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Type 1 diabetes is a chronic organ-specific autoimmune disease in which selective destruction of insulin-
producing b cells leads to impaired glucose metabolism and its attendant complications. IA2(5)P2-1, a
potent immunogenic carrier which designed by our laboratory, can induce high titer specific antibodies
when carry a B cell epitope, such as B cell epitopes of DPP4, xanthine oxidase, and Urate transporter pro-
tein. In this report, we describe a novel multi-epitope vaccine composing a peptide of DPP4, an anti-
diabetic B epitope of Insulinoma antigen-2(IA-2) and a Th2 epitope (P2:IPALDSLTPANED) of P277 peptide
in human heat shock protein 60 (HSP60). Immunization with the multi-epitope vaccine in non-obese dia-
betic (NOD) mice successfully induced specific anti-DPP4 antibody, inhibited plasma DPP4 activity, and
increased serum GLP-1 level. Moreover, this antibody titer was correlated with the dose of immunization
(20lg, 100lg). Inoculation of this vaccine in NODmice significantly control blood glucose level, improved
glucose excursion and increased insulin level in vivo. Consistent with a lower diabetic and insulitis inci-
dence, a induced splenic T cells proliferation and tolerance were observed. IFN-c secretion reduced and
IL-10 increased significantly in the D41-IA2(5)-P2-1 treated mice compared to P277 and control group
due to the potential immunomodulatory effect of the epitope in the vaccine. Immunohistochemical anal-
ysis and cytometry showed a rebalance of Th1/Th2 in NOD mice. Our results demonstrate that this multi-
epitope vaccine may serve as a promising therapeutic approach for type 1 diabetes.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction 2) and heat shock protein 60(HSP60) [5]. Vaccination with diabetic
Type 1 diabetes mellitus (T1DM) is a disorder of glucose meta-
bolism caused by a chronic autoimmune inflammation of the pan-
creatic islets of Langerhans. The ultimate outcome of type 1
diabetes is the loss of insulin-producing cells to numbers belows
a threshold that is critically required to maintain physiological glu-
coregulation [1]. Many important factors in the pathogenesis of
T1DM have been understood. Inflammation and autoimmunity to
autoantigens are a part of the progression of the disease [2]. Given
the fact that T1DM process is influenced by disease-associated
autoantigen and determined by dendritic cells or T cells recogniza-
tion of islet autoantigenic epitopes [3], the onset of insulitis can be
postponed by endogenous b-cells autoantigens [4] such as insulin,
glutamic acid decarboxylase65(GAD65), insulinoma antigen-2(IA-
autoantigens can inhibit islet-specific responses and induce regula-
tory responses [6]. However, the efficacy of vaccination with
autoantigens is dependent on many factors including the route of
administration, the dose and duration of treatment, and the com-
position of the vaccine. Autoantibodies to IA-2 are detected in
the majority of patients at the time of diabetes onset and are being
widely used as predictive markers to identify individuals at risk for
developing T1DM [7,8]. P277 (437 VLGGGCALLRCIPALDSLT-
PANED460) is a peptide from the heat shock protein 60 (HSP60).
An epitope (P1: VLGGGCALLRC), which locates on N-terminal of
P277 peptide, contributes to anti-P277 antibodies and atheroscle-
rosis; while the Th2 epitope (P2: IPALDSLTPANED) locates on the
C-terminal of P277 [6]. To some extent, P277 can prevent type 1
diabetes in the early stage, but an effective therapy outcome is
not observed and its clinical trial results were retracted.

Dipeptidyl peptidase 4 (DPP4) also known as CD26, is a 11kD
cell surface type 2 transmembrane protein. DPP4 was initially
identified as a therapeutic target for type 2 diabetes owing to its
degradation of glucagon-like peptide-1(GLP-1) and glucose-
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dependent insulinotropic peptide(GIP). GLP-1 and GIP could stim-
ulate insulin release, delaying gastrointestinal emptying, inducing
satiety, decreasing glucagon release and preserving beta-cell mass
thus regulating blood glucose levels after a meal [9,10]. DPP4 inhi-
bitors, such as Sitagliptin, Vildagliptin and Saxagliptin are cur-
rently being used clinically in patients with type 2 diabetes [11–
13]. In addition to their antidiabetic action, DPP4 inhibitors have
also shown many other benefits, such as anti-inflammation [14]
and cardiovascular protective effect [15]. In addition, serum DPP4
activity increased in type 1 diabetes children [16]. These informa-
tion indicates that DPP4 inhibitors may have potential effects on
type 1 diabetes such as regulating glucose by increasing serum
GLP-1 level and exert immunomodulatory effect.

