pool of
suppressor cells [6], as does adoptive transfer of Treg [4].
More selective therapy consists of administration of anti-
CD3 antibodies, which were efficient in reversal of the
destructive insulitis even after onset of overt hyper-
glycaemia [7]. However, peri-islet inflammatory cuffing
persists in the non-diabetic mice, possibly because these
antibodies inhibit, but do not eliminate, the pathogenic
cells [8].

IL-2 is an attractive target of immunotherapy as an
important constituent of immune activation [9, 10]. Subsets
of naturally occurring Treg that emerge from the thymus as
a distinct cell type [11, 12] are not only characterised by
expression of high levels of the high-affinity α chain of the
IL-2 receptor (CD25) [13], but also depend on IL-2 for their
expansion and function [14, 15]. The implications and
pleiotropic functions of IL-2 in autoimmune disorders have
been extensively debated. The crucial role of IL-2 in
suppressor cells has been demonstrated by eruption of
anti-self-reactivity following IL-2 neutralisation in wild-
type mice [16], and reduced disease severity in NOD mice
following IL-2 supplementation [17]. Likewise, adminis-
tration of multiple low-doses of a complex composed of IL-
2 and anti-IL-2 antibody prevented insulitis in NOD mice
by increasing the numbers of Treg in the pancreas [17].
These data depict a scenario where IL-2 deficiency within
the islets is detrimental to the function of Treg and favours
evolution of the autoimmune reaction, whereas administra-
tion of large doses of IL-2 precipitates the disease through
expansion of effector cells [18].

A more specific approach to antagonise the pathogenic
effects of IL-2 is targeting of cells expressing the IL-2
receptor. For example, an IL-2/Fc fusion protein partially
blocked the development of diabetes in NOD mice by
reducing T cells expressing the IL-2 receptor in the
pancreas [19]. Other chimeric molecules have been
designed by conjugation of IL-2 to toxic moieties that kill
cells after internalisation through the IL-2/IL-2 receptor
complex. A fusion protein composed of IL-2 and diphtheria
toxin showed protective effects against development of
diabetes in NOD mice and humans [20, 21], as well as in
models of inflammatory colitis [22]. However, we recently
showed that this fusion protein causes severe lymphopenia
at the therapeutic doses, which might have detrimental
consequences in the context of autoimmunity [23].
Homeostatic expansion of effector cells outpaces the
recovery of Treg under conditions of lymphopenia [24],
creating a transient period of instability with predominant
autoimmune effector activity [9, 10]. In variance, a fusion
protein composed of IL-2 and activated caspase-3 (IL2–cas)
provided the same defence against inflammatory colitis
without causing lymphopenia [23, 25]. In this study we
evaluated the effect of IL2–cas in NOD mice, where
targeted deletion of cells expressing the IL-2 receptor has
two possible outcomes. One possibility is acute onset of
destructive insulitis provoked by selective depletion of
CD25+ Treg. Alternatively, targeted depletion of IL-2-
receptor-positive effector cells can ameliorate the course
of disease. We found that one dose of IL2–cas decreases the
incidence of diabetes in an age-dependent manner, and
antagonises the toxic effects of cyclophosphamide. Despite
eradication of CD25+ Treg, protection afforded by this
fusion protein was associated with increased FOXP3 levels.

Methods

Animal model and treatments NOD, NOD severe combined
immunodeficiency mice (NOD SCID) and C57BL/6 mice
were purchased from Jackson Laboratories (Bar Harbor,
ME, USA) and inbred in a barrier facility. All experimental
procedures have been approved by the Institutional Animal
Care Committee. Glucose was monitored at weekly
intervals at constant hours by tail bleeding using a standard
glucometer (Roche Diagnostics, Manheim, Germany).
Hyperglycaemia was considered at blood glucose levels
above 11 mmol/l in two consecutive measurements at 2 day
intervals. The glucose tolerance test was performed by
intraperitoneal administration of 2 g glucose and measure-
ment of blood glucose at 30, 60 and 120 min. IL2–cas is
composed of full-frame IL-2 conjugated head to tail to full-
frame caspase-3 (without the leading procaspase segment)
[23, 25]. The sequence was inserted into a PET-28 plasmid
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under control of the T7 promoter and protein retrieved from
the inclusion bodies of Escherichia coli was purified under
denatured conditions and refolded to a biologically active
molecule. The fusion protein and cyclophosphamide (Sigma,
St Louis, MO, USA) was administered intravenously or
intraperitoneally in 200 μl PBS.

