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Abstract

We report the results of an independent laboratory’s tests of novel agents to prevent or reverse type 1 diabetes (T1D)
in the non-obese diabetic (NOD) mouse, BioBreeding diabetes prone (BBDP) rat, and multiple autoimmune disease
prone (MAD) rat models. Methods were developed to better mimic human clinical trials, including: prescreening,
randomization, blinding, and improved glycemic care of the animals. Agents were suggested by the research
community in an open call for proposals, and selected for testing by an NIDDK appointed independent review panel.
Agents selected for testing to prevent diabetes at later stages of progression in a rodent model were a STAT4
antagonist (DT22669), alpha1 anti-trypsin (Aralast NP), celastrol (a natural product with anti-inflammatory properties),
and a Macrophage Inflammatory Factor inhibitor (ISO-092). Agents tested for reversal of established T1D in rodent
models were: alpha1 anti-trypsin (Aralast NP), tolerogenic peptides (Tregitopes), and a long-acting formulation of
GLP-1 (PGC-GLP-1). None of these agents were seen to prevent or reverse type 1 diabetes, while the positive
control interventions were effective: anti-CD3 treatment provided disease reversal in the NOD mouse,
dexamethasone prevented T1D induction in the MAD rat, and cyclosporin prevented T1D in the BBDP rat. For some
tested agents, details of previous formulation, delivery, or dosing, as well as laboratory procedure, availability of
reagents and experimental design, could have impacted our ability to confirm prior reports of efficacy in preclinical
animal models. In addition, the testing protocols utilized here provided detection of effects in a range commonly used
in placebo controlled clinical trials (for example, 50% effect size), and thus may have been underpowered to observe
more limited effects. That said, we believe the results compiled here, showing good control and repeatability, confirm
the feasibility of screening diverse test agents in an independent laboratory.
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Introduction

The NOD mouse was discovered in 1980 [1], and the BBDP
rat in 1974 [2]. The MAD rat, (formerly LEW.1WR1) was
reported as an inducible model in 2005 [3]. Since then these
rodents been used as models of autoimmune destruction of
insulin-producing beta cells. The parallels between the human
disease and the rodent models, especially the high degree of
correspondence of genetic susceptibility determinants, are
clear. A major limitation of the effort to model the human
disease using the NOD mouse or BB rat is the lack of

understanding of the human disease. We simply cannot know
which features of the rodent diseases are relevant until we
know the important players in human pathogenesis. Moreover,
the ability of the rodents to model the human disorder in terms
of responses to therapy, especially immune-modulatory
interventions, have been called into question [4]. Correlative or
descriptive studies using human specimens from clinical
research provide hints as to which mechanisms might be
contributing to pathogenesis and to therapeutic responses in
humans.
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Given the broad evolutionary conservation of immune
mechanisms between rodents and humans, a well-understood
and properly applied rodent model is useful in providing tools
for studying possible pathogenic mechanisms and therapeutic
interventions. Many studies have demonstrated efficacy in the
prevention and/or reversal
[4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,20,21,22,23,24,25]
of spontaneous T1D in rodent models. Noting the many
differences between rodents and humans, it is also not
surprising that some of these mechanisms operating in rodents
may ultimately fail in human clinical trials for T1D prevention or
reversal. It is also expected that some mechanisms important
for human disease will be missed if the particular rodent
models, e.g., the NOD mouse, is exclusively relied upon, or
conversely, that enthusiasm for interventions with real
therapeutic potential in humans may be dampened by poor
results in a rodent study. Neither of these caveats justifies
abandoning rodent models, but they must be acknowledged.

In addition to the limitations imposed by the differences in
biology of rodents and humans, methodological factors also
play a part in determining the usefulness of animal models. As
reported by Landis and colleagues, a systematic review and
meta-analysis of published animal studies revealed that
inadequate reporting correlated with failures of rodent models
to predict clinical success [26]. For example, deficient
methodological reporting correlated with overstated findings,
while studies that reported randomization and blinding of
animal experiments tended to show smaller effect sizes of
tested agents. This suggests that methodological flaws in
animal model studies could be common, and suggests that the
animal models literature should be cautiously approached. The
aim of each animal study and its methods must be carefully
considered when interpreting the power of the results for
predicting clinical trial success. This is an important problem
because animal studies often provide part of the preclinical
data used to justify clinical trials, and if they are inadequate,
they might add to unnecessary risks for subjects, and waste
research resources. Of course, a thorough review of available
and relevant animal data is a responsibility shared by
translational researchers and regulatory agencies.