NOD mice, the most widely used preclinical model of T1DM,
have shown to be responsive for DPP4 inhibitors. Sitagliptin was
demonstrated to prolong islet graft survival in STZ-induced diabetic
mice and NOD mice [17–19]. Tian et al. [20] have showed that a
DPP4 inhibitor (NVP-DPP728, 30 mg/kg, twice daily) could reverse
diabetes in new onset NOD mice, and provided explanations for
the reversal in that the DPP4 inhibitor increased CD4+CD25
+FoxP3+regulatory T cells number, reduced islet inflammation,
and promoted b-cell regeneration. Other studies also showed ther-
apeutic effects for NOD mice by administering a DPP4 inhibitor in
combination with a proton pump inhibitor or a TLR2 tolerisation
[21–23]. It is noteworthy that GLP-1 treatment alone and a combi-
nation of GLP-1 and gastrin have been shown to reverse diabetes in
NOD mice. These studies showed DPP4 inhibitors may reverse the
diabetes in new onset diabetic mice, partially due to the increased
circulating levels of GLP-1. However, the exact mechanisms
through which DPP4 could affect the immune-mediated disease
course are still unknown. Therefore, at present, applying DPP4 inhi-
bitor treatment of type 1 diabetes patients is surely a challenge.

Based on the effect of DPP4 inhibitors and P277 in toxin-induced
autoimmune diabetes, We initially constructed a new combinato-
rial peptide, D41-IA2(5)-P2-1, composes a B cell epitope within
DPP4, a B cell epitope of insulinoma antigen-2 (IA-2), and a Th2 epi-
tope of P277 peptide [24]. The peptide DiaPep277(437-460) is a
peptide from the heat shock protein 60(HSP60), which acts as a con-
trol to further highlight the role of combinatorial B cell epitope D41.
Meanwhile, physiological status and immune response were moni-
tored. In our research, experimental group treated by D41-IA2(5)-
P2-1 peptidemaintained a lower blood glucose level andmorbidity,
compared with control group. Therefore, our study support that
subcutaneous immunization of D41-IA2(5)-P2-1 can potently con-
trol blood glucose and ameliorate established diabetes in NODmice.

2. Materials and methods

2.1. Vaccine design and synthesis

A combinatorial multi-epitope peptide D41-IA2(5)-P2-1, con-
taining (i) B cell epitope of DPP4, (ii) B cell epitope of IA-2(626
FEYQD 630), and (iii) Th2 epitope of P277 peptide (448 IPALDSLT-
PANED 460) was constructed and synthesized through FMOC solid
phase synthesis in Shanghai GL Biochem Co,. Ltd. (Shanghai,
China). Three epitopes were conjugated together by flexible pep-
tides (G,GGGG etc.). Diapep277 (437 VLGGGCALLRCIPALDSLT-
PANED 460) was synthesized by the same method above.
Synthetic peptides were purified by reverse-phase high perfor-
mance liquid chromatography (HPLC) (>92% purity).

2.2. Animal study and immunization

The studies were approved by the Animal Ethnics Committee of
China Pharmaceutical University. Four-week-old female NOD/LtJ
mice were purchased from the Hua fukang biotech (Beijing, China)
and maintained under specific pathogen-free conditions. Animals
received high quality care with free access to food and water. Mice
were considered diabetic when two consecutive blood glucose val-
ues were at or above 11.1 mmol/L. Diabetic mice were randomized
into the group of D41-IA2(5)-P2-1 (n = 8), P277 (n = 8) and placebo
(n = 8). Each mouse in D41-IA2(5)-P2-1 treated group received 0.1
ml 20% Lipofundin (B Braun, Melsungen, Germany) with 20 lg or
100 lg D41-IA2(5)-P2-1 and 4mg mannitol (as a filler) dissolved
in. In P277 treated group, each mouse received 0.1 ml Lipofundin
with 100 lg P277 and 4mg mannitol dissolved in. Mice in control
group were immunized with 0.1 ml Lipofundin and 4mg mannitol.
Immunisation process is that mice in each group (n = 8) were
injected s.c. at week 7, 19, 20, 21, 22, 23, 24, 26, 28, 30, 32, 34, 36, 38.

