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An increasing number of therapies have proven effective
at reversing hyperglycemia in the nonobese diabetic
(NOD) mouse model of type 1 diabetes (T1D), yet sit-
uations of successful translation to human T1D are
limited. This may be partly due to evaluating the effect
of treating immediately at diagnosis in mice, which
may not be reflective of the advanced disease state in
humans at disease onset. In this study, we treated NOD
mice with new-onset as well as established disease
using various combinations of four drugs: antithymocyte
globulin (ATG), granulocyte-colony stimulating factor
(G-CSF), a dipeptidyl peptidase IV inhibitor (DPP-4i),
and a proton pump inhibitor (PPI). Therapy with all four
drugs induced remission in 83% of new-onset mice and,
remarkably, in 50% of NOD mice with established
disease. Also noteworthy, disease remission occurred
irrespective of initial blood glucose values and mecha-
nistically was characterized by enhanced immunoregu-
lation involving alterations in CD4+ T cells, CD8+ T cells,
and natural killer cells. This combination therapy also
allowed for effective treatment at reduced drug doses
(compared with effective monotherapy), thereby mini-
mizing potential adverse effects while retaining efficacy.
This combination of approved drugs demonstrates
a novel ability to reverse T1D, thereby warranting trans-
lational consideration.

Type 1 diabetes (T1D) is an autoimmune disorder long
thought amenable to disease prevention and perhaps even
reversal (1). Indeed, a rich history of agents has shown
the capacity to prevent T1D in NOD mice (2), with an
increasing number of reports positing the capability to

reverse hyperglycemia in animals at disease diagnosis
(3). Although numerous human trials have used therapies
shown effective in NOD mice, few translational success
stories exist (e.g., anti-CD3, CTLA-4 Ig, anti-CD20), and
even those have proven heterogeneous in their efficacy in
new-onset populations (4).

To improve this situation, we considered the regula-
tory approval status of potential drugs, their mechanism
of action, and the notion that any such effort would
most likely require a combination approach to maximize
efficacy. We selected drugs having prior U.S. Food and
Drug Administration approval and proven effectiveness in
settings of autoimmunity, transplantation, and/or b-cell
dysfunction in NOD mice or related clinical settings. Spe-
cifically, we previously noted the synergism of antithymo-
cyte globulin (ATG) with granulocyte-colony stimulating
factor (G-CSF) in reversing T1D in NOD mice (5). This
was mechanistically tied to enhanced immunoregulation
involving an increase in regulatory T-cell (Treg) activities
and alterations in dendritic cell phenotype and function
(6). Translation of this therapy from studies of mice to
man also proved remarkably successful. Specifically, we
recently reported the results from a pilot clinical trial
assessing the effectiveness of this combination therapy
(i.e., ATG plus G-CSF) in humans. That effort, which
used not recent-onset patients but those with somewhat
“established” disease (6 to 24 months after onset), noted
the ability for this combination of agents to preserve
C-peptide (7).

We have long been interested in combination therapies
for T1D, and as part of this, we also demonstrated that
a combination of a dipeptidyl peptidase IV inhibitor
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(DPP-4i) and a proton pump inhibitor (PPI) synergize to
reverse T1D in NOD mice (8). The DPP-4i allows for a
longer half-life of glucagon-like petide-1 (GLP-1) that has
been shown to have favorable effects on b-cell regeneration
and survival (8–10). The PPI class of drugs raises circulating
levels of gastrin in vivo, which also allows for enhanced
b-cell function and survival (11–14).

From these observations, we hypothesized that a com-
bination of ATG, G-CSF, DPP-4i, and PPI (AGDP) would
not only allow for reversal of new-onset T1D in NOD mice
but also perhaps in animals with established disease. This
approach represented quite a challenge to existing dogma
regarding reversal of T1D in NOD mice, where essentially
all agents noted for efficacy require administration at the
earliest signs of hyperglycemia or glycosuria (i.e., within
hours to 1 or 2 days) and when blood glucose levels are
modestly elevated (e.g., as low as 180 mg/dL) (3). Indeed,
reports to date suggest reversal of established disease in
NOD mice requires administration of an alternate source
of insulin production (i.e., transplanted islet cells).