We attempted to address the issue of consistency in study
design, reporting, and interpretation of results by funding an
independent testing laboratory using internally standardized
and validated methods for preclinical testing of potential
therapies in the spontaneous NOD mouse and BB rat models.
We established the testing program with the intent to publish all
results, whether positive or negative, hoping to reduce
publication bias in favor of “positive” findings, and to make
study results freely available to the research community.
Scientists developing agents may not have access to the most
appropriate animal models for efficacy testing in T1D. To fill
this gap, NIDDK established a contract with Biomedical
Research Models, Inc., (BRM, Inc.) to provide preclinical
testing of agents for efficacy in reversing or preventing T1D in
rodents. NIDDK issued a Request for Information that provided
a pathway for scientists to propose agents for testing.
Proposed agents were reviewed for program applicability and
translational potential by an independent review committee. In

this initial stage of the testing program, we emphasized testing
of agents for which there was some prior data for efficacy,
albeit incomplete or preliminary, reported in the literature or
communicated by the agent provider. In addition, we selected
agents that were known to react with both rodent and human
targets, with similar biological responses and functional
pathways, with the expectation that such agents could be more
directly translated to the clinic. For a positive control, we used
anti-CD3 which is a mouse-specific equivalent of the human
therapeutic. Meanwhile, BRM established significantly
improved insulin therapy methods for rat and mouse models of
spontaneous autoimmune diabetes [27]. These methods
provide improved glycemic control in the animals as soon as
possible after disease onset, to better model human therapy
and to allow rigorous testing of agents for diabetes reversal.

Materials and Methods

Randomization
Animals were not randomized into treatment groups; instead

we used a staggered and fixed enrollment onto study, i.e., 1st

diabetic animal into Group 1, 2nd diabetic animal into Group 2,
etc. Data was not collected randomly, but according to a
predetermined (protocol-specific) schedule.

Blinding:

1) Allocation concealment: Staff were not blinded as to which
group would be enrolled next since a fixed staggered
enrollment procedure was used.

2) Assessment of outcomes: Staff were not blinded as to the
treatment groups of animals when making blood glucose
measurements and general health assessments. Staff and
subcontractors were blinded to treatment group when reading
slides during histological assessments.

3) Interim data analysis: interim analyses were performed,
but these did not alter the number of animals in the study, i.e
enrollment was pre-determined and was not reduced or
increased as a result of interim analyses.

Sample size estimation
We used either an independent biostatistician or Statmate

(Graphpad Software) to calculate sample sizes before each
study. The analyses were predetermined (protocol-specific)
and not adjusted at the study end.

Data handling
Data collection was protocol specified and all data was

analyzed. Outliers were not excluded. Primary end points were
protocol-specified and finalized prior to initiation of each study.
Attrition (e.g., diabetes onset in prevention studies and humane
endpoints [unresolved hyperglycemia or body weight loss] for
reversal studies) was reported in the study figures, tables, and
reports. Pseudo replicates (technical replicates – analyzing the
same sample over and over) were not performed. Significant
protocol or procedural deviations were documented and
reported. In some circumstances, we performed a few studies
with different designs to confirm or expand upon earlier results.

Efficacy Testing in Rodent Models of T1D
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Test Articles and Formulation
Cyclosporin A and 20% intralipid were purchased from

Sigma, formulated once weekly and stored at 2-8°C. DT22669
was provided by the manufacturer (DiaKine), stored at 2-8°C,
and formulated in sterile 0.9% sodium chloride. Aralast NP was
purchased from the manufacturer (Baxter Healthcare), and
stored at 2-8°C until formulated per manufacturer’s instructions
within three hours of administration. ISO-092 was provided by
the Feinstein Institute for Medical Research, resuspended in
vehicle and stored ambient during the course of the study.
Celastrol was purchased from the manufacturer (Pi & Pi
Technology) in single-use vials and stored at 2-8°C until
formulated on the day of administration. PGC-GLP-1 (and PGC
control) were provided by PharmaIN Corporation in septum
vials, resuspended as needed with sterile 0.9% sodium
chloride, and stored for up to three weeks at 2-8°C. PGC
stands for protected graft copolymer made up of 15-30 kDa
polylysine in which 55% of epsilon amino groups linked to 5kDa
Methoxy polyethylene glycol and the remaining amino groups
linked with stearic acid (31). The pharmacokinetic behavior
PGC-GLP-1 formulation was tested in mice prior to shipment
as part of several quality control processes and the results
were consistent with the paper cited above. Tregitope peptides
and liposomes were provided as concentrated stock solutions
at -20°C or 2-8°C, respectively, which were diluted and mixed
in the appropriate combinations on each day of administration.
Hamster anti-mouse CD3 IgG F(ab’)2 (clone 145-2C11,
BioXcell) or isotype control (hamster IgG F[ab’]2) was screened
for prevalent rodent infectious agents (Charles River
Laboratories), and aliquoted into single use vials. Aliquots were
thawed as needed and diluted in sterile 1x PBS on the day of
administration.