Body weights and 8-h fasting blood glucose levels were moni-
tored using a glucometer (HMD Bio Medical, Taiwan, China) before
every inoculation. Diabetes remission was defined as the absence
of glycemia values <11.1 mmol/L on 2 consecutive measurements.
Serum samples were collected before every inoculation and stored
at �20 �C for use in assay.

2.3. ELISA assay

Serum parameters such as antibody subclass, GLP-1 levels (Mei-
mian Biotech, Yancheng, China) and insulin (Aoqing, Nanjing,
China) were measured via enzyme-linked immunosorbent assay
(ELISA).

Circulating levels of IL-10 and interferon-gamma (IFN-c) were
measured in serum using ELISA kits purchased from (Aoqing,
China, Nanjing) in accordance with the protocol of the manufac-
turer. Biosource recombinant mouse cytokines were used as stan-
dards for calibration curves. Cytokine levels are expressed as
picograms per milliliter based on calibration curves. The lower lim-
its of detection for the experiments described in this paper were
15 pg/ml for cytokines.

2.4. Measurement of DPP4 activity

The neutralizing ability of anti-DPP4 antibodies was measured
using a colorimetric assay based on the liberation of p-nitroanilide
(A405 nm) from the DPP4 substrate H-Gly-Pro-pNA (GL Biochem,
Shanghai, China; purity >97%) at week 30 as previously described.
Briefly, 10 ml of serum was mixed with assay buffer (100 mmol/L
Tris/HCl, pH 8.0) and incubated at 37 �C for 30 min. Then, 10 ml of
(0.5 U/L) recombinant DPP4 (ProSpec-Tany Technogene Ltd. USA)
and 5 ml of (0.26 mmol/L) H-Gly-Pro-pNA was added to the wells.
Each test well in the 96-well plate (total volume of 100 ml) con-
tained 10 ml of serum, 10 mL of (0.5 U/L) DPP4, 5 ml of (0.26 mmol/
L) H-Gly-Pro-pNA and 75 ml of assay buffer. In the negative-
control wells, 10 ml of serum was replaced with the same volume
of ddH2O. Blank control wells contained no DPP4 or serum. Test
blank control wells contained no DPP4. Plates were incubated at
37 �C for 60 min, and the absorbance was detected using a micro-
plate reader (Thermo, USA). The neutralizing activity of anti-DPP4
antibodies was calculated by using the following formula:

Inhibition ð%Þ ¼ ½ðDA405 of negative control
� DA405 of blank controlÞ=ðDA405 of test controlÞ
� DA405 of test blank controlÞ�
=½ðDA405 of negative control
� DA405 of blank controlÞ� � 100%
2.5. T Cell proliferation and cytokine assay

