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Summary. Recent evidence indicates that activated T cells
and macrophages play an important role in the induction of
insulitis and diabetes in certain strains of mice treated with
multiple subdiabetogenic doses of streptozotocin. In the
present study, we treated C57BL/6] mice with five daily
doses of 40 mg/ml streptozotocin and examined the prophy-
lactic effect of an anti-interleukin 2 receptor monoclonal
antibody (PC61). In mice treated with streptozotocin, inter-
leukin 2 receptor-positive mononuclear cells were shown to
infiltrate into the islets and soluble interleukin 2 receptors in
the sera were significantly increased compared with control
mice. The administration of PC61 to the mice attenuated the
insulitis, and diminished interleukin 2 receptor-positive cells
from islets and soluble interleukin 2 receptors in the sera.
Moreover, the administration of PC61 significantly reduced
the development of hyperglycaemia shown in these mice
(12.8 £ 1.1 mmol/l vs 18.5 = 0.7 mmol/l, p < 0.005). As judged

by flow cytometric analysis, this antibody did not cause any
changes in either spleen cell counts or T cell subsets. Inter-
leukin 2 receptors were expressed on a minor population of
spleen cells regardless of treatment with PC61 (STZ + nor-
mal rat IgG: 2.1+£03%, STZ+PC61: 24+0.3%). Even
after stimulation of spleen cells with concanavalin A or
alloantigen, interleukin 2 receptor expression was not signi-
ficantly different between the two groups. Qur studies
suggest that interleukin 2 receptor-positive activated T cells
or macrophages are important in the development
of multi-low-dose streptozotocin diabetes and that an
anti-interleukin 2 receptor antibody can attenuate this pro-
cess.

Key words: Type 1 (insulin-dependent) diabetes, streptozo-
tocin, interleukin 2 receptor, anti-interleukin 2 receptor anti-
body, soluble interleukin 2 receptor.

Multiple low-dose streptozotocin (STZ)-induced dia-
betes develops in a strain-dependent manner often in
conjunction with a cellular infiltration of the pancreatic
islets (insulitis) [1-3]. Recent studies have suggested that
cell-mediated immune mechanisms play an important
role in the pathogenesis of this model of diabetes [4-10].
Diabetes can be prevented by treatment with anti-T cell
antibodies [11] or an H-2 alloantiserum [12]. Further-
more, the development of STZ-induced diabetes is
prevented by total-body irradiation, with diabetes devel-
oping after adoptive replacement of T cells [7-10]. Mac-
rophages can also infiltrate into the islets in the early
stage of insulitis as shown by immunohistochemistry and
diabetes can be prevented by administration of silica par-
ticles [13].

Interleukin 2 (IL2) is produced by antigen- or mi-
togen-activated T cells and plays a central role in the de-
velopment of the immune response [14]. As with other
classic peptide hormones, IL2 is thought to act on T cells
or macrophages through its own receptor [15]. IL2 and its
surface receptor (IL2R) have proved to be essential to the
growth and proliferation of the effector cells of immunity.
There exist two classes of IL2R with high and low affinity,
and all the positive biological effects of IL2 appear to be
mediated by high affinity IL2R [16]. High affinity IL2R is

only transiently expressed upon lymphocytes during the
antigen-driven proliferative burst.

In the present study, to clarify the pathogenic signifi-
cance of IL2R-positive activated T cells or macrophages
in diabetes induced by STZ, we have examined whether
treatment with an anti-IL2R monoclonal antibody, which
recognizes the 55-kilodalton (kD) subunit of the high af-
finity heterodimetric IL2R [17], could suppress insulitis
and diabetes in this animal model of Type 1 (insulin-de-
pendent) diabetes.

Materials and methods

Mice

Eight- to 12 week-old male C57BL/6J {(H-2° haplotype) and BALB/c
(H-2¢ haplotype) mice were purchased from Clea Co. (Osaka,
Japan) and bred at the Experimental Animal Centre, Kobe Univer-
sity School of Medicine, in a specific pathogen-free state.