Animals
Animals were group housed (n=2-4/cage) in polycarbonate

cages with wire lids and filter covers during study except for
when a single animal remained in a group or during post-
operative recovery (i.e., subcutaneous pump implantation),
provided autoclaved 7012 (rats) or irradiated 5LG4 (mice) diet
and filtered tap water or spring water (for MAD rats studies in
isolators) acidified to a pH of 2.5-3.5 ad libitum. BBDP and
MAD rat colonies at BRM were housed on conventional racks
within a VAF barrier facility and either continued to be housed
as such once enrolled onto study (BBDP rats) or were
transferred to negative-pressure isolators in a separate non-
barrier facility (induction of diabetes in MAD rats). Female NOD
mice were purchased from The Jackson Laboratory (Stock
#001976) at 6 week of age and housed in a dedicated room on
ventilated racks within a VAF barrier facility. All animals were
observed daily for signs of toxicity such as changes in
respiration, changes in motor activity, convulsions, changes in
reflexes, cardiovascular signs (redness of skin and/or
extremities), piloerection, lethargy and gastrointestinal upset.
Any unthrift animal was examined by the study director and/or
veterinarian. If the animal appeared to be in unrelieved pain or
distress, the animal was euthanized and a necropsy was
performed evaluating gross organ size, color and appearance
(see assessments below). Atypical findings were sampled and

preserved in neutral-buffered formalin for light microscopy
studies. Animals were exposed to a 12-hr light/dark light cycle.
BRM BBDP and MAD rat colonies were kept at sufficient sizes
to ensure adequate numbers of rats to enter onto study in a
single enrollment period as described below. NOD mice were
purchased from The Jackson Laboratory in pre-study cohorts
ranging in size from 100-200 mice; these cohorts were then
used to enroll onto studies as described below.

Ethics Statement
The veterinary care of the animals were in accordance with

Test Facility’s standard operating procedures, and regulations
outlined in the applicable sections of the Final Rules of the
Animal Welfare Act regulations (9 CFR), the Public Health
Service Policy on Humane Care and Use of Laboratory
Animals, the Guide for the Care and Use of Laboratory
Animals, and the BRM, Inc. Policy on Humane Care [28,29].
The study protocols and any amendments or procedures
involving the care or use of animals in studies were reviewed
and approved by the Test Facility’s Institutional Animal Care
and Use Committee before the initiation of such procedures.
The following approved BRM IACUC Docket numbers cover
these studies: 06-16, 09-07, 09-23, and 09-30.

Experimental Procedures

1) For prevention studies using BBDP rats, male rats were
selected at 25 or 30 days of age for the DT22669 or CsA study,
respectively, and enrolled into groups in a staggered fashion.
BBDP rats were administered 0.2 mg/kg CsA or vehicle
(intralipid) once daily by IP injection from 30-60 days of age, or
100 mg/kg DT22669 or vehicle (0.9% sodium chloride) once
daily by oral gavage for the duration of the study. BBDP rats
were monitored for diabetes onset (defined as a positive
glycosuria test followed by confirmation with a blood glucose
level > 250 mg/dL) three times weekly until 120 days of age.
Rats were euthanized within 2 days of diabetes onset or at
completion of study.

2) For prevention studies using the inducible MAD rat
(formerly the LEW.1WR1 rat), male and female rats 21-25 days
of age at initiation of diabetes induction (Day -3). To induce
diabetes, each rat was administered 3 µg/g poly (I:C) (Sigma)
by IP injection on Days -3, -2, and -1, followed by an IP
injection of 1x107 PFU of Kilham rat virus on Day 1. The
induction conditions were extensively optimized and reported
previously [30,31]. ISO-092 or vehicle was administered via
overnight-primed ALZET osmotic pumps implanted on Day -1.
As a positive control, a short course of dexamethasone (2
mg/kg, MP Biomedicals) was administered by IP injection on
Days 6-10. Pumps were replaced on Day 22. Glycosuria was
monitored three times weekly and positive tests were followed
up with a blood glucose measurement via handheld glucometer
to confirm diabetes onset (≥ 250 mg/dL).

3) For standard late prevention studies with NOD mice,
female mice were aged up to 10 weeks of age, when once
weekly non-fasted blood glucose measurements were initiated
to exclude diabetic mice. Non-diabetic mice with blood glucose
levels < 250 mg/dL on Day 1 (12 weeks of age) were enrolled
into study and dosed with either 25 or 50 mg/kg ISO-092 or
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vehicle (50% PBS, 40% PEG, 5% propylene glycol, and 5%
polysorbate) by oral gavage once daily for 14 days. NOD mice
were monitored for diabetes onset (defined as a non-fasted
blood glucose level ≥ 250 mg/dL on two consecutive days)
twice weekly until 25 weeks of age. Mice were euthanized
within two days of diabetes onset or at completion of study.

4) For GTT late prevention studies with NOD mice, female
mice were aged up to 10-12 weeks of age, when once weekly
non-fasted blood glucose measurements were initiated to
exclude diabetic mice. Non-diabetic mice with blood glucose
levels at 14 weeks of age were administered a single IPGTT (2
mg/kg) and mice exhibiting a blood glucose level > 200 mg/dL
at either 30 or 60 minutes post challenge and a non-fasted
blood glucose level of < 250 mg/dL on Day 1 (1-2 days post
IPGTT, Day 1) were assigned to groups and administered the
following (in individual studies): 25 mg/kg ISO-092 or vehicle by
oral gavage once daily for 14 days; 2 mg/mouse Aralast NP or
vehicle (0.9% sodium chloride) by IP injection on Days 1, 4, 7,
10, and 13; or 25 mg/kg Celastrol or vehicle (15% DMSO and
85% cremophor) by oral gavage three times weekly. NOD mice
were monitored for diabetes onset (defined as a non-fasted
blood glucose level ≥ 250 mg/dL on two consecutive days)
twice weekly for up to 90 days. Mice were euthanized within
two days of diabetes onset or at completion of study.