Spleens were harvested from 40-week-old NODmice. T cell pro-
liferative responses were assayed in vitro according to previous
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Fig. 1. Glucose metabolism was improved by the novel D41-IA2(5)-P2-1 peptide vaccine in NOD mice. (A) Eight-hour fasting average blood glucose concentrations was
monitored by glucometers in NOD mice (n = 8 for each group). (B) The concentration of blood glucose at week 40 in NOD mice. (C) Eight-hour fasting blood glucose
concentrations of every mice were monitored by glucometers in NOD mice. (D) The mean body weight throughout the observation period (n = 8 for each group). (E) Serum
was collected in NOD mice for measurement of insulin by ELISA (n = 6/8). (F) Intact plasma GLP-1 levels were measured at week 7, 21 and 36 by ELISA according to the
manufacturer’s instructions (n = 6/8). (G) HbA1c value at week 14, 26, and 38 (n = 6/8). (H) Immunohistochemical staining for insulin was performed to study b-cell function
after immunisation with different vaccines in NOD mice (400�) (Google Organisms, China). (I) Immunohistochemical staining for glucagon was performed to study b-cell
function after immunisation with different vaccines in NOD mice (400�) (Google Organisms, China). (J) Western blotting analysis for insulin and IFN-c after immunisation
with different vaccines in NOD mice (Ao qing biotech, China). All data are expressed as the mean±SEM. *P < .05, **P < .01, ***P < .001, (D41-IA2(5)-P2-1 vs Placebo); #P < .05,
##P < .01, ###P < .001 (D41-IA2(5)-P2-1 vs P277); &P < .05 (D41-IA2(5)-P2-1 (100 lg) vs D41-IA2(5)-P2-1 (20 lg).
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reports [25]. Meanwhile, after 72 h of stimulation with test anti-
gens, cells supernatants were centrifuged for the cytokine assay.
Circulating levels of serum IL-10, IFN-c were measured using a
mouse ELISA MAXTM Deluxe Set (Biolegend, USA) according to the
manufacturer’s protocol. Biosource recombinant mouse cytokines
were used as standards for calibration curves.

2.6. Histological analysis

After fixation and embedding, the pancreata were sectioned to a
thickness of 3 lm for hematoxylin and eosin (H&E) staining. Islet
cells from 40-week-old NOD mice were analysed by immunohisto-
chemistry. Sections were stained with H&E anti-insulin antibodies
(Google Organisms, Nanjing, China). The average degree of insulitis
was assessed over 20 islets scored per pancreas.

2.7. Flow cytometric analysis

Spleen tissues were processed into single-cell suspensions by
mechanical disruption. All single-splenocyte suspensions were
stained with an anti-CD4 antibody, and the cells were stained
again with antibodies against specific transcription factors such
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as T-bet, GATA-3, Foxp3 or RoRyt. All staining processes were per-
formed according the manufacturer’s instructions (Biolegend,
USA). Samples were detected on a BD Biosciences FACSVerseTM flow
cytometer, and data were analysed using FlowJo software (Leonard
Herzenberg).

2.8. Statistical analysis

Graphs were plotted and statistics calculated with GraphPad
Prism 6.0 software. Statistical differences between two sets of data
were tested using two-tailed unpaired t tests (data with normal
distribution) or Kruskal-Wallis tests. P < 0.05 was considered sta-
tistically significant. All data are expressed as mean ± SEM.

3. Results

3.1. Therapeutic effect of D41-IA2(5)-P2-1 in NOD mice

Glucose metabolism was evaluated in NOD mice during the
D41-IA2(5)-P2-1 treatment. Eight-hour fasting blood glucose was
Placebo               P277             

Fig. 2. Pancreata were obtained for histological examination at the end of the observatio
pancreata were sectioned to a thickness of 3 lm for haematoxylin and eosin (H&E) stai
monitored throughout the study. In NOD mice that received the
inoculation beginning at week 7, significant decreases in blood glu-
cose levels were detected compared with the levels in the P277
and Lipofundin control group (Fig. 1A). The blood glucose concen-
trations of D41-IA2(5)-P2-1-treated mice (mean value of 5.48
mmol/L) were all below 11.1 mmol/L, a threshold that character-
izes diabetes in this report. Reversal of diabetes was observed at
the end of the treatment protocol in NODmice (Fig. 1B). The HbA1c
value (Fig. 1G) was consistent with the blood glucose level. GLP-1
and serum insulin levels in the D41-IA2(5)-P2-1-treated group
were significantly increased compared with the levels in the
P277-treated group (Fig. 1E and F). Immunohistochemistry stain-
ing for insulin is a direct way to observe the number and function
of b-cells. As shown in (Fig. 1H), islets from the D41-IA2(5)-P2-1-
treated group possessed more functional and active b-cells than
the groups receiving P277 treatment (see Table 1).
3.2. Pancreatic insulitis assessed after immunisation with different
vaccines in NOD mice

