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The primary autoantigen triggering spontaneous type 1 diabetes
mellitus in nonobese diabetic (NOD) mice is insulin. The major
T-cell insulin epitope lies within the amino acid 9–23 peptide of the
β-chain (B:9–23). This peptide can bind within the peptide binding
groove of the NOD MHC class II molecule (MHCII), IAg7, in multiple
positions or “registers.” However, the majority of pathogenic CD4
T cells recognize this complex only when the insulin peptide is
bound in register 3 (R3). We hypothesized that antibodies reacting
specifically with R3 insulin–IAg7 complexes would inhibit autoim-
mune diabetes specifically without interfering with recognition of
other IAg7-presented antigens. To test this hypothesis, we gener-
ated a monoclonal antibody (mAb287), which selectively binds to
B:9–23 and related variants when presented by IAg7 in R3, but not
other registers. The monoclonal antibody blocks binding of IAg7-
B:10–23 R3 tetramers to cognate T cells and inhibits T-cell responses
to soluble B:9–23 peptides and NOD islets. However, mAb287 has
no effect on recognition of other peptides bound to IAg7 or other
MHCII molecules. Intervention with mAb287, but not irrelevant iso-
type matched antibody, at either early or late stages of disease
development, significantly delayed diabetes onset by inhibiting in-
filtration by not only insulin-specific CD4 T cells, but also by CD4
and CD8 T cells of other specificities. We propose that peptide–
MHC-specific monoclonal antibodies can modulate autoimmune
disease without the pleiotropic effects of nonselective reagents
and, thus, could be applicable to the treatment of multiple T-cell
mediated autoimmune disorders.

immunotherapy | antigen processing

In the nonobese diabetic (NOD) mouse, a spontaneous mouse
model of type 1 diabetes mellitus (T1DM), autoimmune tar-

geting of (pro)insulin appears essential for development of dis-
ease (1–7). For example, 90 percent of CD4+ insulin-reactive
T-cell clones isolated from the islets of prediabetic NOD mice
target the insulin β-chain 9–23 peptide (B:9–23) (8, 9), and this
peptide is likely the primary epitope recognized by T cells that
either induce (6, 7, 9) or prevent T1DM (8–14). Similarly, au-
toimmunity to insulin is essential for the loss of tolerance to the
β-cell antigen islet-specific glucose 6 phosphatase catalytic sub-
unit-related protein (IGRP) (11, 15), but the converse is not
true. The NOD mouse expresses a single MHC class II (MHCII)
molecule, IAg7, whose presence is essential for the development
of T1DM (16–18). We previously suggested that a particular
version of IAg7

–insulin B:9–23 complex is crucial for the initia-
tion of islet autoimmunity in the NOD mouse (19–22) and that
a homologous complex involving the structurally related MHCII
molecules human leukocyte antigen DQ8 (HLA-DQ8) and HLA-
DQ2 may play a similar role in humans (23–25).
As with other MHCII molecules, the selective binding of

peptides to the IAg7 peptide binding groove is governed by
interactions between the side chains at particular positions in the
peptide (p1, p4, p6, and p9) with those MHCII amino acids
forming four corresponding binding pockets within the groove

(26, 27). Thus, peptides can potentially bind in more than one
position or register within the groove. Previous work from this
group had shown that the pathogenic T cells in NOD T1DM
recognize the insulin B:9–23 peptide in register 3 (R3), placing
the amino acids B:14–22 in the core p1 to p9 position (28) and
placing an Arg at the p9 position, highly unfavored for the IAg7

p9 pocket. Furthermore, T cells responding to this register can
be divided into two groups, one (type A) for which the Glu at p8
is essential for recognition and another (type B) for which this
Glu is inhibitory. For the type A group, the peptide is more op-
timally presented by truncation to remove the p9Arg or, for the
type B group, further truncation to remove the p8Glu as well
(29). Mimicking these truncations, we have achieved even better
presentation of the two epitopes in R3 by using peptide mim-
otopes in which the p9Arg is substituted with an optimal p9Glu
for the type A or, for the type B group of T cells, by removing the
offending p8Glu side chain as well by substituting a p8Gly (28).
We have used this strategy to prepare IAg7 with covalently linked
versions of these two mimotope peptides, which when incor-
porated into fluorescent tetramers, detect both types of CD4 T
cells in islet infiltrates of prediabetic NOD mice (30).
Given the critical role for IAg7 presentation of the B:9–23 pep-

tide in T1DM development in NOD mice and its unusual pre-
sentation to pathogenic T cells, we hypothesized that monoclonal
antibodies targeting the IAg7