Cell preparation and analysis Spleens, mesenteric/pancreatic
lymph nodes, thymus and pancreas were gently minced on a
40 µm nylon mesh in HBSS to prepare single-cell suspensions.
The CD4+ and CD4+CD25− T cells were isolated using the
CD4+CD25+ Regulatory T Cell Isolation Kit, according to the
manufacturer’s instructions (Miltenyi Biotec, Bergisch-
Gladbach, Germany). The yield of isolation was evaluated
using fluorochrome-labelled primary antibodies: CD4 (clone
RM 4-5), CD8 (clone 53-6.7), CD25 (clone PC61.5).
Antibodies were purchased from eBioscience (San Diego,
CA, USA) and BD Pharmingen (San Diego, CA, USA).
FOXP3 was determined following permeabilisation and
intracellular staining with a phycoerythrin-labelled antibody
(FOXP3 staining buffer set NRRF-30, eBioscience). Measure-
ments were performed with a Vantage SE flow cytometer
(Becton Dickinson, Franklin Lakes, NJ, USA). Apoptosis and
death were determined using Annexin-V (IQ products,
Groningen, the Netherlands) and 7-aminoactinomycin-D
(7-AAD, Sigma), respectively. Positive staining was deter-
mined on a log scale, normalised with control cells stained
with isotype control antibodies. Proliferation was determined
in lymphocytes labelled with 10 µmol/l 5-(and 6-)carboxy-
fluorescein diacetate succinimidyl ester (CFSE, Molecular
Probes, Carlsbad, CA, USA); CFSE dilution was quantified
with the ModFit software.

In vitro apoptosis Cells were incubated at a concentration
of 2×106/ml in DMEM supplemented with 2 mmol/l
L-glutamine, 1 mmol/l sodium pyruvate, 13.6 µmol/l folic
acid, 270 µmol/l L-asparagine, 548 µmol/l L-arginine,
10 mmol/l HEPES, 50 µmol/l 2β-mercaptoethanol,
100 mg/ml streptomycin, 100 U/ml penicillin and 5%
(vol./vol.) heat-inactivated fetal bovine serum (mixed
lymphocyte reaction [MLR] medium). All the ingredients
were purchased from Beit Haemek (Kibbutz Beit Haemek,
Israel) and Sigma. Cells were incubated at 37°C in a
humidified 5% CO2 atmosphere for 24 or 72 h with 1.2–
3.6 μg/ml IL2–cas.

In vitro proliferation and mixed lymphocyte reaction NOD
responder cells (H2Kg7) labelled with CFSE were co-
incubated in MLR medium with an equal number of
stimulators irradiated at 30 Gy (Rad Source 2000; Rad
Source, Alpharetta, CA, USA) from syngeneic (H2Kg7) or
allogeneic mice (H2Kb), with and without 1 µg/ml IL2–cas.
Proliferation of CD4+CD25− T cells was measured during

3 day incubation inMLRmediumwith 5μmol/l concanavalin-
A (ConA). All MLR assays were performed in triplicate and
the data presented are representative of a minimum of three
animals per group.

Histology Mice killed by CO2 asphyxiation underwent whole-
body desanguination by infusion of 25 ml PBS containing
heparin into the abdominal aorta, fixed in ice-cold PBS
containing 1.5% (vol./vol.) fresh paraformaldehyde (for 2 h at
0–4°C) and immersed in 30% (wt/vol.) sucrose overnight.
Tissue embedded in OCT (Sakura Finetek, Torrance, CA,
USA) was frozen in isopentane suspended in liquid nitrogen,
sectioned (3–6 μm) with a Cryotome (Termo Shandon,
Cheshire, UK) and counterstained with haematoxylin/
eosin. Sections were visualised with an Axioplan 2 micro-
scope (C. Zeiss, Brighton, MI, USA).

Statistical analysis Data are presented as means ± standard
deviations for each experimental protocol. The results in
each experimental group were evaluated for reproducibility
by linear regression of duplicate measurements. Differences
between the experimental protocols were estimated with a
post hoc Scheffe t test and a p value of less than 0.05 was
considered significant.