RESEARCH DESIGN AND METHODS

Mice
The studies described here were approved by the Univer-
sity of Florida Institutional Animal Care and Use Commit-
tee. Eight-week-old female NOD/LtJ mice were purchased
from The Jackson Laboratory and monitored twice weekly
for diabetes by tail bleed. Diabetes was defined as blood
glucose $240 mg/dL on 2 consecutive days, measured by
a hand-held glucometer. Diabetic mice were randomized in-
to the new-onset or established-disease treatment groups.
Nondiabetic mice analyzed in this study were age-matched
female NOD/LtJ mice that had neither developed diabetes
nor received treatment. These control mice were killed in
parallel with treated euglycemic mice at the study end
point (120 days posttreatment).

Reversal Studies
Upon diabetes determination, all mice were implanted
with a LinBit subcutaneous insulin pellet (LinShin
Canada, Inc.). Mice in the new-onset groups began
therapy that day (new-onset day 0), whereas mice in the
established groups began therapy 15 days later (estab-
lished day 0). Therapy groups consisted of insulin
pellet alone, ATG+G-CSF therapy, DPP-4i+PPI therapy,
AGDP therapy, or control treatment. Murine ATG (Gen-
zyme, Cambridge, MA) was administered intraperitone-
ally at 250 mg/dose on days 0 and 3. Human G-CSF
(Neulasta; Amgen) was administered intraperitoneally at
120 mg/dose on days 0 and 15. The selective DPP-4i
1-{[(3-hydroxy-1-adamantyl)amino]acetyl}-2-cyano-
(S)-pyrrolidine (Dalton Chemical Laboratories, Toronto,
ON, Canada) was administered orally at 200 mg daily
for 84 days. PPI (pantoprazole; Nycomed, Oakville, ON,
Canada) was given subcutaneously at 600 mg twice daily
for 84 days. Control mice received control treatments for
all four drugs on their respective schedules: recombinant

IgG (Jackson ImmunoResearch Laboratories, Inc.) for ATG,
5% dextrose for G-CSF, 5 mg/mL methylcellulose for DPP-4i,
and saline for PPI. A group given the insulin pellet alone,
without further manipulation, was also analyzed.

Mechanistic Studies
Mechanistic studies were conducted similarly to reversal
studies (described above), with the exception that treat-
ment was initiated 10 days post-T1D onset in established
groups, and tissues were harvested on day 30. The batch
of LinBit insulin pellets being used was observed to be less
effective, resulting in an earlier return to hyperglycemia
than expected; thus, treatment was initiated at day 10
rather than day 14, which theoretically still allowed for
appreciable continued b-cell loss.

Histology
For reversal studies, necropsy was performed at day 120,
the pancreas fixed in 10% neutral buffered forma-
lin overnight, and embedded in paraffin. Sections were
stained with hematoxylin and eosin and scanned to create
digital images using a GS ScanScope (Aperio Technologies,
Inc., Vista, CA). Each section was reviewed for islets and
insulitis scored according to the following: 0, no insulitis;
1, peri-islet only; 2, ,50% infiltrates within islet; 3,
.50% infiltrates within islets. Total numbers of islets
within each scoring category were tabulated by animal,
and the average islet number per score within each treat-
ment group was compared with age-matched female non-
diabetic NOD mice.

For mechanistic studies, necropsy was performed at
day 30. The pancreata from four mice per treatment
group were fixed and embedded as described above.
Sections were stained for insulin and Ki-67 via immuno-
histochemistry (IHC) and scanned to create digital images
using an Aperio GS ScanScope. Each section was reviewed
for the number of insulin-positive and -negative islets.
Fractional insulin area was determined using CytoNuclear
IHC Quantification software (Indica Laboratories, Albu-
querque, NM). An ImageScope plug-in tool (Aperio Tech-
nologies) was used to calibrate the red, green, and blue
optical density values of the underlying tissues and set
the input parameters. Serial pancreatic sections from mice
killed at day 30 were also stained for CD4 and CD8 via
IHC, scanned, and analyzed using the Aperio GS Scan-
Scope with the CytoNuclear IHC Quantification software
for absolute number and percentage of islet cells staining
positive for CD4 and CD8.

ELISA: Serum
For mechanistic studies, necropsy was performed at day
30. Maximum attainable blood volume was collected, and
serum C-peptide levels were measured via ELISA (ALPCO
Diagnostics, Salem, NH).