–R3 complexes would modulate the
autoimmune response. Consistent with this idea, our previous study
demonstrated that immunization of NOD mice with soluble IAg7

monomers having the insulin B:9–23 mimotope covalently bound
in R3 elicited specific antibodies to the immunogen and, more
importantly, significantly delayed the development of insulitis

Significance

Antigen-specific therapies are lacking for autoimmunity dis-
eases. The recent discovery of the nature of the IAg7

–insulin
complex that drives type 1 diabetes in nonobese diabetic
(NOD) mice has allowed us to create a monoclonal antibody
specific for this complex. This antibody delays diabetes de-
velopment in NOD mice. Given the similarities between IAg7

and the human diabetes risk alleles, HLA-DQ2 and HLA-DQ8,
this work encourages the development of similar monoclonal
antibodies for the treatment of the human disease.

Author contributions: L.Z., J.W.K., and G.S.E. designed research; L.Z., F.C., L.Y., and J.W.K.
performed research; F.C. and M.N. contributed new reagents/analytic tools; L.Z., A.M.,
and H.W.D. analyzed data; L.Z. and J.W.K. wrote the paper.

Conflict of interest statement: A patent application has been submitted, but not issued,
concerning mAb use in T1D treatment. L.Z., G.S.E., and J.W.K. are listed on this patent.

Freely available online through the PNAS open access option.
1To whom correspondence should be addressed. E-mail: kapplerj@njhealth.org.
2Deceased November 13, 2012.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1323436111/-/DCSupplemental.

2656–2661 | PNAS | February 18, 2014 | vol. 111 | no. 7 www.pnas.org/cgi/doi/10.1073/pnas.1323436111

http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.1323436111&domain=pdf&date_stamp=2014-02-06
mailto:kapplerj@njhealth.org
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1323436111/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1323436111/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1323436111


and the onset of diabetes in these animals (22). We now report
that a mAb with this specificity, isolated from one immunized
mouse, both inhibits pathogenic T cells in vitro and significantly
delays the development of diabetes in vivo.

Results
MAb287 Binds Specifically to Insulin B:9–23 Bound to IAg7 in R3.
Following immunization with recombinant B:9–23-derived pep-
tides bound to IAg7, all NOD mice developed antibodies rec-
ognizing the immunogens. The animal having the highest titer of
specific antibodies was selected for hybridoma generation. Of
the 1,000 initial wells, a total of 850 showed evidence of growth,
with 260 producing detectable IAg7-insulin reactive antibodies.
Six of the 32 lines that showed evidence of specificity for IAg7-
insulin were cloned by limiting dilution with 3 of the resulting
subclones continuing to secrete high levels of specific antibodies.
Clone 287 produced the highest levels of antibodies with the
desired phenotype, i.e., strong binding to IAg7

–R3:RE, but negli-
gible interaction with IAg7

–HEL or IAb
–3K and was used in all

subsequent experiments. Isotype analysis indicated that the mono-
clonal antibody secreted by this clone (mAb287) is an IgG1.
The binding specificity of mAb287 was retested by using

multiple IAg7-insulin variants having the peptide bound in R3, in
addition to the two control complexes (peptides used in these
studies are listed in Table 1). As shown in Fig. 1A, mAb287
bound to all four IAg7

–insulin R3 complexes (RE, REss, RAE,
RGEss), albeit with apparently differing affinities, although only
two (RAE and REss) were used as immunogens. This cross-
reactivity, coupled with the fact that mAb287 did not bind to
either the IAg7

–HEL or IAb
–3K complexes, strongly suggests

that the epitope recognized by mAb287 includes the B:9–23
peptide, but is not IAg7 alone or the linker peptide used to tether
the insulin peptide to IAg7. Similarly, plate-bound mAb287 se-
lectively captured IAg7

–R3:RE, but not IAg7-B:10–23 bound in
other registers, R1:RE or R2:RE (Fig. 1B, filled bars), whereas
all three complexes were captured by the anti-IAg7,k monoclonal
antibody 10–3.62, which recognizes IAg7 regardless of peptide
(Fig. 1B, open bars).
Consistent with these results, mAb287, but not the isotype

control antibody, inhibited IAg7
–R3:REss tetramer staining of

the insulin-specific T-cell hybridoma, I.29, in a dose-dependent
fashion, but did not inhibit the binding of a IAg7

–HEL or IAb–

3K tetramer to T-cell hybridomas specific for these complexes
(5F2 and YAe62.8, respectively) (Fig. 1C). In other experiments
to confirm specificity, the binding of mAb287 to immobilized
soluble IAg7