Results

Influence of IL2–cas on T cells A fusion protein that
internalises active caspase-3 is expected to induce apoptosis
in lymphocytes that express the IL-2 receptor. Incubation of
splenocytes from prediabetic (8 weeks) and diabetic NOD
mice with escalating concentrations of the fusion protein for
24 h resulted in dose-dependent increase in apoptosis
(Fig. 1a). Splenocytes of diabetic mice showed a lower
(non-significant) but consistently reduced sensitivity to
apoptosis induced by this fusion protein as compared with
prediabetic mice. Preliminary studies showed that the
optimal time to attain steady-state levels of apoptosis
induced by IL2–cas is 3 days, suggesting that internal-
isation of the toxic moiety requires time to activate the
apoptotic machinery in vitro. To determine specific target-
ing of the IL-2 receptor, CD4+ T cells isolated from the
mesenteric and pancreatic lymph nodes of female NOD
mice (aged 8 weeks) were incubated with 1 μg/ml IL2–cas
for 72 h (Fig. 1b). The fusion protein induced apoptosis in
CD25+ T cells (p<0.05 vs medium) as expected, but was
also toxic to CD25− T cells (p<0.05 vs medium, Fig. 1c).
Possibly, the toxic moiety was internalised by the IL-2/IL-2
receptor complex at a lower frequency of CD25 than the
threshold of detection by flow cytometry, or the fusion
protein was internalised by other components of the IL-2
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receptor. Analysis of apoptosis in reference to FOXP3
expression revealed reduced sensitivity of CD4+FOXP3+ T
cells to apoptosis as compared with CD4+FOXP3− T cells
(p<0.001) in medium, with no apparent significant effect of
IL2–cas (Fig. 1d). Thus, the fusion protein preferentially
targets CD25+ T cells, but different subsets of CD4+ T cells
display variable sensitivities to caspase-induced apoptosis.

IL2–cas suppresses effector cells To determine whether
specific targeting of CD25+ T cells by IL2–cas increases or
decreases immune reactivity, two functional assays were
performed. First, activity of the fusion protein was
evaluated in an in vivo MLR assay, where NOD mice
(H2Kg7) aged 8 weeks were immunised with 5×106

splenocytes from C57BL/6 mice (H2Kb). NOD splenocytes
were harvested after 2 days, labelled with CFSE and co-
incubated with radiated syngeneic (H2Kg7) or allogeneic

(H2Kd) stimulators. IL2–cas suppressed proliferation in
response to both syngeneic and allogeneic stimuli (p<0.05,
Fig. 2a), suggesting that the fusion protein decreases
reactivity rather than augments responsiveness by selective
depletion of Treg. In a second experiment, the effect of
IL2–cas on diabetogenic cells was evaluated in an adoptive
transfer model into immunocompromised mice. Spleno-
cytes of NOD mice with new-onset diabetes were incubated
for 72 h with and without 1 μg/ml IL2–cas and 2×107

viable cells were adoptively transferred into NOD SCID
mice. While all recipients of splenocytes incubated in
medium developed diabetes, only three of the eight
recipients of IL2–cas-pre-treated splenocytes developed
the disease (Fig. 2b), demonstrating effective depletion of
pathogenic cells. Similar depletion of diabetogenic cells has
been achieved by pre-incubation with Fas ligand before
adoptive transfer into immunocompromised mice [26].
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Fig. 1 IL2–cas induces
apoptosis in vitro. a Apoptosis
of splenocytes from prediabetic
NOD female mice aged 8 weeks
and from new-onset diabetic
mice exposed to escalating
concentrations of IL2–cas for
24 h (n=4); NOD prediabetic
mice, grey bars; NOD diabetic
mice, white bars. b Representa-
tive measurements of apoptosis
and death using annexin-V
(labelled with FITC) and
7-AAD, respectively, in the
CD25− and CD25+ subsets
of isolated CD4+ T cells.
APC, allophycocyanin; PE,
phycoerythrin. c–d CD4+ T cells
isolated from the mesenteric
lymph nodes of prediabetic
NOD female mice aged 8 weeks
were incubated with 1 μg/ml
IL2–cas for 72 h (n=4; dark
grey bars) to determine
apoptosis in reference to
CD25 expression (c) and
FOXP3 expression (d). Incuba-
tion in medium served as the
control (light grey bars);
*p<0.05; ***p<0.001
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Impact of cyclophosphamide and IL2–cas on diabetes in
NOD mice In view of the evidence that IL2–cas induces
apoptosis in CD25+ T cells and decreases effector activity,
the fusion protein was evaluated in NOD mice in vivo. On
the one hand, an agent that mediates targeted killing of
CD25+ T cells is expected to precipitate early onset of
diabetes similar to cyclophosphamide [4–6] and anti-CD25
antibodies [27, 28]. On the other hand, decreased activity of
reactive cells suggests that the fusion protein might
ameliorate the course of insulitis as observed with diphtheria
toxin in NODmice [20] and IL2–cas in inflammatory colitis
[22, 23, 25]. Our female NOD colony was monitored over
an extended period of time to determine onset of diabetes at
age 14 weeks, with an overall incidence of 83% diabetic
mice at the age of 30 weeks (n=312). Cyclophosphamide
was chosen as a control agent that precipitates the onset of
hyperglycaemia in NOD female mice in an age-dependent
manner: administration of one dose of 200 μg/g Cy at ages