ELISA: Pancreas
For mechanistic studies, necropsy was performed at day
30. The pancreata for two to three mice per treatment
group were processed for total protein by acid ethanol
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Figure 1—AGDP combination therapy induces long-term euglycemia in NOD mice with new-onset and established T1D. A: At diabetes
onset, mice were implanted with an insulin pellet and treatment was initiated (n = 11–13 per group). AGDP therapy induced durable
remission in 83% of mice (P < 0.0001 vs. control, Kaplan-Meier survival test), compared with 54% of mice treated with DPP-4i+PPI
and 50% of mice treated with ATG+G-CSF. B: Mice were implanted with an insulin pellet at onset, with treatment delayed 2 weeks (n = 11–
13 per group). AGDP therapy induced remission in 50% of mice (P< 0.0013 vs. control) compared with 42% of mice treated with DPP-4i+PPI
and 33% of mice treated with ATG+G-CSF. C–K: Nonfasting blood glucose curves are shown for individual mice in each treatment group. The
day of T1D onset was set to day 0 (C–G) or day 214 (H–K) for the new-onset and established (delay) treatment groups, respectively, so that
curves reflect blood glucose values after the initiation of treatment. L: Insulitis scoring of remitted mice showed that despite euglycemia at 120
days, the numbers of remaining islets with no to minimal inflammation (scores 0–2) were significantly reduced in all treatment groups compared
with age-matched control nondiabetic NOD mice (P < 0.0001).
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extraction. Briefly, pancreata were weighed and incubated
overnight at 220°C in 5 mL 1.5% HCl in 70% ethanol
before homogenization. Homogenates were again incu-
bated overnight at 220°C and pelleted by centrifugation.
The supernatant solution was brought to neutral pH with
1 mol/L Tris (pH 7.5) and tested by ELISA for insulin,
proinsulin, and C-peptide (ALPCO Diagnostics). Results
were normalized against pancreatic total protein as quan-
tified by a Bradford assay.

Flow Cytometry
Spleens were harvested and passed through a 100-mm
filter to obtain a cell suspension, and 1 3 106 cells were
stained for flow cytometric analysis. For reversal studies,
Tregs were stained with anti-mouse FoxP3-phycoerythrin
(PE) (clone FJK-16s), CD8a-fluorescein isothiocyanate
(FITC) (53-6.7), CD25-allophycocyanin (APC) (PC61.5),
and CD4-PE-Cy7 (RM4-5) using standard procedures.
Naïve and memory T cells were determined by staining
with anti-mouse CD44-FITC (IM7), CD8b-PE (H35-17.2),
CD62L-APC (MEL-14), and CD4-PE-Cy7 (RM4-5). Sam-
ples were run on an Accuri flow cytometer (BD Accuri
Cytometers, Ann Arbor, MI). For mechanistic studies,
Tregs were stained with anti-mouse FoxP3-PE (clone
FJK-16s), CD8a-eFluor450 (53–6.7), CD25-APC (PC61.5),
CD4-PE-Cy7 (GK1.5), CD62L-FITC (MEL-14) and CD44-
PerCP-Cy5.5 (IM7). Natural killer (NK) cells were stained
with anti-mouse CD49b-FITC (HMa2), CD122-PE (TM-b1),

CD11b-PE-Cy7 (M1/70), and CD3-APC (17A2). Samples
were run on a LSR Fortessa flow cytometer (BD Biosci-
ences, San Jose, CA). Briefly, cells underwent surface
staining for 30 min, followed by fixation for 2 h. Samples
were washed in permeabilization buffer and blocked
(anti-mouse CD16/CD32) for 15 min, followed by intra-
cellular staining for 30 min (all antibodies and buffers
from eBioscience, San Diego, CA). Results were analyzed
in FCS Express 4 software (De Novo Software, Los
Angeles, CA).

Statistics
All data were analyzed on GraphPad Prism 5.1 software
(GraphPad Software, Inc., La Jolla, CA). Survival curves
were analyzed using a Kaplan-Meier test. Comparisons
between multiple data sets were analyzed by ANOVA
(nonparametric Kruskal-Wallis test) with the Dunn mul-
tiple comparison posttest. The Student t test was used for
comparison of remitted versus failed mice.