STZ

STZ (Upjohn Chemical Company, Kalamazoo, Mich, USA) was dis-
solved in 25 mmol/l Na(l acidified to pH 4.0 with 50 mmol/l citric
acid and injected i.p. into mice within 10 min at a dose of 40 mg/kg
body weight on five consecutive days.
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Fig.1. Plasma glucose levels in mice after being given streptozotocin
(STZ) and anti-interleukin 2 receptor antibody (PC61). STZ was ad-
ministered on days 1-5. Purified immunoglobulin (1 mg/kg body
weight) was injected i. p. on days —5, ~2 and 1-10. Plasma was col-
lected for measurement of the nonfasting glucose concentration by
the glucose oxidase method. ( M) STZ + normal rat IgG (n=8); (@)
STZ +PC61 (n =8), (O) PC61 (n=35); (a)buffer alone (n=3).

* and ** show p < 0.02 and p < 0.005, respectively

Monoclonal anti-IL2R antibody

The PC61 hybridoma was obtained from American Type Culture
Collection (Rockville, Md, USA). The hybridoma secretes a rat
monoclonal IgG, antibody which is specific for the mouse IL2R, and
the antibody inhibits the binding of IL.2 to both the high- and low-af-
finity receptors [17] and the IL2-dependent proliferation of acti-
vated T and B cells [18]. Among several monoclonal anti-mouse
IL2R antibodies, PC61 antibody is reported to be the most efficient
inhibitor of IL.2 binding to the receptor and IL2-induced T cell pro-
liferation [19]. Antibody from concentrated culture supernatants or
normal rat IgG from rat serum was purified by affinity chromato-
graphy on protein A-Sepharose 4B (Pharmacia, Uppsala, Sweden).
One mg/kg body weight of purified immunoglobulin was injected
i.p.two and five days before the STZ administration and on days one
to ten. (The day of the first STZ injection was designated day 1.)

Experimental design

The mice were divided into four groups. Group 1 comprised mice in-
jected with buffer alone (n=35). Group 2 comprised mice treated
with PC61 (n=5). Group 3 comprised STZ-injected mice treated
with normal rat IgG (n = 8). Group 4 comprised STZ-injected mice
treated with PC61 (n=8). Nineteen days after the last injection of
STZ, all of the mice were killed. Plasma was collected for measure-
ment of the nonfasting glucose concentration by the glucose oxidase
method. Their body weights did not significantly differ between
treatment groups. The spleens and pancreas were collected for
measurement of lymphocyte subpopulations and histologic exami-
nations, respectively.

Pancreas histology and immunohistochemical staining

For histological examinations, the pancreata were fixed in Bouin’s
solution at death, and 3 pum sections were stained with haematoxylin
andeosin. Allslides were coded and evaluated for the incidence of in-
sulitis by two operators blinded to the experimental protocol. Tissues
forimmunohistochemistry were snap frozeninliquid N,and stored at
—70°C. The cryostat sections (6 pm) of these pancreata were fixed in
acetone for 10 min at room temperature and washed three times with
phosphate-buffered saline (PBS; 20 mmol/l Na,HPO,, 20 mmol/l
Nal,PO,,150 mmol/INaCl,pH 7.4). Thesections wereincubated for
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1 hatroom temperature with PC61 (20 pg/ml) diluted with PBS con-
taining 1% bovine serum albumin (PBS/BSA). After washing, they
wereincubatedfor 30 minatroom temperature with fluorescein-con-
jugated goatanti-ratimmunoglobulin (Cooper Biomedical Inc., Mal-
vern,Pa, USA)at 1:100 dilution in PBS/BSA. A fluorescence micro-
scope equipped with epi-illumination (Olympus, BH-2 type, Tokyo,
Japan) was used for the assessment of the reaction.