5.5, 8.5 and 11.5 weeks caused acute onset of hyper-
glycaemia within 2 weeks in 47%, 70% and 78% of the
mice, respectively (Fig. 3a). In contrast, administration of
1 μg/g IL2–cas at ages 5.5, 8.5 and 11.5 weeks did not
delay significantly the onset of disease relative to the
female colony, but decreased its incidence to 26%, 38% and
50%, respectively (Fig. 3b). These data were consistent
with reduced activity of effector cells in the MLR assay and
partial depletion of diabetogenic cells as seen in the
adoptive transfer experiment (Fig. 2). A common feature
of Cy and IL2–cas was increased incidence of diabetes
when immunomodulation was performed at an older age
(Table 1), when the disturbance in Treg/effector T cell
(Teff) balance is generally more pronounced. A significant
difference was the acute onset of hyperglycaemia within
2 weeks after infusion of Cy, with a mean onset time of
12.8±3.6 days (n=62). In variance, recipients of IL2–cas
developed diabetes close to the onset in the female colony,
with mean onset time=103±24 days from its administration
at the age of 5.5 weeks (n=19) and 56±6 days when given
at the age of 11.5 weeks (n=10). This delay in disease onset
suggests that IL2–cas is more efficient in reducing the load
of pathogenic cells at a younger age.

IL2–cas alleviates Cy-induced diabetes Although both Cy
[4] and IL2–cas are particularly toxic to CD25+ T cells, the
dissociated time courses of disease development suggested
differential effects on immune cells. In a subsequent
experiment IL2–cas was given 3 days after administration
of Cy, the time point of maximal lymphodepletion [4, 5,
29]. Administration of 1–4 doses of 1 μg/g IL2–cas after
200 μg/g Cy to prediabetic female NOD mice decreased the
incidence of hyperglycaemia in all age groups (Fig. 3c).
Consistent with the age-dependent variations observed with
each agent alone, diabetes was more efficiently prevented
when both agents were administered at younger ages
(Table 1). Interestingly, mice developed diabetes early after
joint Cy/IL2–cas administration similar to disease onset
after Cy, suggesting suboptimal IL2–cas dosage or timing
of injection. Non-diabetic mice showed normal responses to
a glucose tolerance test at the experimental endpoint of
28 weeks, questioning whether the severity of inflammatory
insulitis has been modulated. Histological inspection of the
islets revealed reduced severity of inflammatory insulitis in
diabetes-free mice after treatment with IL2–cas with and
without Cy, as compared with islets of age-matched non-
diabetic naive NOD mice (Fig. 3d). Considering that in
naive NOD female mice approximately 65% of the islets
are inflamed at age 11 weeks [30], administration of IL2–
cas was evidently associated with partial resolution of the
inflammatory state, in addition to the competent insulin
output in response to demand as determined by the glucose
tolerance test.
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Fig. 2 IL2–cas reduces immune reactivity. a NOD mice (H2Kg7)
aged 8 weeks (n=5) were immunised with 5×106 splenocytes of
C57BL/6 mice (H2Kb). After 2 days the spleens were harvested, and
cells were labelled with CFSE and co-incubated with syngeneic
(H2Kg7) or allogeneic (H2Kd) stimulators inactivated by irradiation
(30 Gy). Proliferation was determined from CFSE dilution and
quantified using the ModFit software. IL2–cas, black circles; medium,
white circles; *p<0.05. b Splenocytes of new-onset diabetic NOD
mice were incubated with (n=8, thick line) or without (n=9, thinner
line) 1 μg/ml IL2–cas for 72 h. Viable cells (2×107) were adoptively
transferred into NOD SCID mice and hyperglycaemia was monitored
in peripheral blood
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IL2–cas modulates the course of disease after onset of
hyperglycaemia There are few cases where therapy is
effective in arresting autoimmune diabetes in NOD mice
after onset of hyperglycaemia [8]. To evaluate the capacity
of the fusion protein to arrest disease progression, new-
onset diabetic NOD female mice were given two to four