–R3:RE was blocked by preincubation of the mAb

Table 1. Peptides used in these studies

MHCII Protein Peptide

Sequence*
Groove position (p)

123456789
Form (soluble or
MHCII-linked)

I-Ag7 Insulin (B:9–23) Natural SHLVEALYLVCGERG Soluble
I-Ag7 Insulin (B:9–23) R1:RE HLREALYLVCEERG Linked
I-Ag7 Insulin (B:9–23) R2:RE HLVRALYLVCGERG Linked
I-Ag7 Insulin (B:9–23) R3:RE HLVERLYLVCGEEG Both
I-Ag7 Insulin (B:9–23) R3:REss HLVERLYLVCGEEG-α62† Linked
I-Ag7 Insulin (B:9–23) R3:RGE HLVERLYLVCGGEG Soluble
I-Ag7 Insulin (B:9–23) R3:RGEss HLVERLYLVCGGEG-α62† Linked
I-Ag7 Insulin (B:9–23) R3:E HLVEALYLVCGEEG Soluble
I-Ag7 Insulin (B:9–23) R3:RAE VERLYLVAGEEG Linked
I-Ag7 Lysozyme HEL MKRHGLDNYRGY Linked
I-Ag7 Chromogranin A HRPI‡ HRPIWARMD Soluble
I-Ag7 Chromogranin A ChgA‡ SRLGLWSRMD Linked
I-Ab MHCII Eα 3K{ ASFEAQKAKANKAVDKA Linked
na Tetnus toxin TT QYIKANSKFIGITE Soluble

na, not applicable.
*Boldcase indicates differences from the wild type peptide.
†Disulfide linked to I-Ag7 (p6Cys to I-Ag7-α62Asn mutated to Cys).
‡Peptide that mimics the Chromogranin A WE-14 peptide.
{Peptide from mouse MHCII Eα mutated at three positions to lysine.

Fig. 1. mAb287 is specific for IAg7 with insulin peptides bound in R3. (A)
ELISA plates were coated with various MHCII–peptide complexes including
four different versions of IAg7

–R3 complexes and control complexes IAg7
–

HEL and IAb
–3K. Binding of mAb287 to the immobilized complexes was

measured as described in Materials and Methods. (B) Binding of biotinylated
IAg7

–R1:RE, IAg7
–R2:RE, or IAg7

–R3:RE complexes to immobilized anti-IAg7

monoclonal antibody (clone 10–3.62, open bars) or mAb287 (filled bars)
coated plates were measured by ELISA as described in Materials and Meth-
ods. (C) The T-cell hybridomas specific for IAg7

–R3:REss (I.29), IAg7
–HEL (5F2)

or IAb
–3K (YAe-62.8), were stained with the corresponding fluorescent

MHCII-peptide tetramers in the presence or absence of mAb287 or mouse
IgG1 and analyzed by flow cytometry. Representative plots of live cells
stained in the absence of tetramer (filled profiles), tetramer alone (blue
line), or tetramer plus 5 μg (green line) or 10 μg (red line) antibody are
shown. Experiments were all repeated at least two more times.
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with soluble IAg7
–R3:RE, but not with IAg7

–HEL or IAb
–3K

(Fig. S1A), and mAb287 was shown to have no affinity for the
free unmutated B:9–23 peptide or several of its engineered R3
versions in the absence of IAg7 (Fig. S1B). Finally, in surface
plasmon resonance experiments, an Fab version of mAb287
bound to IAg7

–R3:RE, but not IAg7
–HEL, with a modest affinity

(Kd = 130 nM) (Fig. S1C).

MAb287 Inhibits Antigen-Specific T-Cell Responses in Vitro. Given
the binding specificity of mAb287 described above, we tested
whether the antibody could inhibit cytokine production by antigen-
specific T cells. Antigen-presenting cells (APCs) were preloaded
with either various soluble insulin B:9–23 variants, or a chro-
mogranin A mimotope or HEL peptide, in the presence or ab-
sence of various amounts of mAb287 for 2 h. T-cell hybridomas
reacting with these peptides were then added, and secreted IL-2
in the supernatant was determined after a subsequent overnight
incubation as described in Materials and Methods. As shown in
Fig. 2, mAb287 inhibited the IL-2 secretion by both type A (Fig. 2
A–C) and type B (Fig. 2 D and E) insulin B:9–23 reactive T cells
(30) in a dose-dependent manner, but had no effect on chro-
mogranin A (ChgA) responsive BDC2.5 T hybridomas and HEL
responsive transfectoma, 5F2 (Fig. 2F) (31, 32). We also examined
whether mAb287 could inhibit presentation of endogenous B:9–23
by using islets isolated from prediabetic NOD mice as a source of
both antigens and APCs (33, 34). Consistent with our expectations,
cytokine productions by B:9–23-specific T-cell transfectomas (35)
were inhibited by a high dose of mAb287 (Fig. 2 G and H).