Sandwich RIA of soluble IL2R

Soluble IL2R levels were assessed by the sandwich RTA. Briefly, 96-
well microtitre plates (Flow Laboratories, McLean, Va, USA) were
coated at 4°C overnight with 50 pl of 7D4 (rat IgM monoclonal anti-
mouse IL2R antibody, 20 pg/ml), which binds to a different epitope
of the IL2R and does not compete with I1.2 or PC61, in carbonate
buffer (20 mmol/l NaHCOs;, 20 mmol/l Na,COs, pH 9.6) [20]. After
washing with 20 mmol/l PBS containing 0.1% BSA and 0.05%
Tween20 and saturation to block nonspecific binding with
20 mmol/l PBS containing 1% BSA, 50 ul of each serum sample was
added to the well in twofold serial dilutions. After incubation at
4°C overnight and further washing, *I-PC61 (approximately
200000 cpm/well, specific activity; 13 uCi/ug), which was iodinated
by chloramine T method [21], in 20 mmol/l PBS containing 1% BSA
was added and incubated at room temperature for 2 h. After un-
bound radioactivities were removed by washing, wells were cut and
their radioactivities were counted by y-counter. Solubilized CTLL-2
(murine IL2 dependent T cell-line) extracts derived from
108 cells/ml were arbitrarily assigned a concentration of 1000 soluble
IL2R U/ml and were used as internal standards. The cell extracts
were produced by lysing CTLL-2 at a concentration of 108 cells/ml in
10 mmol/l PBS which contained 1% Triton X-100 and 2 mmol/l phe-
nylmethylsulphonyl fluoride.

Table 1. Suppression of insulitis and diabetes in mice given strepto-
zotocin (STZ) by anti-interleukin 2 receptor (IL2R) antibody

Treatment  Insulitis-positiveislets (%) Plasma glucose
Total islets examined (mmol/l)

STZ + anti-IL2R antibody (PC61)

1 12/48 (25.0) 13.3

2 12/55 (21.8) 194

3 9/54 (16.7) 12.5

4 6/30 (20.0) 11.9

5 8/48 (16.7) 12.8

6 6/30 (20.0) 11.1

7 0/33 (0.0) 8.6

8 5/30 (16.7) 12.5

17.1£2.7* 12.8+1.1°

STZ + normal rat IgG

1 29/39 (74.4) 21.1

2 20/32 (62.5) 18.6

3 12/15 (80.0) 16.9

4 24/33 (72.7) 18.3

5 15/17 (88.2) 20.8

6 33/42 (78.6) 15.5

7 29/39 (74.4) 17.5

8 22/32 (68.8) 18.9

75.0£27 185+£0.7

Nineteen days after the last injection of STZ, all of the mice were
killed. Each pancreas was collected for histological examination.
Plasma was collected for measurement of the nonfasting glucose
concentration by the glucose oxidase method on day 18. The mean
level of plasma glucose and the ratio of insulitis-positive islets/total
islets examined in the five negative control mice (buffer alone) were
9.6 +2.8 mmol/l and 0% (0/217), respectively.

* and * show p <0.001 and p < 0.005 vs STZ + normal rat IgG, re-
spectively
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Measurement of splenic cell subpopulations

Spleen mononuclear cells were obtained by Ficoll gradient centrifu-
gation. Spleen cell suspensions were washed in Dulbeccos PBS
(137 mmol/ll NaCl, 3 mmol/l KCL, 8 mmoll Na,HPO,, 1 mmol/l
KH,PO,, pH 7.4) containing 1% fetal calf serum (Gibco, Grand Is-
land, NY, USA) and 0.1% sodium azide. The cell surface staining
was carried out by incubation with fluorescein isothiocyanate
(FITC)-conjugated monoclonal anti-Thyl.2 and Lyt2 antibodies,
and phycoerythrin (PE)-conjugated monoclonal anti-L3T4 anti-
body (Becton Dickinson, Monoclonal Center, Mountain View,
Calif, USA) for 30 min at 4°C using 4 wl of antibody per 10° cells.
Samples were analysed on a FACS 440 flow cytometer (Becton
Dickinson).