5) For reversal studies with NOD mice, female mice were
aged up to 10 weeks of age, when once weekly non-fasted
blood glucose measurements were initiated to exclude diabetic
mice. Beginning at 12 weeks of age until 20 weeks of age, non-
fasted blood glucose levels were measured three times weekly
and diabetic (defined as a non-fasted blood glucose level ≥ 250
mg/dL on two consecutive days) mice were enrolled into
groups in a staggered fashion on the same day as confirmation
of diabetes onset (~24 hours post onset, Day 1), and
administered the following (in individual studies): 50 µg anti-
CD3 F(ab’)2 (clone 145-2C11) or Hamster IgG F(ab’)2 isotype
control once daily on Days 1-5 by IP injection ± 1 mg/kg PGC-
GLP-1 or PGC control once weekly by SC injection. For these
studies the entry criteria was set at blood glucose levels
equaling 250-399 mg/dL on two consecutive readings. Mice
were euthanized at completion of study or upon reaching a
humane end point (non-fasted blood glucose levels ≥ 500
mg/dL for three consecutive measurements performed twice
weekly, or clinical signs unresolved after two days of fluid
therapy).

Results

Model optimization
The program began with an effort to standardize methods

and operating procedures. The NOD model is impacted by its
environment, and it has been well-known that diabetes
incidence rates can vary among animal facilities [32]. We
purchased female animals for every experiment directly from
The Jackson Laboratory, Bar Harbor. BRM, Inc., did not
establish a separate NOD mouse breeding facility. We report
that diabetes incidence rates at BRM were comparable to the
Jackson Lab’s Bar Harbor facility rates throughout the term of
the testing program, with the following exceptions. In 2006, The

Jackson Laboratory, Bar Harbor, was undergoing some
construction and during that time T1D incidence in their colony
was reduced compared to the incidence at the BRM facility.
Similarly, in 2010, T1D incidence was reduced at BRM and this
also coincided with local construction activities.

Management of glycemic control in subjects enrolled in
clinical trials is a very important variable which could impact a
trial’s outcome. As a result, in rigorous T1D clinical trials,
treatment assignments are double-blinded, and diabetic care is
monitored carefully throughout the study. We reasoned that we
should also take care to provide the best possible control of
glycemia for animals in studies. This proved to be difficult in
rodents because formulations of human insulin observed to be
long-acting in humans, were not long-acting in rodents [27],
and even with multiple daily injections animals experienced
wide glycemic excursions and higher overall blood glucose
levels. Therefore, we established conditions of control in the
NOD using osmotic pumps that provided continuous insulin
and kept blood glucose levels low over the course of the
treatment. A drawback of this approach was that animals could
become hypoglycemic or on the low end of the normal range at
higher frequencies than was observed when injections were
used.

Since clinical trials for the prevention of type 1 diabetes in
humans rely upon determinations of risk, we also performed
experiments to measure the progression of pathogenesis
metabolically in mice. All NOD mice have an identical genetic
predisposition to disease, but only 80-90% succumb, and the
disease can develop in different animals at different times. To
identify animals with incipient disease, we performed a series
of glucose tolerance tests on animals between 12 and 16
weeks age. We determined that impaired glucose tolerance
test results (even when random glucose tests were in the
normal range) in 14 week old animals is useful to identify those
who will progress to T1D within 3-4 weeks after testing
(manuscript in revision). This test was used to determine
whether agents could prevent the disease at later stages of
pathogenesis (pre-diabetic phase) and also to avoid the
confounding influences of overtreatment with exogenous
insulin therapy.

Specific Agents Tested

1) DT22669 (STAT4 inhibitor) –DiaKine Therapeutics’ agent
DT22669, one of several lead compounds designed to be an
orally available analog of Lisofylline was selected for testing in
the BBDP rat model. Unpublished data submitted in the
request demonstrated DT22669 was 1.5 times more effective
as an inhibitor of IL-12 signaling than LSF, mimicked LSF
insulin-stimulatory effect in human islet cells in the presence of
a cocktail of cytokines as well as in the presence of IL-12
alone, restored MTT metabolism, suppressed STAT4
phosphorylation in isolated treated NOD splenocytes in vivo,
and prevented T1D in the NOD mouse. Previous studies had
shown that LSF was anti-inflammatory, reducing expression of
cytokines including IL-1β, TNF-α, IFN-γ, among other effects
[33,34,35]. Previous studies had also shown effects of LSF in
preventing and reversing type 1 diabetes in the NOD mouse
when used in combination with exendin [36].