doses of 1 μg/g IL2–cas at daily intervals. Initiation of
therapy within 1 week after onset of hyperglycaemia
resulted in superior survival as compared with untreated
NOD mice (Fig. 4a). To determine how IL2–cas therapy
impacted the activity of diabetogenic cells, 2×107 spleno-
cytes harvested at 6 weeks after onset of hyperglycaemia
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Fig. 3 Impact of cyclophosphamide and IL2–cas on diabetes onset in
NOD mice. a Administration of 200 μg/g cyclophosphamide (arrows)
at ages 5.5 (n=15), 8.5 (n=20) and 11.5 weeks (n=27) precipitated
acute onset of diabetes in female NOD mice. The incidence of
spontaneous diabetes in the female NOD colony (n=312) is shown as
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injected with 200 μg/g cyclophosphamide and 1 μg/g IL2–cas after
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(n=19). For a–c: onset following administration at 5.5 weeks, dotted
line; at 8.5 weeks, dot/dashed line; at 11.5 weeks, solid line; control,
dashed line. d Disease severity was evaluated by histology in
pancreatic sections of non-diabetic mice at the experimental endpoint
of 28 weeks. Islets were scored according to 0=no inflammation
(lower image, white bar in graph) and 1=inflammation (upper image,
black bar in graph) in cryosections of naive NOD female mice (n=63,
islets from five mice), and administration at 8 weeks of IL2–cas (n=
38, islets from four mice) and sequential Cy and IL2–cas (n=47, islets
from three mice). Demonstrative images were acquired at ×20
magnification

Table 1 Influence of cyclophosphamide, IL2–caspase-3 and their combination on the onset of diabetes in female NOD mice

Age
(weeks)

Cyclophosphamide IL2–cas p values Cy+IL2-cas

Diabetic (%) MOT (age
in weeks)

Diabetic (%) MOT (age
in weeks)

IL2–cas
vs Cy

Diabetic (%) MOT (age
in weeks)

5.5 47 7.5±0.6 26 20.2±3.4 0.001 27 13.5±1

8.5 70 10.2±0.5 38 24.5±4.3 0.001 11 9.5

11.5 78 13.3±0.5 50 19.5±0.9 0.001 37 12.4±1.2

MOT, mean onset time
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were adoptively transferred into NOD SCID mice. While
splenocytes from untreated female mice transferred the
disease to 100% of the immunocompromised recipients
within 8 weeks, splenocytes from diabetic mice treated with
IL2–cas transferred the disease in 40% of the recipients
(Fig. 4b). The decrease in activity of diabetogenic cells was
consistent with superior survival, providing evidence that
therapy improved glucose homeostasis even after the onset
of overt diabetes.

Immunological consequences of immunomodulation To
determine the acute-phase consequences of administration
of the two agents, lymphoid organs were evaluated at the
nadir of lymphopenia caused by Cy in NOD mice [4, 5,
29]. Female NOD mice aged 8 weeks received one
intraperitoneal dose of 200 μg/g Cy or 4 μg/g IL2–cas
and after 3 days the spleens, mesenteric/pancreatic lymph
nodes and thymus were compared with age- and sex-
matched naive NOD mice (Fig. 5a). Neither of the agents

caused significant changes in the CD4+ T cell subset (not
shown); however, both agents decreased significantly (p<
0.001) the fraction of CD4+CD25+ cells (Fig. 5b). Consis-
tently, the CD4+CD25+FOXP3+ T cell subset was depleted
in all lymphoid organs by both agents (p<0.001, Fig. 5c).
However, these interventions differed in their effects on
FOXP3+ cells: while Cy decreased fractional expression of
FOXP3, a surprising increase in FOXP3+ cells was caused
by IL2–cas in the lymph nodes, thymus (Fig. 5d) and
pancreas (Fig. 5f). Notably, increased fractional expression
of FOXP3 in the lymph modes and pancreas early after
IL2–cas administration was associated with reduced the
incidence of hyperglycaemia.