MAb287 Delays Spontaneous T1DM. The fact that mAb287 can in-
hibit the response of B:9–23 reactive T cells suggested that the
antibody might also prevent or delay diabetes in vivo. To test this

possibility, we treated female NODmice with mAb287 or control
antibodies weekly starting at 4 wk of age. This dosing schedule
was determined based on the reported half-life of mouse IgG1
being 6–8 d (36) and, as anticipated, elevated serum levels of
mAb287 were maintained over the course of the experiment (Fig.
S2). Compared with either mice treated with PBS or the control
isotype Ig, the development of diabetes in both low- and high-dose
mAb287-treated animals was significantly delayed (Fig. 3A). Both
the PBS and isotype-treated groups started to develop diabetes at
12 wk and thereafter progressed at similar rates with 50% being
diabetic by ∼17.5 wk of age. In contrast, no mAb287-treated animal
developed T1DM before 13 wk of age, 50% of the mice developed
diabetes by 25 and 28 wk. Overall there was no statistically sig-
nificant difference in disease protection between the high- and
low-dose mAb287-treated groups, although it should be noted that
7/15 (46.7%) of the animals treated with the low dose remained
diabetes-free when the experiment was terminated at 30 wk, com-
pared with only 6/18 (30%) of those treated with the high dose.
We also looked at the development of serum insulin autoan-

tibody (IAA) in these mice, tested every 2 wk starting at 4 wk of
age. Compared with PBS group, both low-dose and high-dose
mAb287 inhibited IAAs transiently [at 8, 10, and 12 wk for high
dose; 8 and 10 wk for low-dose group (both P < 0.05)] (Fig. S3),
but the control antibodies did not.

MAb287 Inhibits the Development of Insulitis by Suppressing T-Cell
and B-Cell Infiltration.Our in vitro experiments demonstrated that
mAb287 worked by blocking CD4 T-cell TCR interaction with

Fig. 2. Specific inhibition of in vitro responses of insulin-specific T-cell
hybridomas/transfectomas by mAb287. The ability of mAb287 to inhibit the
responses of eight different T cells was assessed in vitro. Type A T cells (56)
that prefer Insulin B:21E (blue): AS150 (A); PCR1-10 (B); I.29 (C). Type B T cells
(56) that prefer Insulin B:21G (green): AS91 (D); BDC8-1.1 (E). Control T cells:
BDC-2.5 specific for ChgA (black) and 5F2 specific for HEL (blue) cells. In A–F,
for each T-cell, NOD spleen cells were used as APCs to present a concentra-
tion of a peptide known to activate the T-cell sufficient for a response of
∼100 pg/mL of IL-2: R3:RE, 100 μg/mL (A); R3:RE, 5 μg/mL (B and C); R3:RGE,
10 μg/mL (D); R3:RGE, 1 μg/mL (E); ChgA mimotope HRPI and HEL, both 1 μg/mL
(E). Other insulin reactive T cells (red): PCR4-2 (type A T cells) (G) and PCR3-4
(type B T cells) (H) were stimulated with 100 NOD islet cells as a source of both
natural insulin antigen and APCs. For all 8 T cells, various concentrations of
mAb287 were added at the initiation of culture and IL-2 production was
assayed at 18 h. Secreted IL-2 was measured as described in Materials and
Methods, and the results are shown as the percent of the response remaining
compared with the no mAb287 control. The experiment was performed three
times with similar results.

Fig. 3. Monoclonal antibody mAb287 delays diabetes and islet lymphocyte
infiltration in NOD mice. (A) Groups of 4-wk-old female NOD mice were
treated weekly with PBS (n = 18; black squares), 0.1 mg of mouse IgG1 (n =
18; blue diamonds), 0.1 mg of mAb287 (n = 15; green circles), or 0.5 mg of
mAb287 (n = 18; red triangles), and followed up to 30 wk. Diabetes was di-
agnosed as described inMaterials andMethods. The percentages of remaining
diabetes free of each group are shown. P values were determined by using χ2

log rank test. (B–D) Groups of eight mice were treated weekly from age 4–11
wk with 0.5 mg of control IgG1 (red bars) or mAb287 (blue bars) at which time
pancreatic islets were pooled in each group. A cell suspension was prepared
and analyzed by flow cytometry. (B) The average number of live CD4 T cells,
CD8 T cells, and 220+ B cells per pancreas were estimated in each sample. (C)
The percentages of CD4 T cells specifically binding the IAg7