RESULTS

AGDP Combination Therapy Induces Durable Diabetes
Remission in NOD Mice With New-Onset and
Established Diabetes
On the day of diabetes onset, NOD mice received a slow-
release subcutaneous insulin pellet and were randomized
into the following treatment groups: murine ATG and
human G-CSF, DPP-4i and PPI, AGDP therapy, or control
treatments. Treatment was initiated in these cohorts at
disease onset (new-onset groups) or after a 2-week delay
(established groups). In new-onset mice, ATG+G-CSF
therapy resulted in durable remission (i.e., euglycemic
for 120 days) in 6 of 12 mice (50%, P = 0.0010 vs.
control), whereas 7 of 12 mice (54%, P , 0.0001) treat-
ed with DPP-4i+PPI therapy at onset showed durable
remission (Fig. 1A). Treating new-onset mice with
AGDP increased the remission rate to 11 of 13 mice
(83%, P , 0.0001 vs. control). However, compared
with ATG+G-CSF or DPP-4i+PPI, AGDP therapy did
not significantly increase remission rates in mice with
established diabetes. In established mice, 4 of 12 (33%,
P = 0.0223 vs. control) treated with ATG+G-CSF, 5 of 12
(42%, P = 0.0962) treated with DPP-4i+PPI, and strik-
ingly, 6 of 12 (50%, P = 0.0013) treated with AGDP
therapy exhibited durable remission (Fig. 1B). Nonfast-
ing morning blood glucose curves for each of these treat-
ment groups (Fig. 1C–K) demonstrate that remitted mice
maintained stable blood glucose levels for 120 days post-
T1D onset.

In new-onset mice, histological scoring of remitted
animals showed fewer islets with insulitis with DPP-4i+PPI
therapy and fewer islets with less than 50% insulitis
(Fig. 1L); however, remitted mice with ATG+G-CSF and
AGDP therapy had similar scoring. In mice with estab-
lished diabetes, insulitis was similar among all three
therapies, with ATG-G-CSF therapy showing a minor
decrease in islets with insulitis compared with the other
therapies.

Figure 1—Continued.
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AGDP Therapy Results in Disease Remission
Despite Insignificant Increases in b-Cell Mass
in a Cross-Sectional Study of Mechanism

Similar to the reversal studies described above, female
NOD mice received a slow-release subcutaneous insulin
pellet and were randomized into treatment groups at
diabetes onset. However, end points were day 30 or treat-
ment failure. In new-onset mice, AGDP and ATG+G-CSF
groups trended higher than controls in circulating C-peptide
levels, number of insulin+ islets in the pancreas, and
pancreatic fractional insulin area, but the difference
was not significant (P = 0.1115, P = 0.7776, and P =
0.7237, respectively) (Fig. 2A–C). In mice with established

disease, one outlier from the DDP-4i+PPI group demon-
strated an elevated fractional insulin area, but overall, the
number of insulin+ islets and the fractional insulin area did
not differ among the treatment groups (Fig. 2B and C). We
were unable to evaluate the effect of therapy on Ki67+

b-cells as a measure of b-cell replication because many
animals had no detectable insulin+ cells, rendering the num-
ber too low for statistical analysis.

Pancreata from two to three mice per group and two
nondiabetic control NOD mice were analyzed for total
proinsulin, C-peptide, and insulin content by ELISA. Re-
sults were normalized against total protein extracted from
the pancreata. As expected, pancreata from nondiabetic

Figure 2—AGDP combination therapy and pancreatic insulin content. In a cross-sectional study, NOD mice with new-onset and estab-
lished disease were implanted with a subcutaneous insulin pellet and treated with ATG+G-CSF, DPP-4i+PPI, or AGDP or not treated
(control), and tissues were harvested 30 days after the initiation of treatment. A: Serum C-peptide (n = 6–7 per group), as measured via
ELISA, trended higher in new-onset animals that received ATG+G-CSF and AGDP therapy compared with insulin-only controls (P = 0.1115,
Kruskal-Wallis test). Estab., established. Pancreata (n = 4 per group) were stained for insulin via IHC and analyzed for the number of insulin-
positive (B) islets and fractional insulin area (C ). The difference between treatment groups was not significant, but there was a trend toward
increased insulin-positive islets and insulin fractional area in new-onset mice treated with ATG+G-CSF and AGDP therapy (P = 0.7776 and
P = 0.7237, respectively; one-way ANOVA). Pancreata (n = 2–3 per treatment group and age-matched nondiabetic NOD controls) were
processed for total protein via acid-ethanol extraction and analyzed for total proinsulin (D), C-peptide (E), and insulin (F) via ELISA.
Compared with insulin-treated animals, there was a trend toward increased proinsulin in new-onset mice treated with ATG+G-CSF and
AGDP therapies, but all treatment groups demonstrated significantly reduced proinsuiln, C-peptide, and insulin compared with nondiabetic
controls. Data are presented as mean 6 SEM. ****P < 0.0001, all (one-way ANOVA).
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NOD mice contained significantly higher levels of pro-
insulin, C-peptide, and insulin. Remarkably, despite dis-
ease reversal, AGDP therapy did not rescue pancreatic
proinsulin, C-peptide, or insulin content to levels compa-
rable with nondiabetic animals. In new-onset mice,
treatment with ATG+G-CSF and AGDP was associated
with an insignificant increase in total pancreatic pro-
insulin, C-peptide, and insulin (P , 0.0001; Fig. 2C–E).
These data suggest that only a fraction of the b-cell mass,
undetectable by current methods, must be preserved for
T1D reversal and insulin independence.