The potential of D41-IA2(5)-P2-1 to improve and delay insulitis
was observed through histochemical analysis in 40-week-old NOD
mice. Pancreata from the control group showed severe insulitis
with more than 50% intra-islet inflammation around the islets
and marked atrophy. Pancreata from D41-IA2(5)-P2-1-treated
mice showed only a small amount of inflammatory cell infiltration
(Fig. 2), whereas insulitis was in the range of 30–40% in the P277-
treated mice (Fig. 2).
3.3. The strong immunogenicity of D41-IA2(5)-P2-1 contributes to a
high specific antibody titre

We next measured plasma antibodies to further analyse the up-
regulation of insulin and GLP-1 described above. Specific anti-DPP4
antibodies were induced and increased, and a strong antibody titre
was maintained throughout the observation period (Fig. 3A). To
further determine which epitope played a major role in inducing
the high antibody titre in D41-IA2(5)-P2-1-treated mice, different
coating antigens, including D41-KLH, IA2(5)-KLH, and P2-KLH,
were synthesized and used for ELISA. The results indicated that
D41, the B-cell epitope within DPP4, rather than the IA2(5) and
P2 epitopes, played a more important role in antibody induction
(Fig. 3B). Plasma DPP4 activity was determined at week 33 and
was found to be significantly decreased in the D41-IA2(5)-P2-1-
treated mice. The DPP4 inhibition rates in the sera of P277- and
Lipofundin-treated mice were 8.58% and 3.67%, respectively
(Fig. 3C). We then further investigated the ability of the induced
antibodies from the D41-IA2(5)-P2-1-vaccine group to recognize
D41-IA2(5)-P2-1 clear
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Fig. 3. Induction of specific anti-DPP4 antibodies after immunisation in female NOD mice. (A) Female NOD mice were immunized with D41-IA2(5)-P2-1 (n = 8), P277 (n = 8),
or Lipofundin (n = 8), as indicated above. The antibody titre is expressed as the mean OD450 value ± SEM. (B) Antibodies induced by different epitopes in the multi-epitope
peptide D41-IA2(5)-P2-1 were identified using relevant coating antigens in ELISA (n = 6/8). (C) Inhibition of the enzymatic activity of plasma DPP4 was measured at week 33
(n = 6/8). (D) On week 33, sera were collected from D41-IA2(5)-P2-1-immunized mice. Antibodies that specifically recognized and bound to recombinant DPP4 (lane 2) and
BSA-conjugated B-cell epitope peptide (lane 3) were detected by Western blotting. BSA (lane 4) and asparaginase (lane 5) were not recognized by the antibodies. All data are
expressed as the mean ± SEM. *P < .05, ***P < .001, ****P < .0001 (D41-IA2(5)-P2-1 vs Placebo), #P < .05, ##P < .01, ####P < .0001 (D41-IA2(5)-P2-1 vs P277); &&P < .01 (D41-IA2
(5)-P2-1 (100 lg) vs D41-IA2(5)-P2-1 (20 lg)).
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and bind to DPP4 and the selected B-cell epitope in D41-IA2(5)-P2-
1. The anti-DPP4 antibodies from the D41-IA2(5)-P2-1-treated
group recognized and bound to a recombinant DPP4 protein, as
well as to the BSA-linked B-cell epitope of DPP4, according to Wes-
tern blotting (Fig. 3D).