–R3:RE, IAg7-R3:RGE
or IAg7-ChgA tetramers, or CD8 T cells specifically binding the Kd-IGRP tetramer
were determined as describe in Fig. S6. (D) Average number of islet-infiltrating
tetramer-positive cells per pancreas were calculated from the data in B and C.
In a second experiment, analysis with the IAg7 tetramers was repeated with
similar results by using islets pooled from five mice in each group.
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IAg7-presented insulin, but it was important to determine how
the mAb was working in vivo. Were its effects insulin specific or
more global in the delay of diabetes? One possibility was that the
mAb might be cytotoxic for antigen-presenting cells (B cells,
macrophages, DCs) in vivo. This possibility was lessened by the
fact that mAb287 is IgG1, a poor IgG isotype in mouse for
complement fixation and antibody-dependent cell cytotoxicity,
and further diminished by flow cytometric analysis of splenocytes
that showed no significant differences in the frequencies of
CD19, CD11b, or CD11c-positive cells in the mAb287 versus
isotype-treated mice nor was the level of surface IAg7 expression
altered in any of these APC classes (Fig. S4). We also looked at
other possible global effects. Both the control and mAb287-
treated mice exhibited equivalent degrees of autoimmune sialitis
(Fig. S5), and no significant changes in weight were observed nor
any evidence of inflammation at the injection sites.
The first indication of the mechanism of action of mAb287 was

a histological analysis of pancreata from diabetes-protected, 30-wk-
old, mAb287-treated mice that showed that the majority of islets
were either intact or had only a mild periinsulitis. To examine this
change in insulitis more closely, we analyzed the pooled islet
infiltrating cells from eight mAb287-treated and eight control
antibody-treated mice that had received weekly injection of 0.5-
mg antibodies from 4 to 11 wk, a time when control mice were
beginning to develop diabetes, but the mAb287-treated mice were
not in Fig. 3A. There was a dramatic reduction of lymphocyte islet
infiltration in the mAb287-treated mice compared with controls.
They contained ∼70% fewer CD4 or CD8 T cells and ∼80% fewer
B cells (Fig. 3B). The CD4- and CD8-infiltrating T cells were
analyzed with IAg7-insulin and IAg7-chromogranin A tetramers, as
well as an Kd-IGRP tetramer (Fig. S6). All of the tetramers iden-
tified T cells in the islets of both the mAb287-treated and control
mice (Fig. 3C). In the mAb287-treated mice, there was a slight
increase in the percentages CD4 T cells binding the IAg7 tet-
ramers and a drop in the number of Kd-IGRP binding CD8 T
cells. More significantly, for all four tetramers, there were sub-
stantially fewer total tetramer binding T cells per pancreas in the
mAb287-treated mice (Fig. 3D). Thus, the mAb treatment resulted
in a general loss of all infiltrating cells in the pancreas rather than
a specific loss of insulin-reactive T cells.

Administration of MAb287 at a Late Prediabetic Stage Can Delay
Progression to Overt Hyperglycemia. Our data showed that mAb287
could delay diabetes when given early on before any rise in blood

glucose levels. To determine whether mAb287 might also be ef-
fective at later stages before overt diabetes development, we began
administering to mice with a confirmed blood glucose in excess of
170 mg/mL. Beginning at 8 wk of age, blood glucose levels were
monitored three times per week with a repeat test the following
day if a level ≥170 mg/mL was observed. Animals with two con-
secutive readings greater than 170 mg/mL were immediately treated
with a single injection of 0.5 mg of mAb287 or control antibodies in
PBS, and then further injections at weekly intervals until persistent
hyperglycemia (blood glucose > 300 mg/dL) was observed or the
animals reached 25 wk of age. As shown in Fig. 4A, all mice treated
with the isotype control antibodies developed diabetes within 3 wk
of the initiation of treatment. In contrast, mAb287 therapy signif-
icantly delayed the development of clinical diabetes (P = 0.027),
with 4/7 (57.1%) being diabetes free after 3 wk and 2/7 (28.6%)
remaining nondiabetic until the termination of the experiment.
Individual weekly blood glucose levels for each animal are shown in
Fig. 4B. These results show that treatment with mAb287 at this late
stage in diabetogenesis was able to halt or delay the progression to
frank hyperglycemia in some mice.