Initial Blood Glucose Remission Rate Bias Is
Ameliorated in AGDP Therapy
Previous NOD reversal studies have shown a correlation
between higher initial blood glucose levels and failure rate
in some therapies (3), including ATG alone (5). Accord-
ingly, we determined if a similar correlation exists under
these therapy conditions. Initial blood glucose levels were
similar in mice randomized to all treatment groups (P =
not significant [NS]) (Fig. 3A), implying no bias occurred
during the randomization to treatment. However, the
failure rate in mice treated with ATG+G-CSF correlated
with higher initial blood glucose levels in the new-onset
group and in the established group (P , 0.05) (Fig. 3B

and C). This was not surprising given that suboptimal
ATG dosing was used. The initial blood glucose bias in
DPP-4i+PPI–treated mice was not significant (P = NS),
whereas the addition of these two drugs in AGDP therapy
ameliorated the initial blood glucose bias present with
ATG+G-CSF therapy. Therefore, AGDP therapy was more
effective than ATG+G-CSF therapy in mice with elevated
initial blood glucose, whereas the influence of DPP-4i+PPI
in this study was inconclusive.

AGDP Therapy Induces T-Cell and NK-Cell
Immunomodulation
We next determined the effects of therapy on T-cell
subsets. To determine the ratio of CD4+ to CD8+ T cells,
splenocytes were isolated and analyzed by flow cytometry
at the study end point (i.e., at reversal failure or
120 days). In mice with new-onset and established dis-
ease, treatment with AGDP significantly increased the
CD4+-to-CD8+ T-cell ratio (P , 0.05, Fig. 4A and B).
Treatment with ATG+G-CSF trended higher in new-onset
and established disease but did not reach statistical sig-
nificance, whereas DPP-4i+PPI did not have an effect on
this phenotype (P = NS). These effects were even more
robust in cross-sectional analysis. AGDP and ATG+G-CSF
therapy significantly increased the splenocyte CD4+-to-CD8+

Figure 3—AGDP combination therapy and initial blood glucose. A: Initial blood glucose values were similar between mice in all therapy
groups (n = 11–13 per group). P = NS, one-way ANOVA. In new-onset mice (B) and established T1D mice (C), ATG+G-CSF therapy was
less effective at reversing diabetes in those with higher initial blood glucose. Data are presented as scatter with mean 6 SD. *P < 0.05
(Student t test).
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T-cell ratio in the new-onset and established-disease groups
compared with controls, and AGDP significantly increased
the CD4+-to-CD8+ T-cell ratio compared with those treated
with DPP-4i+PPI (P , 0.001 and P = 0.0016, respectively)
(Fig. 4C and D). These effects were largely due to CD8+ T-cell
depletion, which was evident in all ATG+G-CSF– and AGDP-
treated animals with new-onset and established disease (Fig.
4E). Meanwhile, splenic CD4+ T-cell frequencies were only
modestly modulated in response to therapy—increased in
new-onset mice with AGDP treatment, decreased in ATG+G-
CSF–treated animals with established disease, and un-
changed in all other groups, relative to control (Fig. 4F).
Furthermore, mechanistic studies revealed that NK-cell fre-
quency in the spleen was significantly reduced in new-onset
mice treated with AGDP and in established-disease mice
treated with AGDP or ATG+G-CSF (P = 0.0015 and P =
0.005, respectively) (Fig. 4G and H). Interestingly, mice
that received DPP-4i+PPI treatment also trended toward
reduced NK-cell frequencies in new-onset and established-

disease groups, but these differences were not statistically
significant (Fig. 4E and F).