3.4. Restoration of immune balance and the beneficial
immunomodulatory effect of D41-IA2(5)-P2-1 in NOD mice

To identify the type of T cell that assisted in anti-DPP4 antibody
production, immunoglobulin isotypes were characterized. Anti-
bodies in the D41-IA2(5)-P2-1- treated NOD mice were almost
exclusively of the IgG1 and IgG2b subclass, which is an indicator
of Th2 help. However, the levels of IgG2a-subclass antibodies,
which require Th1 help, were low in both the experimental and
control groups (Fig. 4A). Type 1 diabetes is an autoimmune disease
in which immune rebalance and induced immune tolerance for
autoantigens play a critical role in clinical treatment. To investigate
the immunomodulatory effects of D41-IA2(5)-P2-1, a T cell prolif-
eration assay was performed in vitro. Splenic T cells isolated from
D41-IA2(5)-P2-1-treated, P277- treated, and Lipofundin-treated
mice were tested for their proliferative response to specific stimu-
lating agents at week 40. T cells from mice vaccinated with D41-
IA2(5)-P2-1 showed diminished reactivity to D41-IA2(5)-P2-1
(Fig. 4B). Moreover, T cells from D41-IA2(5)-P2-1- or P277-
treated mice showed a slight decrease in reactivation by ConA
compared with that of Lipofundin-treated mice, indicating moder-
ate inhibition of T cell reactivity by D41-IA2(5)-P2-1 and P277 vac-
cination (Fig. 4B). To test whether D41-IA2(5)-P2-1 enhanced the
Th2-like immune response by multi-point s.c. injection, IL-10
(Fig. 4C), IFN-c(Fig. 4D) levels were determined by ELISA. In the
D41-IA2(5)-P2-1 group, IL-10 was up-regulated, and IFN-c was
down-regulated, which reflect regulatory immune and inflamma-
tory responses, respectively.

In conclusion, the immune response shifted significantly from
pro-inflammatory to anti-inflammatory. Pro- and anti-
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Fig. 4. The effects of D41-IA2(5)-P2-1 on immune responses in NODmice. (A) Antibody isotypes induced by the different vaccines were determined by ELISA (n = 6/8 for each
group). (B) D41-IA2(5)-P2-1 administration inhibited determinant spreading of T cell autoimmunity. At week 40, splenic T cells from NODmice treated with D41-IA2(5)-P2-1,
P277, and Lipofundin were tested for proliferative responses to D41-IA2(5)-P2-1, P277, and ConA. Data are expressed as the mean ± SEM stimulation index (SI) of triplicate
samples (n = 3/8). IL-10 (C) and IFN-c (D) levels in all three groups were determined by ELISA after stimulation as described above (mean ± SEM, n = 3/8). (E)
Immunohistochemical staining for CD4+ T cells (F) Immunohistochemical staining for CD8+ T cells (400�) (Google organism, China). *P < .05, **P < .01 (D41-IA2(5)-P2-1 vs
Placebo); #P < .05 (D4-IA2(5)-P2-1 vs P277).
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inflammatory immune balance can be measured by the ratio
between Th1 and Th2, Th17 and Treg cells. The Th2, Treg cells
increased and Th1 and Th17 decreased (Fig. 5A–D). High ratios of
Th1/Th2 indicate inflammation.



Fig. 5. It is known that immune balance between pro-inflammatory and anti-inflammatory can be measured by two pairs of T cells: Th1/Th2 cells and Th17/Treg cells. The
high ratio (s) of Th1/Th2 and/or Th17/Treg is a reminder for inflammation. The number of (A) Th1, (B) Th2, (C) Th17, and (D) Treg cells. The average of (E) Th1, (F) Th2, (G)
Th17, and (H) Treg cells. All of these evidences above bring us to the conclusion that regulatory immune response was strengthened after the treatment of the multi-epitope
vaccine in NODmice. In this report, the flow cytometry results indicated (I) the ratio of Th1/Th2 and (J) Th17/Treg were significantly decreased in the D41-IA2(5)-P2-1 treated
mice compared to the P277 and Placebo treated mice. All data are expressed as the mean±SEM. *P < .05, **P < .01, ***P < .001 (D41-IA2(5)-P2-1 vs Placebo).
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4. Discussion

The current study represents the first examination of the novel
D41-IA2(5)-P2-1 combinatorial peptide vaccine in NOD mice. In
this study, we conjugated the B-cell epitope D41 from DPP4 to
two additional epitopes, IA2(5) and P2, which come from insuli-
noma antigen-2 [26–28] and a determinant (437–460, P277) in
human HSP60 [30–33]. P277 peptide therapy, marked by the
induction of Th2-type antibodies, can be effective in toxin-
induced autoimmune diabetes in the early period. We developed
a novel vaccine to increase GLP-1 levels and insulin secretion, as
well as to induce beneficial immunomodulation in NOD mice. Tra-
ditionally, the impetus for research into DPP4 inhibitors has been
the potential of GIP and/or GLP-1 to stimulate insulin secretion
and to enhance b-cell secretory function (glucose competency
and insulin production), which is altered in type 2 diabetes. How-
ever, studies on the therapeutic potential of DPP4 inhibitors and
incretins in autoimmune disorders such as type 1 diabetes have