Efficacy Testing in Rodent Models of T1D
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BBDP rats were dosed with DT22669 IP at 50mg/kg (dose
selected based on preliminary studies), or 100 mg/kg orally,
beginning at 25 days of age, and rats were followed for up to
120 days of age. Prior to dose administration, animals were
allocated to one of four groups by sequential assignment; the
groups were A), IP saline injection (n=20), B) oral saline
gavage (n=20), C) IP DT22669 (n=24) and D) oral gavage DT
22669 (n=24). The IP injection arms were discontinued due to
the injection-related peritonitis. Peritonitis could have resulted
from one or more of the following: injection errors, high pH of
injected material, or lack of sterility of the drug solution. No
adverse effects were observed in animals treated by oral
gavage. However, there was no evidence of efficacy for
diabetes prevention by DT 22669 (Figure 1). We did observe
clear diabetes prevention in a similar cohort of BBDP rats by
cyclosporin A treatment (Figure 2). Thus, we demonstrated that
diabetes can be efficiently prevented in the BBDP rat within our
facility, using standard diabetes prevention methods [37]. It
should be noted that the scope of these studies did not include
the evaluation of DT22669 blood levels or target inhibition.

2) Aralast NP (alpha1 anti-trypsin) – alpha1 anti-trypsin (or
alpha1 proteinase inhibitor) is a drug approved for use as a
replacement therapy for patients with alpha1 anti-trypsin
deficiency. The drug has broadly acting anti-inflammatory
properties [38]. Several previous studies have shown that this
drug can prevent or reverse T1D in the NOD mouse model
[39,40,41]. Based on this prior work, the Immune Tolerance
Network approved a clinical trial of AAT in type 1 diabetes, but
requested an independent test of AAT in the NOD mouse.

A series of small safety studies were performed to ensure
that Aralast NP at doses of up to 3 mg/animal was safe in NOD
mice, and did not induce anaphylaxis or other adverse events.
No adverse events were observed. Then an NOD reversal
study was performed using Aralast NP at 3 mg/injection every
three days for five total injections with co-administration of

either once daily injections of PZI insulin (as needed based on
glucose levels) or Humulin R insulin delivered via implanted
osmotic pumps. Animals were selected for the study based on
two sequential daily random blood glucose tests in the diabetic
range, but there was no upper limit of hyperglycemia imposed
for this study, and approximately half of the diabetic animals
were held for up to 7 days before receiving their first dose of
drug or vehicle (for convenience since drug was prepared fresh
for daily injections). Control groups were diabetic animals
treated with drug vehicle, and matched insulin treatment
regimens. The endpoint for the study was diabetes reversal as
defined by persistent reading of glucose levels under 250
mg/dL without insulin injections or after pump removal. The
study included 14 animals per group and was powered to

Figure 2.  CsA prevents diabetes in BBDP rats.  Male BBDP
rats (n=20-24/group) were administered CsA or vehicle once
daily for 30 days (p < 0.0001, Log-rank [Mantel-Cox] test).
doi: 10.1371/journal.pone.0072989.g002

Figure 1.  DT22669 does not prevent diabetes in BBDP rats.  Male BBDP rats (n=20-24/group) were administered DT22669 or
vehicle by oral gavage beginning at 25 days of age until either 120 days of age or diabetes onset.
doi: 10.1371/journal.pone.0072989.g001

Efficacy Testing in Rodent Models of T1D
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detect a 30% difference in the incidence of diabetes reversal in
drug versus vehicle groups. Regardless of the insulin treatment
regimen used, Aralast NP did not reverse recent onset T1D
(data from the osmotic pump study are shown in Figure 3).
Since previous work suggested that Aralast might be ineffective
if used after animals had experienced very high blood sugars
(above 350 mg/dL, Koulmanda, personal communication.), we
also tested whether Aralast NP was able to prevent type 1
diabetes. For this study, we enrolled animals with values in the
“impaired” but non-diabetic range on a glucose tolerance test
performed at 14 weeks of age. These animals were also tested

daily and none were in the diabetic range at the time of
treatment. Aralast NP was unable to prevent progression to
frank diabetes, in animals with abnormal glucose tolerance in
two separate studies (Figure 3).

3) ISO-092 (MIF inhibitor) – Testing of a potent MIF inhibitor
was proposed by Tom Coleman and Yousef Al-Abed at the
Feinstein Institute for Medical Research in Manhasset, New
York. The small molecule MIF inhibitor ISO-092 is a fluorinated
analog of ISO-1 with oral bioavailability [42]. MIF has been

Figure 3.  Aralast does not reverse diabetes in NOD mice, nor does it prevent diabetes in dysglycemic NOD mice.  (A, C)
Two independent (different cohorts of mice and different lots of reagents) studies were performed with non-diabetic female NOD
mice with impaired glucose tolerance at 14 weeks of age (n=11-24/group) administered either 2 mg/mouse Aralast NP or saline on
Days 1, 4, 7, 10, and 13. (B) Aralast NP did not improve fractional insulin area in A. (D) Mice in C that became diabetic continued to
receive either Aralast NP saline and were implanted with an ALZET osmotic pumps administering 0.25 U/day insulin (dotted bar).
Completion of the original dosing regimen did not lead to remission after cessation of insulin administration at approximately Day 21
post onset.
doi: 10.1371/journal.pone.0072989.g003
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shown to enhance beta cell destruction in mice [43] and to
increase diabetes incidence in NOD mice [44].