Pancreata harvested for cross-sectional studies were
stained by IHC for CD4 and CD8, and digitally scanned
images were manually annotated to exclude exocrine
tissues from analysis. Within the pancreatic islet area,
the CD4+-to-CD8+ T-cell ratios did not differ across treat-
ment groups (Fig. 5). Moreover, absolute numbers of
CD4+ and CD8+ T cells within the insulitic lesion were
not significantly different (data not shown). However,
these data do not consider potential modulation of
T-cell phenotype or function within the pancreas or drain-
ing lymph node, and with the small sample size (n = 3–4
per group), possible immunomodulatory effects of ther-
apy within the target organ cannot be excluded, providing
an important topic of investigation for future studies.

To analyze CD4+ and CD8+ naïve, memory, and Tregs,
remitted mice were compared with therapy failures and
with age-matched nondiabetic female NOD mice, which

Figure 4—Combination therapy induces T-cell and NK-cell immunomodulation. T-cell subsets were analyzed by flow cytometry on treated
mice (n = 11–13 per treatment group) or unmanipulated nondiabetic NOD mice (n = 9) at the study end point (therapy failure or 120 days). In
new-onset (A) and established (B) T1D mice, AGDP therapy increased the CD4+-to-CD8+ T-cell ratio compared with control mice and mice
treated with DPP-4i+PPI therapy, whereas ATG+G-CSF therapy had an increased ratio compared with DPP-4i+PPI therapy. These data
were validated in a cross-sectional study of NOD mice with new-onset (C) and established (D) disease, where tissues were harvested 30
days after the initiation of treatment (n = 6–11 per group). ATG+G-CSF and AGDP therapies increased the CD4+-to-CD8+ T-cell ratio
compared with control mice and mice treated with DPP-4i+PPI therapy (P < 0.0001 and P = 0.0016, respectively; one-way ANOVA). E:
Splenocyte CD8+ T-cell frequency within the lymphocyte population was significantly reduced by ATG+G-CSF and AGDP therapy in mice
with new-onset as well as established T1D, relative to insulin pellet controls (P< 0.0001, one-way ANOVA). F: Compared with control mice,
splenic CD4+ T-cell frequency was increased in new-onset AGDP-treated animals but decreased with ATG+G-CSF treatment in mice with
established disease (P < 0.05). In NOD mice with new-onset T1D (G), AGDP therapy decreased the splenic NK-cell frequency compared
with insulin-treated control mice (P = 0.0015; one-way ANOVA), whereas in NOD mice with established disease (H), ATG+G-CSF and AGDP
therapies decreased the NK-cell frequency (P = 0.005). Data are presented as scatter with mean6 SD. *P< 0.05, **P < 0.01, ***P< 0.001,
****P < 0.0001.
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were used to control for natural shifts in cell populations
with age. With new-onset animals, remitted mice from all
three therapy groups had an elevated percentage of splenic
CD4+CD25+FoxP3+ Tregs compared with nondiabetic con-
trol mice (P , 0.05) (Fig. 6A). Within the ATG+G-CSF and
DPP-4i+PPI groups, remitted mice showed significantly
higher levels of Tregs than failures (P , 0.05); remitted
mice in the AGDP group appear to have higher Tregs than
the one failed mouse. However, the low number prohibits
statistical analysis. Similarly, with established diabetes, re-
mitted mice in all three therapy groups had elevated Tregs
compared with failures (P , 0.05, Fig. 6B). Remitted mice
in the DPP-4i+PPI and AGDP groups also had elevated
Tregs compared with nondiabetic controls.

CD8+CD25+FoxP3+ Tregs were elevated in remitted
mice in the new-onset AGDP therapy group versus the
nondiabetic controls. In this same group, the DPP4i+PPI
successfully treated mice had higher CD8+CD25+FoxP3+

Tregs than the failed mice (P , 0.05, Fig. 6C). In the
established-disease group, only the successfully treated
AGDP animals had elevated CD8+CD25+FoxP3+ relative
to the failed animals (P , 0.05, Fig. 6D). Collectively, we
interpret this as evidence of immunoregulation by any of
these combinations as measured by CD4 or CD8 Tregs and
that the successful treatment yielded higher immunoregu-
latory cell frequency over those that failed. In established
mice, this trended lower, implying that endocrine or met-
abolic issues may underlie failure as opposed to failed im-
munoregulation. Additional studies will be needed to
further investigate these mechanisms. DPP4i+PPI therapy
also revealed a potential mechanistic basis in both CD4 and
CD8 Treg modulation, perhaps adding further evidence of
immunomodulatory effects beyond those favoring incretin
hormone and b-cell survival mechanisms.