Fig. 5 (continued)
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been increasing [34–37]. Antigen-specific immunotherapy (ASI) is
an important strategy for treating type 1 diabetes, which makes
use of inverse vaccination for a specific autoantigen [38]. Indeed,
several interesting studies have shown that multi-epitope vaccines
exhibit therapeutic potential against type 1 diabetes [32,39–40]. In
addition, Pang et al. [41] demonstrated that vaccines against DPP4



Table 1
Blood glucose, diabetic incidence, and mortality rate of NOD mice after treatment.

Batch Time 1 Time 2 Time 3 Time 4 Time 5 Time 6

Age(weeks) 7 17 21 24 29 40
Blood glucose (mmol/L) D41-IA2(5)-P2-1 5.40 ± 0.16 6.71 ± 0.26 10.51 ± 0.67 7.98 ± 0.24 6.18 ± 0.47 5.44 ± 0.14

P277 5.40 ± 0.21 6.79 ± 0.45 11.25 ± 0.78 10.10 ± 0.33 12.04 ± 2.57 10.51 ± 0.42
Placebo 5.41 ± 0.22 9.98 ± 2.18 17.7 ± 2.53 20.07 ± 1.91 23.22 ± 3.57 27.78 ± 1.07

Diabetic incidence (%) D41-IA2(5)-P2-1 0 0 50 0 0 0
P277 0 0 62.5 37.5 37.5 37.5
Placebo 0 12.5 75 87.5 87.5 100

Mortality rate (%) D41-IA2(5)-P2-1 0 0 0 0 0 0
P277 0 0 0 0 0 0
Placebo 0 0 0 12.5 37.5 37.5

The immunisation procedure for the different group of NOD mice (n = 8) consisted of s.c. injections at week 7, 19, 20, 21, 22, 23, 24, 26, 28, 30, 32, 34, 36 and 38.Values
represent means ± SEM. Time 1: Initial vaccination; Time 2: Onset of diabetes; Time 3: Highest incidence; Time 4: Incidence decreased to 0%; Time 5: Incidence decreased to
0%; Time 6: End of experiment.
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are beneficial in T2DM, providing a proof of concept that DPP4 can
be used for an anti-diabetes vaccine. These findings, in addition to
the beneficial effects of DPP4 inhibitors on T1DM [24,42], provided
the initial rationale for investigating the effects of a DPP4-based
vaccine on type 1 diabetes. By demonstrating the enhancement
of overall glucose homeostasis, the stimulation of islet neogenesis,
and a shift from a pro-inflammatory to an anti-inflammatory
response, we show for the first time the potential of a DPP4-
based vaccine as a new effective therapeutic strategy for treating
type 1 diabetes in NOD mice.

One hallmark of type 1 diabetes, both in humans and animal
models, is limited weight gain and low BMI, which are direct con-
sequences of insulin insufficiency. Lack of insulin-stimulated nutri-
ent uptake stimulates hyperphagia, whereas hyperglycaemia
promotes polyuria and subsequently polydipsia. Thus, body
weight, as well as food and water intake, serve as indicators of
proper glucose handling. D41-IA2(5)-P2-1 treatment showed par-
tial reversal in body weight, as well as food and water intake (data
not shown), suggesting improvements in glucose homeostasis.
After 10 multi-point s.c. injections with D41-IA2(5)-P2-1, a marked
enhancement of GLP-1 concentration (Fig. 1F) and a significant
increase of insulin secretion (Fig. 1E) were observed in NOD mice
According to these data, improvement of glycaemic profiles
appeared to be achieved through elevated insulin secretion via
potent DPP4 inhibition, resulting in increased levels of active
GLP-1, which indicated that D41-IA2(5)-P2-1 can effectively con-
trol and reverse hyperglycaemia by increasing insulin and GLP-1
levels in NOD mice. What’s more, the specific anti-DPP4 antibody
induced by D41-IA2(5)-P2-1 strongly inhibited the activity of
DPP4 (Fig. 3) may account for the elevated GLP-1 and insulin levels
.Notably, data obtained after intraperitoneal glucose loading might
lead to underestimation of the insulinotropic effect of D41-IA2(5)-
P2-1 because GLP-1 secretion is more strongly stimulated by com-
plex nutrients in the small intestine than by glucose [43]. Our data
confirmed the beneficial effect of GLP-1 on glucose-dependent
insulin secretion, consistent with previous studies [44]. D41-IA2
(5)-P2-1 was confirmed to exert its effect in NOD mice predomi-
nantly via incretin-dependent mechanisms rather than incretin-
independent mechanisms.