Analysis of IL2R expression on spleen cells

Spleen cells were stimulated with mitogen (concanavalin A; ConA)
or alloantigen (BALB/cspleen cells). Briefly, spleen cells were resus-
pended at a final concentration of 2 x 10° cells/mi in RPMI 1640 me-
dium containing 10% fetal calf serum and supplemented with
2 mmol/l glutamine, 2 mmol/l sodium pyruvate, 50 U/ml penicillin,
50 pg/mlstreptomycin (Flow Laboratories) and 50 pmol/12-mercap-
toethanol (Wako Pure Chemicals, Osaka, Japan}), and then stimu-
lated with either 2.5 ug/ml ConA (Sigma Chemicals Co., St. Louis,
Mo, USA) for 3 days or mitomycin C-treated BALB/c spleen cells
(2 x 108 cells/ml) for 6 days reconstituted in the culture medium de-
scribed above. After incubation in a humidified atmosphere of 5%
CO, in air at 37°C, each activated spleen cell was harvested by cen-
trifugation. Both non-activated and activated spleen cells were sus-
pended in the staining buffer (Dulbecco-PBS, 1% fetal calf serum,
0.1% sodium azide) and incubated with PC61 antibody (final concen-
tration: 5 pg/ml) for 30 min at 4°C. After two washing steps, S plof a
goatanti-rat fluorescein-conjugated immunoglobulin (1:10 dilution)
was added and incubated for 30 min at 4°C. Cell suspensions were
then washed twice and resuspended in the staining buffer. Control
samples were stained with the fluorescent conjugate alone. Anti-
body-reacted cell suspensions were analysed on an FACS 440 flow
cytometer. The number of PC61-positive cells was determined by
integrating 10000 cell logarithmic fluorescence histogram above
the channel in which no appreciable fluorescence was seen for the ne-
gative controls.

Statistical analysis

Results are given as mean = SEM. Statistical significance was deter-
mined with Mann-Whitney U-test. A p value of <(0.05 was con-
sidered statistically significant.

Fig.2. Section through islets in the pancreas of C57BL/6J male mice
treated with streptozotocin and IgG. Upper panel shows a pancre-
aticislet of a littermate mouse injected with normal rat IgG. Note the
inflammatory cells infiltrate within the islet. Lower panel shows an
isletin the pancreas of a mouse treated with anti-interleukin 2 recep-
tor antibody (PC61)

Results

Induction of diabetes mellitus in C57BL/6J mice with
multiple doses of STZ

Administration of five daily injections of STZ induced
hyperglycaemia in C57BL/6J mice treated with normal rat
IgG (Fig.1). On day 18, the mean plasma glucose level
rose to 18.5+ 0.7 mmol/l in mice given STZ compared

Table 2. Effect of monoclonal anti-interleukin 2 receptor antibody on the proportion of T cell subsets and interleukin 2 (IL2R) receptor-posi-

tive cells in splenic mononuclear cells

Group n Cell number % Positive cells

(x10°) Thyl2 Ly 13T4 2R
Buffer alone 5 51418 434+78 159+19 224411 1.9+05
PCol 5 53+£20 433+9.7 175+1.1 235+31 1.8+0.4
STZ + normal rat IgG 8 51+£1.0 450%05 19.1£43 19.0+44 21+03
STZ +PC61 8 6.0+2.5 380+38 133+17 213+14 24+0.3

Splenic mononuclear cells from each group were stained with fluorescein isothiocyanate-conjugated monoclonal anti-Thyl.2 and Lyt2 anti-
bodies, and phycoerythrin-conjugated monoclonal anti-L3T4 antibody. Furthermore, indirect immunofluorescence analysis was done with a
rat anti-IL2R monoclonal antibody (PC61) and a goat anti-rat fluorescein-conjugated immunoglobulin. Samples were analysed on a FACS 440
flow cytometer. No significant differences were shown between each group.

STZ = streptozotocin
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with 9.6 + 1.8 mmol/l in mice given citrate buffer alone
(p <0.001). Mononuclear cell infiltration (insulitis) was
seen in pancreatic islets from mice treated with STZ and
normal rat IgG (Fig.2, upper panel). Furthermore, tissue
sections of pancreas were stained with anti-IL2R antibody
to determine whether IL2R-positive activated cells were
present within the cellular infiltration in the islets. Immu-
nohistochemical study revealed that IL2ZR-positive mono-
nuclear cellsinfiltrated into the islets from mice given STZ
(Fig.3). Soluble IL2R levels in the sera from mice treated
either with or without STZ were examined by the sand-
wich RIA. Figure 4 shows the time course of mean values
of soluble IL2R levels per group. Treatment of C57BL/6J
mice with multiple low dose STZ caused an increase of so-
luble IL2R around day 11 and a continuous rise until
day 24.