Non-diabetic NOD mice at 12 weeks of age were treated
daily for 14 days or until diabetes onset with 25mg/kg, or drug
vehicle by oral gavage (standard late prevention model). Pilot
studies had indicated that the drug was well-tolerated, and no
adverse events were observed in this study. Animals (n=33-35
per group, having an 80% power to detect a 50% reduction in
diabetes incidence) were observed for diabetes onset through
25 weeks of age. The agent provided no protection from
progression to diabetes (Figure 4).

NOD mice at 14 weeks of age and with abnormal glucose
tolerance, were treated daily for 14 days with ISO 92 25mg/kg,
or drug vehicle, by oral gavage. Pilot studies had indicated that
the drug was well-tolerated, and no adverse events were
observed in this study. Animals (n=23 per group, having an
80% power to detect a 50% reduction in diabetes incidence)
were observed for diabetes onset through 25 weeks of age.
The agent provided no protection from progression to diabetes
(Figure 5). Subsequent PK studies performed by BRM showed
that ISO-092 had a half-life in vivo of approximately 1 hour
whether administered via IP or PO injection, suggesting that
one cause of lack of efficacy could have been inadequate
dosing.

A follow-up study using osmotic pumps to deliver a
continuous dose of ISO-092 at 1.3, 3.9, or 11.7 mg/kg/day was
performed. For this study, the KRV and poly (I:C) inducible
diabetes model in MAD rats was used. In agreement with
earlier work, dexamethasone treatment could prevent diabetes
in this model [31]; however, continuously delivered IS0-092 at
multiple concentrations did not (Figure 6).

4) Cis-Tetracosenoyl Sulfatide – Vipin Kumar of Torrey Pines
Institute for Molecular Studies requested that we test a
synthetic sulfatide (cis-tetracosenoyl) known to activate CD1d-
restricted type II NKT cells and impact T1D by regulating type I

NKT cells. Prior studies had shown that treatment of animals
with brain-derived sulfatide (ceramide galactoside-3-sulfate) as
well as synthetic long chain sulfatides could protect against
experimental autoimmune encephalomyelitis and a model of
induced autoimmune hepatitis, as well as reducing incidence of
T1D in the NOD mouse [45]. Since there was significant
preliminary data on acute effects of drug treatment in the NOD
mouse, we decided to test our dosing regimen. Two pilot
studies were performed in which the synthetic sulfatide or the
brain derived mixture was injected into mice and IL-12 and
IFNμ production were measured. C57Bl/6 mice were used
since that was the strain which had been shown to previously
respond to the drug [46]. However, in neither study were IFN-γ
and IL-12 produced in response to the injection of sulfatide
products, in contrast to what was previously published. As a
result, no further experiments using these drugs were
performed, but further studies in the requestor’s lab confirmed
that the sulfatide preparations used showed reduced biological
potency in other studies (V. Kumar, personal communication).

5) Celastrol – Celastrol is a natural triterpene compound
isolated from Tripterygium wilfordii, with in vitro and in vivo anti-
inflammatory properties, treating rodent models of arthritis [47]
as well as anti-cancer properties, and has been shown to
impact hematopoiesis in the mouse [48]. Preliminary data from
the requestor suggested that celastrol might reduce the
incidence of T1D in the NOD mouse. We tested celastrol for
prevention in mice with impaired glucose tolerance. The study
was powered to detect a 50% reduction in T1D incidence in the
active as compared to the control group (n=24 animals in each
group). The drug was dosed at 25mg/kg 3 times per week
through 60 days, by oral gavage. Animals were followed for 61
days, except for an additional group which was followed for 91
days. Although there was a slight reduction in diabetes
incidence in the treated group up to 61 days (16% reduction),
this difference was not statistically significant (Figure 7). Of
interest, blood glucose levels in Celastrol-treated mice were

Figure 4.  ISO-092 does not prevent diabetes in NOD mice.  Non-diabetic female NOD mice (n=33-34/group) at 12 weeks of age
were administered ISO-092 or vehicle once daily by oral gavage for up to 14 days or diabetes onset.
doi: 10.1371/journal.pone.0072989.g004
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found to be slightly reduced on the day after dosing, but not at
two days post dosing; suggesting that celastrol lowers blood
glucose levels acutely (Figure 7). In addition, an increased
incidence of hypoglyemic events were observed in the pre-
diabetic Celastrol groups as compared to the controls, with 8
total events noted in the Celastrol groups and none in the
control group. Although we cannot determine whether the
differences are statistically significant, these results are
consistent with an acute blood glucose lowering effect of
Celastrol.