Elevated fractional expression of FOXP3 in the lymph
nodes following administration of IL2–cas (0.9 μg/g,
intravenous) has also been observed in a model of toxic
colitis in BALB/c mice [23]. To determine whether the
acute effects caused by the fusion protein and Cy are
specific to NOD mice, wild-type C57BL/6 mice were
infused (intraperitoneally) with 4 μg/g IL2–cas and 200 μg/g
Cy. Both IL2–cas and Cy depleted CD25+ T cells in all
lymphoid organs (not shown). However, while Cy reduced
the CD4+FOXP3+ subset, IL2–cas preserved fractional
expression of FOXP3 in all lymphoid organs (Fig. 5f).
The higher incidence of CD4+FOXP3+ T cells in lymph
nodes of NOD mice as compared with C57BL/6 mice may
be attributable to lymphocyte activation caused by the
autoimmune reaction. Considering that autoimmune in-
flammatory disorders, such as gastritis and diabetes, are
triggered by IL-2 neutralisation in wild-type mice [16],
C57BL/6 mice were monitored for 10 weeks after admin-
istration of two doses of 4 μg/g IL2–cas at an interval of
2 days (n=5). These mice showed no signs of enteritis and
hyperglycaemia, and this was confirmed by histological
examination at the experimental endpoint.

Influence of IL2–cas on CD25− T cells Immune homeosta-
sis is based on dynamic changes in phenotypes and
function of T cells, as demonstrated by reconstitution of
all T cell lineages in NOD SCID mice after adoptive
transfer of either CD25− or CD25+ T cells (A. Kaminitz,
unpublished data). Increased fractional expression of
FOXP3 in NOD mice after targeted depletion of CD25+ T
cells may be caused either by relative insensitivity of
CD4+FOXP3+ T cells to apoptosis, faster proliferation rates
or induced expression of FOXP3 [4, 5, 18, 24]. To
dissociate between these possibilities, we next determined
whether IL2–cas induces FOXP3 expression and/or stim-
ulates proliferation of various CD4+ T cell subsets in vitro.
CD4+CD25− T cells were isolated from the mesenteric/
pancreatic lymph nodes of female NOD mice aged 8 weeks
(94±3% CD4+CD25−) and incubated for 3 days. In the
presence of IL2-cas, 12±0.8% converted to express CD25
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in liquid culture (p<0.001 vs 6±1.4% of cells in the
medium). Most of these cells expressed high levels of
CD25 (Fig. 6a), suggesting that upregulation was not
caused by selective evasion from apoptosis of cells
expressing low levels of the IL-2 receptor. Cells that

expressed CD25 in culture (without stimulation) did not
co-express FOXP3, which was detected in a small fraction
of cells (2.5±0.6%) that were mostly negative for the IL-2
receptor (Fig. 6b). The dissociated expression of CD25 and
FOXP3 indicates that induction of the IL-2 receptor was
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independent of FOXP3 activation, and upregulation of this
transcription factor is not frequent in CD25− T cells in vitro.

Subsequently, CD25− T cells were submitted to mito-
genic stimulation with ConA (Fig. 6c). IL2–cas increased
the cycling rates of cells that upregulated CD25 expression,
in particular among those cells showing high levels of
CD25 expression (the CD25high subset), demonstrating
again that some cells expressing the IL-2 receptor were
insensitive to apoptosis induced by the fusion protein
(Fig. 6d). The faster proliferation induced by IL2–cas
indicates that upregulation of CD25 was overestimated,
such as the values for CD25 expression originated from
expansion of a smaller fraction of cells that became CD25-
positive. As delineated above, FOXP3 was detected in a
small fraction of those cells that expressed the IL-2 receptor
(Fig. 6b). Furthermore, faster proliferation rates in both
CD25low and CD25high subsets suggest that internalisation
of the fusion protein promoted cell cycling. Taken together,
these data suggest that increased FOXP3 expression
observed in IL2-cas-treated NOD mice originated primarily
from the relative resistance of these cells to apoptosis, and
not from induced expression of this transcription factor or
fast proliferation of these cells.

Discussion

This study demonstrates that targeted killing of cells
expressing the high affinity IL-2 receptor provides partial
protection from diabetes in NOD mice, antagonises
destructive insulitis triggered by cyclophosphamide and
improves survival after onset of hyperglycaemia. The
fusion protein induces apoptosis in CD25+ T cells in vitro
and in vivo, with a lesser but significant effect on CD25− T
cells. The immunomodulatory consequences of IL2–cas
include elevated fractional expression of FOXP3 in the
lymph nodes and pancreases of diabetes-free mice, which is
favourable to resolution of inflammation in some islets.