Discussion
Our previous work has led us to propose that presentation of the
insulin B:9–23 peptide the unfavorable R3 by IAg7 is critical for
activating pathogenic T cells and, hence, initiating islet autoim-
munity in NOD mice (20, 28, 30). We also have suggested that
related complexes may play a similar role in the human disease
(23–25, 37, 38). In a previous study, we successfully prevented
the development of T1DM in the NOD mice following immu-
nization recombinant with IAg7

–R3:RE (22). Here we show that
this effect can largely be recapitulated by using a monoclonal
antibody selectively recognizing various versions of the IAg7

–R3
complex. Only a few other antibodies that selectively recognize
defined peptide–MHC class II complexes have been reported
(39, 40), but none of these recognize a T-cell ligand involved in
an autoimmune disease.
The B:9–23 peptide can bind to IAg7 in at least three distinct

registers, with each register characterized by the unique pattern
of amino acid side chains that are solvent exposed and, thus,
available for T-cell recognition. Our data indicates that the
monoclonal antibody mAb287 binds selectively to IAg7-B:9–23
complexes occupying R3, but not in other registers, and not to
the free peptide or IAg7 complexes containing noninsulin pep-
tides. Thus, by showing that mAb287 can prevent T1DM in
a subset of NOD mice and delay disease onset in others, our
results extend two previous seminal observations, namely that
insulin B:9–23 is an essential autoantigenic epitope triggering
T1DM in NOD mice (11, 15), and secondly, that pathogenic
T cells infiltrating islets appear to recognize this peptide when it
is presented by IAg7 in R3 (28, 30).
Although treatment with this mAb287 in vivo had no obvious

global effects on peripheral lymphoid organs, it caused a dimi-
nution in islet lymphocyte infiltration, not only of insulin-specific
CD4 T cells, but also of chromogranin A-specific CD4 T cells,
IGRP-specific CD8 T cells, and B cells. These results suggest
that the mAb works by inhibiting entrance of all types of cells
into the islets, consistent with previous studies in which, despite
the involvement of pathogenic CD4 and CD8 T cells in the
pancreas specific for multiple antigens, a response to insulin B:9–
23 is prerequisite for disease in NOD mice (11, 14, 15). There
are several possibilities for how this requirement could be im-
posed. The initial damage by insulin-reactive CD4 T cells in the
pancreas may begin the process that attracts these other cells.
For example, the reduction in pancreatic B-cell infiltration may
indicate an important role for B cells as local APCs for patho-
genic CD4 and CD8 T cells in the pancreas. Another possibility
is that the pathogenic response to the R3 presented B:9–23
peptide may alter the pathogenic vs. regulatory T-cell balance in

Fig. 4. Treatment of glucose-intolerant prediabetic NOD mice with mAb287
delays progression to clinical diabetes. (A) Groups of 12-wk-old female NOD
mice were monitored for glucose intolerance (random blood glucose > 170
mg/mL) then treated weekly with 0.5 mg of mouse IgG1 (n = 7; blue dia-
monds), or 0.5mg of mAb287 (n = 7; red triangles), until the animals reached
25 wk of age. Diabetes was diagnosed as described in Materials and Meth-
ods. (B) Weekly random blood glucose levels of individual mice receiving
mAb287 (Upper) or mouse IgG1 (Lower) of mice in A are shown.

Zhang et al. PNAS | February 18, 2014 | vol. 111 | no. 7 | 2659

IM
M
U
N
O
LO

G
Y

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1323436111/-/DCSupplemental/pnas.201323436SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1323436111/-/DCSupplemental/pnas.201323436SI.pdf?targetid=nameddest=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1323436111/-/DCSupplemental/pnas.201323436SI.pdf?targetid=nameddest=SF6


the pancreas, allowing T cells of other specificities to break
through regulation. In any event, our results offer some en-
couragement to the idea that suppression of the response to only
one major autoimmune epitope may be sufficient to change the
course of the disease.
There is increasing appreciation that, in contrast to those of