Past and current attempts to cure the immune-mediated dis-
ease type 1 diabetes have included insulin therapy, immunosup-
pressive drugs (Cyclosporine A [45], anti-CD3 [46] antibodies,
and anti-CD20 antibodies), pancreas transplantation, islet cell
transplantation, and autoantigen immunotherapy (P277 and
GAD65) [47]. However, insulin treatment is not a cure for T1DM
and is instead merely replaces a hormone produced by b-cells.
Treatment success is limited by inconsistent insulin injection and
the economic burden associated with lifelong treatment. Anti-
CD3 treatment and a CD20 monoclonal antibody [48] (Rituximab)
show preservation of b-cell function after clinical diagnosis, but the
effect is transient and unclear according to the current data. P277
and Diamyd [49] (an alum adjuvant + recombinant GAD65 protein
formulation) treatment in adults newly diagnosed with type 1 dia-
betes resulted in the preservation of residual C peptide levels. Dia-
myd has shown great promise for suppressing b-cell autoreactivity
in phase I and II clinical trials. However, no reduction in the
amount of exogenous insulin delivery required for patients to
maintain normal blood glucose levels was observed. In the present
study, we focused on the development of autoantigen vaccines for
type 1 diabetes and demonstrated a DPP4-based vaccine as a
promising candidate for type 1 diabetes clinical studies. This report
provides the first demonstration of a DPP4-based vaccine to con-
trol and reverse type 1 diabetes in NOD mice. The result of pancre-
atic insulitis assessed (Fig. 2) suggested a significant increase in the
number of islets free of insulitis, the formation of fewer necrotic
areas in the pancreas, and reduced lymphocyte infiltration around
the islets, indicating that immunization with D41-IA2(5)-P2-1
effectively suppressed islet autoimmune reactions and decreased
islet inflammation. Our flow cytometry results indicated that the
Th1/Th2 ratio (Fig. 5I) was significantly lower in D41-IA2(5)-P2-
1-treated mice than in P277- treated and placebo-treated mice
according to the numbers of Th1 and Th2 cells. These data sug-
gested that D41-IA2(5)-P2-1 delayed the onset of diabetes in
NOD mice and rebalanced the immune response from Th1/Th2 to
Th2-dominant immunity. In addition, the T cell proliferation
assay(Fig. 4B) suggested that the prevention of diabetes was asso-
ciated with the down-regulation of spontaneous proliferative T cell
responses to D41-IA2(5)-P2-1.The merits of DPP4 inhibitors, such
as preserving b-cell mass and the absence of hypoglycaemia, were
also observed in our study.

In summary, we have shown that treating NOD mice with D41-
IA2(5)-P2-1, a novel vaccine generated by conjugating a B-cell epi-
tope of DPP4 to IA2(5)-P2-1, generates a strong anti-DPP4 antibody
titre, increases GLP-1 levels and insulin content, and significantly
improves overall glucose homeostasis and islet integrity. This
study has demonstrated the use of a DPP4-based vaccine to control
and reverse type 1 diabetes. Thus, the D41-IA2(5)-P2-1 vaccine
may provide an effective alternative to control and reverse
T1DM, possibly by increasing plasma GLP-1 and insulin levels,
and resetting immune balance to prevent b-cell specific inflamma-
tion, perhaps answering the call for a more affordable and benign
therapy or providing a treatment option that can be used in com-
bination with existing therapies after diagnosis.
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