We next determined CD4+ naïve (CD4+CD62L+CD442)
and memory (CD4+CD62L2CD44+) T-cell populations in
the therapy groups. In all new-onset treatment groups
and in AGDP therapy in the established-disease treatment
group, treated mice had a higher percentage of naïve CD4
T cells than age-matched nondiabetic controls. The only

difference in failure versus success was in the DPP4i+PPI
group, wherein failed mice were left with more naïve CD4
T cells (P , 0.05, Fig. 7A and B). Memory CD4 T cells,
however, did associate with successfully treated mice
tending to have more of these cells than failed animals.
This held true for all groups, in both new-onset and estab-
lished disease, except for the new-onset AGDP group,
where the small sample size in the failed group did not
allow for statistical significance to be achieved (Fig. 7C
and D). No significance was observed for naïve CD8
T-cell frequency in any group with respect to successful
reversal versus failure. There was an increase in naïve
CD8+ T cells in the successfully treated new-onset
ATG+G-CSF therapy relative to nondiabetic controls
(Fig. 8A and B). In remitted mice from the new-onset
treatment group, but not the established treatment group,
ATG+G-CSF and DPP-4i+PPI therapies had a lower percent-
age of memory CD8+ T cells than nondiabetic age-matched
controls but higher memory CD8 T-cell frequency associated
with success compared with failed animals in the new-onset
and established-disease groups, except again for the new-
onset AGDP group, which had too few failures to evaluate
statistically (P , 0.05) (Fig. 8C and D).

DISCUSSION

Despite instances of success in preventing and even re-
versing hyperglycemia in the NOD mouse model of T1D,
efforts at clinical translation have, for the most part,
been disappointing in meeting their desired end points
(2–4,15). At the same time, this statement is not
intended to convey that promising therapeutic efforts,
either preclinical or clinical (e.g., alefacept, imatinib), do
not exist (reviewed in [16]) because efforts are, thank-
fully, moving forward.

In the studies presented here, we tested combinations
of four drugs that have in past settings demonstrated
potential utility in T1D or in other relevant autoimmune
diseases with the notion that ATG+G-CSF treatment
would promote immunoregulation, whereas DPP-4i+PPI
therapy might preserve or even increase b-cell mass and

Figure 5—At day 30 after initiation of treatment, pancreata were fixed and embedded in paraffin. Serial sections were stained via IHC for
CD4 (A) and CD8 (B). The scanned images were annotated for quantification of the percentage of cells staining positive for CD4 (C) and
CD8 (D) within the islet area using CytoNuclear IHC Quantification software. (E) The CD4+-to-CD8+ T-cell ratio within the pancreatic islets
was not significantly different across treatment groups.
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function (5,6,8–13). We therefore hypothesized that AGDP
therapy may result in synergy for the reversal of T1D. Indeed,
our previous studies showing the efficacy of ATG+G-CSF
therapy required higher doses of ATG to obtain similar
reversal rates in new-onset mice (3,5). In this regard,
AGDP therapy may be more readily translatable to human
clinical trials because lower doses of ATG would poten-
tially be safer and cause fewer adverse effects. The ability
of AGDP therapy to induce disease remission in mice with
established diabetes is striking, considering the paucity of
b-cells remaining after such an extended period of auto-
immune destruction (17). Taken together, AGDP with
a lower dose of ATG is superior to ATG+G-CSF or DPP-
4i+PPI. In established disease, however, a very similar
profile was observed with all therapeutic combinations,
alluding to potential additional b-cell loss being respon-
sible as opposed to failure to immunomodulate.

In fact, similar immunomodulatory effects (increased
Treg and memory T-cell frequencies) were observed across
cured animals from ATG+G-CSF–, DPP-4i+PPI–, and
AGDP-treated groups when treatment was initiated at
onset or in mice with established disease. Although the
benefits of increased Tregs in situations of autoimmunity
are well recognized (18–20), a potential role for memory
T cells is of particular interest. We would hypothesize that
these observed memory T cells may possess a regulatory
phenotype given previous reports of tolerance-inducing
memory T cells preventing hyperglycemia in NOD mice
(21–23); however, further ex vivo evaluation of the func-
tion of these cells would be needed to definitively estab-
lish their role in controlling disease.