6) Tregitopes – The biotech company EpiVax has identified a
set of natural, human regulatory T cell epitopes (“Tregitopes”)
present in Fc and Fab domains of IgG that may be responsible
for tolerance to idiotypic epitopes. When incubated with
peripheral blood mononuclear cells (PBMCs) in vitro, CD4+ T
cells that are specific for Tregitopes increase CD25/Foxp3
expression, proliferate, and increase expression of regulatory
cytokines and chemokines [49]. The mechanisms of action and
applications for Tregitopes have been evaluated by more than
five collaborating laboratories over a range of models that
include autoimmunity, allergic airway disease (OVA), and in a

Figure 5.  ISO-092 does not prevent diabetes in dysglycemic NOD mice.  Non-diabetic female NOD mice with impaired glucose
tolerance (n=24/group) at 14 weeks of age were administered ISO-092 or vehicle once daily by oral gavage for up to 14 days or
diabetes onset.
doi: 10.1371/journal.pone.0072989.g005

Figure 6.  ISO-092 does not block diabetes induction in MAD rats.  Male and female MAD (LEW.1WR1) rats (n=10/group) 21-25
days of age on Day -3 were induced for T1D with poly (I:C) on Days -3, -2, and -1 and infected with KRV on Day 1 (clear bar).
ISO-092 or vehicle was administered via ALZET osmotic pump beginning of Day -1 (hashed bar). A positive control group was
administered dexamethasone once daily by IP injection on Days 6-10 (checkered bar, p = 0.0006, vehicle vs. dexamethasone, Log-
rank [Mantel-Cox] test).
doi: 10.1371/journal.pone.0072989.g006
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standard model immunogenicity (D011.10, unpublished data).
Additional in vivo studies have been performed in
transplantation (mixed lymphocyte reaction, cardiac transplant),
and gene therapy [50]. In these prior studies, Tregitopes co-
administered with proteins were observed to suppress antigen-
specific T cell and antibody responses, and induce Treg
expansion and function.

The company provided preliminary data (accepted for
publication in Experimental Diabetes Research) that showed
that Tregitopes could be effective for reversing T1D in NOD
mice. On the basis of the preliminary data, we tested
Tregitopes supplied by EpiVax in a diabetes reversal study,
which was powered (80%, 0.05, two-tailed) to be able to detect
a 50% increase in remission between the active treatment and
the control groups. A spontaneous remission rate was
assumed at 1 in 100 animals and was validated in the course
of these studies. There were 8 testing groups, with n=12 new
onset diabetic mice (i.e., exhibiting non-fasted random blood
glucose levels of 250-399 mg/dL on two consecutive days) per
group. Enrolled mice received the initial dose administration
~24 hours after diabetes onset (the first of the two blood
glucose levels 250-399 mg/dL). Groups were, 1) Liposomes, 2)
murine preproinsulin peptides (mPPI) plus liposomes, 3) mPPI
plus murine Tregitopes (mTregitopes) plus liposomes, 4) mPPI,
plus irrelevant peptides plus liposomes, 5) mTregitopes plus
liposomes, 6) irrelevant peptides plus liposomes, 7) vehicle, 8)
mTregitopes plus IFA. Three total mice remitted, 1 of 12 in the
mTregitope + liposome group (5) and 2 of 12 in the mTregitope
+ IFA group (Figure 8). Remission was defined as restoration
and maintenance of normoglycemia (defined as non-fasted

blood glucose levels < 200 mg/dL) for ≥ 80 Days. There were
no statistically significant differences between the groups, but
there were some notable trends. The appearance of remitted
animals in the groups treated with Tregitopes was promising.
Interestingly, within the 5 control groups combined there were 9
mice (15%) that rapidly progressed and required euthanasia in
the first week of treatment as compared to 3 such mice (8%) in
the combined treatment groups.

7) PGC-GLP-1 – Glucagon-like peptide 1 (GLP-1) is an
intestinal hormone that increases insulin secretion in response
to a meal, by a number of different mechanisms [51,52]. GLP-1
has been approved for use in type 2 diabetes, based on its
efficacy in helping reduce blood glucose. Published studies
have also suggested that GLP-1 can promote beta cell
replication in rodents [53]. For these reasons, GLP-1 is an
interesting molecule for the treatment of type 1 diabetes, but
the native peptide has a very short half-life. The company
PharmaIN has non-covalently coupled GLP-1 to a nanocarrier
(PGC) and proposed that this longer-lived compound be tested
in the NOD T1D model. The PGC nanocarrier molecules
significantly slows the digestion of GLP-1 by
dipeptidylpeptidase-IV (DPP-IV) and decreases GLP-1
glomerular filtration, thus prolonging GLP-1’s half-life in the
circulation [54]. Preliminary data from the company suggested
that PGC-GLP-1 given at 3mg/kg/week for 8 weeks starting at
four weeks of age could reduce the incidence of T1D in the
NOD so the hypothesis that PGC-GLP-1 could possibly
promote diabetes reversal in newly onset diabetic NOD mice
when used in combination with anti-CD3 was tested. We
performed a 6 group, n=12 mice/group reversal study designed