Effect of treatment with anti-IL2R antibody (PC61)

As shown in Figure 1, PC61 itself did not show any effects
on glucose tolerance. Administration of PC61 (1 mg/ml,
days — 5, ~2,and 1-101.p.) significantly reduced the de-
velopment of hyperglycaemia induced by STZ on days 18
(p <0.005) and 24 (p < 0.02). Even without the preceding
injection of PC61 (PC61 was injected on days 1-10), the
hyperglycaemia was attenuated to the same extent as the
present experimental design (data not shown). Further-
more, histological examination revealed that this treat-
ment attenuated the insulitis and diminished IL2R-posi-
tive cells from islets (Fig.2, lower panel). Table 1
summarizes the incidence of insulitis-positive islets in
each pancreas and the levels of plasma glucose on day 24
and 18, respectively. The incidence of insulitis-positive is-
letsin STZ-injected mice treated with PC61 (17.1 £2.7%)
was significantly decreased (p <0.001) compared with
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Fig.3. Cryostat sections of the pancreata
obtained from streptozotocin
(STZ)-injected mice treated with either
normal rat IgG or PC61 were stained by
indirect immunofluorescence with
antibodies as described in Materials and
methods. Note interleukin 2
receptor-positive cells infiltrate into the
islet of pancreas from mice treated with
STZ + normal rat IgG. One experiment
representative of five is shown. No
fluorescence-positive cells were seen in
the islet from mice treated with

STZ +PC61 (data not shown)

that in control mice treated with normal rat IgG
(75.0£2.7%). Among the eight PC61-treated mice, only
one mouse did not develop any evidence of insulitis and
showed normoglycaemia. To determine the effect of treat-
ment with PC61 on T cell subpopulations and IL.2R-posi-
tive cells, spleen cells from each group were stained with
monoclonal antibody to Thy1.2, L.3T4 or Lyt2, or mono-
clonal PCé1 antibody, and the relative number of cells
stained with these antibodies was determined by flow cy-
tometry. As shown in Table 2, PC61 did not cause any
changes in spleen cell counts, T cell subsets and IL2R-
positive cells. To investigate whether treatment with PC61
has any effects on non-specific IL2R expression, IL2R ex-
pression on spleen cells was examined under stimulatory
conditions. IL2R-positive cells after stimulation with
mitogen or alloantigen were followed; buffer alone:
394+17%,289+£2.2%; PC61:423£4.4%,27.1£1.9%;
STZ +normal rat IgG: 41.7+2.7%, 30.9%£29%;
STZ + PC61:44.6 £3.5%,31.9 £1.4%, respectively.

Thus, IL2R-positive spleen cells were greatly in-
creased. However, no significant difference could be seen
in the number of PCé6l-positive cells between the four
groups. On the contrary, the levels of soluble II.2R were
decreased to near normal levels by the treatment with
PC61 (Fig.4).

Discussion

IL.2isa T cell-derived lymphokine that has been shown to
exertits biological effects via interaction with specific cell-
surface receptors [22, 23]. While resting T cells and mac-
rophages express few if any IL2R, activation of these cells
with mitogens or specific antigens leads to marked ex-
pression of IL2R [24, 25]. In the present study, multiple
low doses of STZ induced insulitis and overt diabetes in
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Fig.4. Detection of soluble interleukin 2 receptor (IL2R) in the sera
of multi-low dose streptozotocin (STZ) mice. (M ) STZ + normal rat
IgG (n=8); (®)STZ + PC61 (n = 8); () buffer alone (n =5).

* and ** show p < 0.02 and p < 0.005 vs STZ + PC61 and buffer alone,
respectively