Despite the functional significance of CD25 and IL-2
signalling in naturally occurring Treg [11–16], the data
presented here document deletion of diabetogenic cells by
the fusion protein. Targeting cells that express the IL-2
receptor decreased the responsiveness to alloantigens in
vitro, impaired adoptive transfer of the disease into NOD
SCID mice and antagonised cyclophosphamide-induced
destructive insulitis. Taken together, these data imply that
the Treg/Teff ratio was tilted to the advantage of suppressor
cells. Considering that CD4+CD25+FOXP3+ Treg were
virtually eradicated in the lymphatics of NOD mice,
reduced autoimmune reactivity evidently occurred through
removal of the pathogenic cells. This is the likely
explanation for the beneficial effect of the fusion protein
after onset of overt diabetes, where arrest of complete islet

destruction improved survival without exogenous adminis-
tration of insulin. Treg were ineffective and therefore
dispensable at these late stages of destructive insulitis.
IL-2 targeted therapy can affect immune homeostasis in
NOD mice by modulation of several activities of effector
and regulatory cells. First, the fusion protein increased
apoptosis in cells defined by flow cytometry as CD25−,
suggesting its internalisation at very low levels of the high-
affinity α chain. Second, Treg subsets display significant
variations in sensitivity to apoptosis, which is differentially
and continuously modulated by the inflammatory environ-
ment [31, 32]. Third, expression of the IL-2 receptor is a
general feature of the physiological process of lymphocyte
activation, thus the CD25+ subset is likely to include a
certain number of effector cells [33]. Fourth, CD25 is
variably downregulated and is shed from Treg without
affecting their suppressive capacity [34].

The most significant difference in the contrasting effects
of Cy and IL2–cas on the immune system of NOD mice
was the expression of FOXP3, considered to be the
characteristic marker of Treg [16, 34] that best defines a
suppressive phenotype in the pancreas [18]. Administration
of Cy to NOD and wild-type mice resulted in a sharp
decline in FOXP3+ T cells, corroborating prior reports
[4, 5]. The reason for selective depletion of Treg by Cy is
not entirely clear: it may be caused by faster proliferation
rates of Treg in vivo rendering them more susceptible to
apoptosis [5, 35], or faster recovery of naive and patho-
genic cells as compared with Treg through homeostatic
expansion under lymphopenic conditions [24, 36]. The
ensuing transient period of immune disequilibrium predis-
poses to immune reactivity, which is inefficiently sup-
pressed by slower and delayed recovery of the Treg pool
[9]. According to this scenario, the incomplete abrogation
of diabetes when IL2–cas was administered after Cy might
be caused by insufficient dosage of the fusion protein, or
late timing after homeostatic expansion secondary to Cy-
induced lymphopenia has already commenced. These
possibilities are consistent with early onset of the disease
in these mice, suggesting that the toxic effect of Cy was not
sufficiently counterbalanced. A similar drastic decrease in
FOXP3+ T cells has been induced by anti-CD25 antibodies,
which either inhibited [37] or depleted Treg [27], and has
been proposed to underlie the predisposition to diabetes
following IL-2 neutralisation [16].

In contrast, expansion of CD25−FOXP3+ cells in the
lymph nodes and pancreases of NOD mice caused by IL2–
cas was associated with lower insulitis score and decreased
incidence of hyperglycaemia. As CD25 is expressed in 50–
60% of the CD4+FOXP3+ T cells, targeted killing of CD25+

lymphocytes was accompanied by expansion of the
CD25−FOXP3+ subset in lymphoid organs. Consistent with
superior survival of FOXP3+ T cells in vitro, CD25−FOXP3+
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cells were markedly elevated early after administration of
IL2–cas to NOD and wild-type mice. The positive findings
in this study indicate that the basis for enrichment in the
CD25−FOXP3+ subset is lower sensitivity of these cells to
apoptosis induced by IL2–cas, similar to observations in
models of experimental colitis [22, 23]. The mechanism of
superior survival of this subset remains to be determined. We
could not demonstrate upregulation of FOXP3 in CD25−