most pathogen-specific T cells, T-cell receptors recognizing
autoantigens may often bind unconventional ligands in which the
peptides either adopt unfavorable binding registers and/or only
partially occupy the peptide binding groove (30, 41). Both
mechanisms may be relevant to T1DM, and the R3:RE and R3:
RGE mimotopes were designed to mimic the truncated peptides
B:9–21 and B:9–20, as previous observations have suggested that
these two variants can stimulate distinct subsets of pathogenic
B:9–23 T cells (29, 30). Consistent with its expected specificity,
mAb287 bound to both and inhibited the response to both of
these complexes, but better to R3:RE than the R3:RGE com-
plex, suggesting that the p8E of the R3:RE peptide might be part
of the mAb epitope. This differential binding affinity might also,
at least in part, explain our observation that even at very high
doses mAb287 was unable to fully prevent disease. Improving
mAb287’s affinity, in general, and cross-reactivity with the R3:
RGE version of the insulin–IAg7 complex by in vitro generation
of mAb287 variants could test this idea. We are actively pursuing
this approach.
Despite the potential limitations of the current reagent, our

results presented here are an encouraging proof of principle that
targeting a pathogenic peptide:MHC class II complex is able to
interfere with autoimmune disease, even at late stages. Insulin is
an autoantigen in human T1DM as well, and there is evidence
that T-cell responses to insulin B:9–23 plays a role (42–44). The
human MHC class II haplotypes associated with T1DM risk in-
clude HLA-DQ8 and HLA-DQ2, which share with IAg7 the
polymorphism in the p9 pocket (45–48) that is responsible for
the poor binding of the B:9–23 peptide in R3, raising the pos-
sibility that this peptide and register might also be involved in the
human disease and that monoclonal antibodies with specificities
similar to mAb287 may also show benefit in treatment. However,
a dominant role for B:9–23 in human disease has not yet been
established and the haplotypes also contain HLA-DR4 and HLA-
DR3. These alleles can present epitopes from other proteins that
have been suggested to be important in T1DM pathogenesis (e.g.,
the insulin A chain and GAD) (49, 50).
At present, no effective and safe antigen-specific immunologic

therapy exists for any autoimmune disease. In contrast to other
antibody-based therapies that target molecules common to both
pathogenic and protective T cells, our approach is likely to have
far fewer side effects because of its inherent specificity and,
moreover, if successful, should be applicable to a wide range of
autoimmune diseases in addition to T1DM.

Materials and Methods
Animals and Reagents. Female NOD/LtJ mice were purchased from the Jackson
Laboratories and maintained in the University of Colorado Anschutz Medical
Campus animal facilities under specific pathogen-free conditions. Animal
husbandry and experimental procedures were performed in accordance with
protocols approved by the University of Colorado Denver’s animal care and
use committee.

A series of peptides were used in these studies, either as soluble peptides,
obtained at greater than 95% purity from Genemed Synthesis or as peptides
covalently linked to IAg7 produced as described (22, 28, 30). They are listed
with their sequences in Table 1 with residues that differ from the native
protein highlighted in bold. Control unrelated peptides are listed in Table 1
as well. Mouse IgG1 isotype antibodies (catalog no. 554721) and anti-IAg7, k

clone 10–3.62 were purchased from BD Biosciences. Multiple T-cell hybrid-
omas and transfectomas, AS91, AS150, I.29 (29), BDC2.5 (51), BDC8-1.1,
PCR4-2, PCR3-4, 5F2, and PCR1-10 (35, 52) were maintained as described (35,
53). Tissue culture supplies were from Life Technologies, and all other
chemicals from Sigma unless otherwise indicated.

Immunization of NOD Mice. NOD mice were immunized multiple times with
soluble IAg7 bearing various Insulin R3 peptides. Three days after the final
immunization, mice showing the highest titer of specific antibodies in its sera
as determined by ELISA were euthanized, and a mixture of splenocytes and
draining lymph node cells were used for generating B-cell hybridomas (53).
Additional details are in SI Materials and Methods.

Hybridoma Generation and Screening. B-cell hybridomas were produced
by fusion of spleen and lymph node cells from the immunized mice to the
fusion partner, Sp2/0, followed by growth in 96-well plates and selection
in hypoxanthine, aminopterin, thymidine medium (54). Supernatants from
the resulting hybridomas were screened by ELISA for antibody specifically
binding to IAg7-insulin, but not other MHC peptide combinations mAb287
was selected for further characterization. See SI Materials and Methods for
more details.

Binding Assays. Binding assays were conducted as described (22). Briefly,
plates were coated with peptide–MHC complexes, antibodies, or peptides
as appropriate and incubated with monoclonal antibodies if necessary.
Following extensive washing, biotin-labeled rat anti-(mouse IgG/IgM) or
biotinylated peptide–MHC complexes were added, and subsequent binding
of Europium-conjugated streptavidin was detected by time-resolved
fluorescence.