It is curious that despite long-term remission from
hyperglycemia, only modest increases in serum C-peptide
and b-cell mass are evident in AGDP-treated animals

Figure 6—Combination therapy induces T-cell immunoregulation. In new-onset (A) and established (B) T1D mice, remitted mice receiving
AGDP, ATG+G-CSF, and DPP-4i+PPI therapies had elevated Tregs compared with failures. B: With the exception of ATG+G-CSF therapy
in established disease, remitted mice from all three therapies had elevated Tregs compared with control nondiabetic mice. In new-onset (C)
and established (D) T1D mice, remitted AGDP animals exhibited increased CD8+ Tregs at 120 days compared with nondiabetic controls (C)
or failed AGDP (D) mice, respectively. *P < 0.05 (one-way ANOVA).
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versus controls. Furthermore, pancreatic insulin, proinsu-
lin, and C-peptide content were dramatically lower in ani-
mals that received any of the tested combinations
compared with nondiabetic NOD controls. Thus, it is pos-
sible that surprisingly small amounts of insulin were
sufficient for blood glucose control; however, glucose tol-
erance in the mice was not assessed and should be a sub-
ject of further investigation. Also, we did not investigate
for possible effects of AGDP treatment on insulin sensi-
tivity and glucose counter-regulatory hormones that
might have contributed to glucose control. Future efforts
should also monitor for pancreatic alterations as a func-
tion of region (head, body, tail) because it may correlate
with observations of heterogeneous b-cell loss in humans
(24,25).

To date, one of the most promising forms of therapy
to show long-term efficacy in humans (including sub-
jects discontinuing insulin therapy) with T1D is one in
which ATG, G-CSF, cyclophosphamide, and autologous

stem cell therapy were combined (26,27). However, this
particular therapy remains controversial, particularly its
safety. Restoration of glycemic control in patients with
T1D will likely require a combination therapy that con-
fers immunoregulation as well as b-cell benefits yet is
safe for use in humans (28). With this in mind, our use
of low-dose ATG (as a milder form of immunosuppres-
sion/immune modulation) with the standard dose of
G-CSF was taken alongside drugs that are approved by
the U.S. Food and Drug Administration. AGDP treat-
ment was well tolerated in NOD mice, with no noted
adverse effects. However, there is always a potential for
unexpected off-target effects with combination therapy,
and future translational efforts in humans should take
this into account.

We (A.R.) also recently reported our first experience in
using a DPP-4i alongside a PPI, specifically, sitagliptin
and lansoprazole, in humans with T1D (29). This double-
blind, placebo-controlled, phase 2 trial (i.e., REPAIR-T1D)

Figure 7—Naïve and memory CD4+ T-cell subsets modulation by combination therapy. T-cell subsets were analyzed by flow cytometry in
treated mice (n = 11–13 per treatment group) or unmanipulated nondiabetic NOD mice (n = 9) at the study end point. A: At 120 days, mice in
all new-onset therapy groups, regardless of ability to reverse, had higher CD4+ naïve cell frequency than controls. B: In mice with
established disease, only remitted AGDP animals corresponded to higher naïve T cells compared with nondiabetic controls, whereas
naïve T-cell levels were higher in failed vs. reversed animals treated with DPP-4i+PPI. CD4+ memory T cells were not different between
control and treated animals with new-onset (C) or established (D) T1D. However, successfully treated mice did show differences, as
indicated, vs. mice that failed to remit. Data are presented as scatter with mean 6 SD. Remitted vs. control mice analyzed by one-way
ANOVA; remitted mice vs. failures by Student t test. *P < 0.05.
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involved participants (11–36 years old) within 6 months
of their T1D diagnosis. Although this study failed to meet
its primary end point (i.e., C-peptide response to a
mixed-meal challenge at 12 months measured as 2-h
area under the curve in treated subjects vs. control sub-
jects), no adverse or serious adverse events were related
to the drug combination. Interestingly, although the pri-
mary end point was not achieved, not all participants had
increases in the GLP-1 and gastrin concentrations ex-
pected for this treatment. Hence, further studies (with
greater statistical power) monitored for GLP-1 and gastrin
concentrations, along with the combination proposed
here (AGDP), likely form an attractive future therapeutic
possibility.

In combining the four drugs for this preclinical study,
we have created a regimen that minimizes immunosup-
pression yet remains effective at reversing established
T1D in NOD mice with new-onset as well as established
disease. These data demonstrate the efficacy of AGDP to
reverse murine T1D and the potential of this therapy in
a translational context. Indeed, we believe future efforts

exploring this combination in humans with T1D would
appear warranted.
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