cells in vitro, though this does not preclude that such
expression occurs under inflammatory conditions in the
pancreas and regional lymph nodes. Our findings are
consistent with the observation that anti-CD25 antibodies
do not mediate FOXP3 expression in CD4+CD25− T cells
[37]. However, the data presented here vary from the
absence of compensatory expansion of CD25−FOXP3+ T
cells in response to anti-CD25 antibodies in a model of
experimental autoimmune encephalomyelitis in wild-type
mice [38]. Since anti-CD25 antibodies do not always deplete
CD25+ T cells [27], but rather inhibit their function [37], the
cytokine environment might be less favourable for expansion
of the CD25−FOXP3+ T cells [39]. Reactive changes in
CD25, CD62L and FOXP3 as phenotypic markers of
putative Treg have been previously observed with immuno-
modulatory agents such as Cy, anti-IL-2, anti-CD25 and anti-
CD3, and have been generally associated with positive
outcome of immunomodulation in NOD mice [4, 5, 16, 28].
A similar reactive increase in FOXP3 expression has recently
been associated with beneficial effects of Treg activation
achieved by several immunomodulatory modalities, includ-
ing IL-2/IL-2 antibody complexes, anti-thymocyte globulin,
complete Freund's adjuvant, vasoactive intestinal peptide and
rapamycin [18, 40–44]. Considering the very different
mechanisms of action of these agents, it can be proposed
that dominance of CD25−FOXP3+ T cells is mediated by
superior survival and faster expansion.

An interesting observation was the CD25−-to-CD25+

conversion in a small subset of T cells in vitro, which was
increased twofold by IL2–cas. Our incubation conditions
were different from those used for expansion of adaptive
CD25+ Treg, which are functionally competent and block
the development of diabetes in NOD mice [45, 46]. CD25
expression in vitro did not involve FOXP3 as an interme-
diate transcription factor, and evidently this subset was
insensitive to apoptosis induced by IL2–cas. The faster
proliferation rates of CD25high cells in response to
mitogenic stimuli suggest that the receptor was involved
in expansion of this subset. It is tempting to speculate that
internalisation of two factors involved in physiological
process of lymphocyte activation—IL-2 and caspase-3—is
responsible for the stimulation of cells that upregulated
CD25 expression [47, 48]. The fact that IL2–cas did not
aggravate insulitis indicates that the fusion protein does not
expand diabetogenic cells.

Partial resolution of inflammation and protection from
diabetes through elimination of diabetogenic cells achieved
with IL2–cas offers an additional therapeutic option, with
several advantages in the context of autoimmune insulitis.
First, direct introduction of toxic moieties through the IL-2/
IL-2 receptor complex overcomes the relative resistance of
NOD lymphocytes to apoptosis (as compared with wild-
type mice) [49, 50], and the decreased susceptibility of
diabetogenic cells to Treg-mediated inhibition [33, 51, 52].
Inasmuch as B cell lymphoma protein 2 (BCL-2) is
associated with the survival of islet-infiltrating T cells
[18], IL2–cas was found to reduce the BCL-2/apoptosis
regulator BAX ratio in a model of toxic colitis [25],
suggesting that the fusion protein sensitises pathogenic
lymphocytes to apoptosis. Thus, fusion proteins comprising
IL-2 and toxic moieties are of therapeutic value irrespective
of concomitant depletion of CD25+ Treg in NOD mice and
models of inflammatory colitis [22, 23], which are
associated with aberrant sensitivity of the pathogenic cells
to apoptosis. In contrast, anti-CD3 and anti-CD25 anti-
bodies primarily inhibit cell function and variably mediate
their physical elimination [7, 8, 27, 37], which might be
beneficial to preserve Treg but does not eliminate the
diabetogenic potential. Second, decreased suppressive
function [53, 54] and lower numbers of Treg [55, 56] are
considered as mechanisms that contribute to the evolution
of insulitis in NOD mice. Although such a decline in Treg
has been not observed in other studies [51, 52], concurrent
elimination of pathogenic cells has the distinct advantage of
direct repression of the autoimmune process. Third,
FOXP3+ T cells in the pancreas and draining lymphatics
are less sensitive to apoptosis induced by IL2–cas, resulting
in expansion of C25−FOXP3+ cells. Increased fractional
expression of FOXP3 in the thymus, the origin of naturally
occurring Treg [11, 12] might be beneficial to restoration
and maintenance of self-tolerance through resetting of the
regulatory/effector equilibrium.
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