Flow Cytometry. I.29 hybridoma T cells (2–10 × 105) (29) were incubated for 2 h
at 37 °C in a humidified incubator containing 10% CO2 with IAg7-B:10–23
tetramers (30) (20 μg/mL) and different amounts of mAb287 or mouse IgG1
isotype control antibody (total volume 50 μL). To enhance binding between
the TCR and tetramer, 1 μg/mL unlabeled H57-597 Cβ-specific antibodies
were also included in the incubation (30). Cells were washed and analyzed
by flow cytometry (FACScalibur; BD Biosciences). The staining of 5F2 and YAe-
62.8 cells followed the same protocol with IAg7

–HEL and IAb
–3k tetramers,

respectively.

T-Cell Stimulation Assays. Antigen-presenting cells (NOD splenocytes; 1 × 105)
were cultured for 2 h at 37 °C in 100-μL media containing insulin B:9–23
peptides and increasing doses of mAb287 or a mouse IgG1 isotype control.
An equal volume of media containing T-cell hybridomas or transfectomas
(2 × 106/mL) was then added, and the culture was continued for an addi-
tional 16–18 h. Culture supernatants were then harvested, and secreted IL-2
was measured by using a commercial ELISA (BD Biosciences). Alternatively
groups of 50 islets from prediabetic NOD mice were cultured for 2 h at 37 °C
in 100-μL media containing mAb287 or a mouse IgG1 isotype control with-
out other additions [since islets have sufficient numbers of antigen pre-
senting cells (33)], before addition of T-cell transfectomas.

Antibody Treatment of NOD Mice. Early intervention. Female NOD mice (4 wk of
age) were randomly assigned to one of four groups: PBS group (n =18),
mouse IgG1 group (0.1 mg per injection; n = 18), mAb287 low-dose group
(0.1 mg per injection; n = 15) and mAb287 high-dose group (0.5 mg per
injection; n = 18). Antibodies dissolved in 100 μL of PBS, or PBS alone, were
given weekly to each mouse by i.p. injection. Animal body weights were
measured weekly from 4 to 20 wk of age, and every 2 wk thereafter. Serum
IAAs were monitored by standard fluid-phased IAA RIA (55) before treat-
ment and every 2 wk thereafter. Blood glucose levels were monitored
weekly from 10 wk of age with a ReliOn Ultima blood glucose monitor
(Abbott Diabetes Care), and animals were considered diabetic after two
consecutive blood glucose values of ≥250 mg/dL. Mice were euthanized ei-
ther immediately following diagnosis of diabetes or followed to 30 wk of
age, and pancreata were harvested for analysis of insulin expression and
insulitis by using described methods (22). Nonspecific inflammation was
assessed by H&E staining of salivary glands.
Islet infiltrating cells. Female NOD mice at 4 wk of age received mAb287
(0.5 mg per injection) or equal dose mouse IgG1 (0.5 mg per injection)
treatment weekly by i.p. injection. Mice were killed at 11 wk, and islets
were hand-picked cultured overnight. All of the cells immigrated from
islets were collected for IAg7-insulin tetramer, IAg7-HEL, and IAg7-ChgA
tetramer staining with CD8 cells as controls (30), IGRP206–214, and TUM
H-2Kd control tetramers staining were also performed following previous
description (15). Experiment was repeated with a total of 13 mice in each
treatment.
Late intervention. Blood glucose levels of a group of 14 female NOD mice were
tested three times a week starting at 8 wk of age. Once the concentration
reached 170 mg/dL, blood glucose was repeated the next day, and those with
levels higher than 170 mg/dL in two consecutive tests were randomly assigned
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to one of two groups that were treated with 0.5 mg of either mAb287 (n = 7)
or the mouse IgG1 isotype control (n = 7), respectively. Treatment was ini-
tiated immediately and continued weekly as described above. Diagnosis of
diabetes used the same criteria previously described, with nondiabetic ani-
mals being followed until they had reached 25 wk of age.

Measurement of Binding Affinity. Fab fragments of mAb287 were generated
by papain cleavage and purified by size exclusion and anion exchange chro-
matography. Biotinylated IAg7

–peptide complexes were captured (∼2,000 res-
onance units) in the flow cells of a BIAcore Streptavidin BIA sensor chip and
mAb287 Fab was injected at various concentration for binding affinities de-
termined by surface plasmon resonance (Biacore2000; GE Healthcare Bio-Sci-
ences AB) according to the manufacturer’s instructions.

Statistics. The values of IAAs were analyzed with the Mann–Whitney test and
survival curves with a log-rank test by using PRISM5 software (Graphpad).
P values ≤0.05 were considered statistically significant.
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