C57BL/6J mice, and [L2R-positive mononuclear cells
were present within the cellular infiltration in the islets of
these mice. Since anti-IL2R antibody (PC61) could atte-
nuate the insulitis and reduce the development of hyper-
glycaemia, IL2R-positive cells in the islets appear to play
an important role in the development of diabetes after
multiple injections of STZ. However, PC61 could neither
prevent the insulitis completely nor suppress hypergly-
caemia to normoglycaemia. Although the mechanisms
are currently unclear, several explanations have to be con-
sidered. Kolb et al. reported that macrophage-dependent
single cell insulitis probably progresses to lymphocytic in-
sulitis (multicellular insulitis) in STZ-induced islet inflam-
mation [13, 26] and the administration of macrophage
toxic silica particles almost completely prevents diabetes
development [13,27]. They also reported that depletion of
total T cells by administration of monoclonal antibody to
Thyl suppressed the development of hyperglycaemia
[27]. These results indicate a role for T cells besides mac-
rophages in Beta-cell destruction. Furthermore, it was re-
ported that other cell types rather than T cells and macro-
phages exist in the islet [26, 28], especially natural killer
cells which are predominantly seen in the islet [28], sug-
gesting that natural killer cells may also contribute to the
destruction of Beta cells as shown in BB rats [29, 30]. Al-
though these three immune cell types are reported to ex-
press IL2R on their cell surface [31, 32], these cells may
show differential sensitivity to PC61. It is conceivable,
therefore, that one or two of these cell types is not be fully
suppressed by PC61. As suggested by Rossini et al., the in-
duction of diabetes in this model may involve an initial
toxic injury followed by immunological mediated insulitis
[3]. Treatment with anti-IL2R antibody, which is directed
against the latter, would not prevent the toxic effects of
STZ. Some Beta-cell impairment induced by toxic effect
may explain the relatively elevated glucose levels in STZ-
injected mice treated with PC61.

We have examined the effects of PC61 on spleen cell
subpopulations and the capacity of IL2R expression on

spleen cells. Administration of PC61 did not show any ef-
fects on spleen cell subpopulations or IL2R expression.
On the other hand, autoimmune diabetes induced by
multiple low doses of STZ was also successfully treated
with monoclonal antibodies against T cells. However, in
this case, administration of anti-L3T4 or anti-Lyt2 anti-
body was reported to cause a reduction in each splenic
T cell subset [11]. Although these antibodies bind to most
mouse T cells, anti-JL.2R antibody binds to only antigen-
specific activated cells. Furthermore, IL2R are only tran-
siently expressed upon lymphocytes during the antigen-
driven proliferative burst, whereas L3T4 and Lyt2
molecules are continually expressed. Asshown in Table 2,
very few populations of IL.2R-positive cells in the STZ-
treated mouse spleen ( <2.5%) may also account for the
finding that no significant reduction of the splenic T cell
subsets was observed the treatment with PC61. In addi-
tion, no significant difference of IL2R-positive cells be-
tween each group may be interpreted by the possibility
that transient alterations due to PC61 might recover prior
to the collection of the sample for flow cytometry.

Recent studies using an enzyme-linked immunosorb-
ent assay have demonstrated that a part of IL2R can be re-
leased from the cell-surface when stimulated by antigen or
mitogen [33]. In the present study, soluble IL2R were
examined in the sera from mice given STZ. The levels of
soluble IL2R were significantly elevated by multiple in-
jections of STZ (p<0.005). Rubin et al. have hypo-
thesized that soluble IL2R release by activated lympho-
cytes may play an immunoregulatory role by competing
with the ceflular IL2R to such an extent as to affect im-
mune response [33]. Keller et al. reported that depressed
levels of soluble IL2R were observed in newly-diagnosed
Type 1 (insulin-dependent) diabetes, suggesting a failure
of immunosuppression [34]. On the contrary, Giordano et
al. indicated that soluble IL2R were elevated in the sera,
whereas a significant decrease was observed in superna-
tants of phytohaemagglutinin-stimulated lymphocytes
from Type 1 diabetes [35]. Moreover, elevated levels of so-
luble I1.2R have been identified in transplantation rejec-
tion [36] and several autoimmune diseases such as sys-
temic lupus erythematosus [37] and rheumatoid arthritis
[38]. Thus, although IL2R expression in Type 1 diabetes
remains obscure, the elevated soluble IL2R in the sera
seems to reflect not only immunosuppression but also the
activation of Beta-cell specific immune cells. The elevated
levels of soluble IL2R in STZ-injected mice were re-
covered to control levels by the PC61 treatment, sugges-
ting that injected PC61 antibody is biologically active and
appears to reduce the number or the activity of ILZR-posi-
tive cells. Although further studies are necessary to clarify
the effects of this antibody, the present study revealed that
treatment with anti-IL2R antibody might be an ideal
method to diminish the autoreactive clones while sparing
the other immunocompetent cells.
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