Figure 7.  Celastrol does not prevent diabetes in NOD mice, but transiently lowers blood glucose.  Non-diabetic Female NOD
mice with impaired glucose tolerance at 14 weeks of age (n=24/group) were administered either 25 mg/kg Celastrol or vehicle 3x
weekly by oral gavage for up to 60 days. Cessation of dosing (indicated by a verticle dotted line at Day 60) with an additional 30
days of diabetes monitoring in one group did not produce any additional diabetic mice (left panel). Celastrol-treated mice exhibiting
blood glucose levels of ≥ 250 mg/dL and dosed later the same day had significantly reduced blood glucose levels the following day
during the scheduled measurement to confirm diabetes onset compared to retests from vehicle-treated mice (p = 0.0029, unpaired t
test, right panel).
doi: 10.1371/journal.pone.0072989.g007
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to detect a 35% increase in diabetes remission by PGC-GLP-1
in the treated groups as compared to the vehicle control (80%
power, 0.05, two-tailed test). Animals with confirmed diabetes
(blood glucose values between 250 and 399 mg/dL) were
enrolled into the study. Groups were, PGC (nanocarrier alone)
or PGC-GLP-1 (a long-acting GLP-1 peptide non-covalently
coupled to a nanocarrier, 1mg GLP-1/kg/week) co-
administered with an immunomodulator (anti-CD3, clone
145-2c11, F[ab’]2) or control F(ab’)2 antibody. The number of
mice exhibiting normoglycemia/total number of mice enrolled
was as follows: Group 1 (Control IgG) = 0/10; Group 2 (anti-
CD3) = 6/12; Group 3 (PGC + control IgG) = 1/10; Group 4
(PGC + anti-CD3) = 8/12; Group 5 (PGC-GLP-1 + control IgG)

= 0/12; and Group 6 (PGC-GLP-1 + anti-CD3) = 6/12 (Figure
9). PGC-GLP-1 did not demonstrate efficacy at 1mg GLP-1/kg/
week either alone or in combination with anti-CD3 in this
model. The remission frequency observed herein (50%) for
anti-CD3 was very similar to that previously reported (56%
[55]). Thus, we demonstrated that diabetes can be efficiently
reversed in the NOD mouse within our facility, using a method
which is well established in many laboratories [7,56,57,58,59].

Figure 8.  Rare remissions observed in diabetic NOD mice treated with Tregitopes.  Female NOD mice were screened for
diabetes onset (defined as non-fasted blood glucose levels ≥ 250 mg/dL on two consecutive days) between 12–20 weeks of age 3x
weekly, enrolled into study groups in a staggered fashion, and initiated dosing on the day of confirmed onset (Day 1). (A) Tregitopes
(100 µg/mouse) formulated in liposomes and dosed once weekly for four weeks beginning on Day 1 by IP injection resulted in 1 out
of 12 mice exhibiting stable remission (defined as non-fasted blood glucose levels < 200 mg/dL). (B) Irrelevant peptide (100 µg/
mouse) formulated in liposomes and dosed as in A did not result in remission for any of the 12 mice in that group. (C) Tregitopes
(100 µg/mouse) formulated in IFA and dosed once on Day 1 resulted in 2 out of 12 mice exhibiting stable remission. (D) Tregitopes
(100 µµg/mouse) plus preproinsulin peptides (50 µg/mouse) formulated with liposomes and dosed as in A did not result in any of the
12 mice in that group exhibiting stable remission.
doi: 10.1371/journal.pone.0072989.g008
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Discussion

We report here the efforts of the NIDDK to coordinate
voluntary standardized testing of different treatments for T1D
that are under development by academic investigators and
small companies, using rodent models of disease and carried
out by an independent contract research laboratory. We used
internally consistent methods, and attempted a thorough
reporting of study results and procedures, following some of
the principles outlined by Landis and colleagues for preclinical
research [26]. Our goals were to provide an opportunity to test
novel compounds for possible therapeutic application in T1D.
We used an open solicitation for ideas and compounds, and

offered access to requestors whose agents were selected for
study, to have input on the experimental design of studies, with
the caveat that the studies had to be performed in the BRM
contract laboratory using standard operating procedures
whenever possible. Our goal was not to try to exactly
reproduce any studies previously performed, but rather to
extend the testing in an independent laboratory, using methods
that were modeled as closely as possible on the human clinical
trial experience. For example, we used glucose tolerance
testing to screen NOD mice for “late prevention” studies,
modeled on Type 1 Diabetes TrialNet’s approach to risk
screening [60,61]. Overall, the performance of the contract
laboratory was sufficient to accomplish most of the testing

Figure 9.  Anti-CD3 antibody treatment induced remission in diabetic NOD mice, but remission was not enhanced by PGC-
GLP-1.  Female NOD mice were screened for diabetes onset (defined as non-fasted blood glucose levels ≥ 250 mg/dL on two
consecutive days) between 12–20 weeks of age 3x weekly, enrolled into study groups in a staggered fashion and initiated dosing on
the day of confirmed onset (Day 1). (A) Hamster IgG F(ab’)2 control antibody-treated mice did not enter remission when dosed at 50
µµg/mouse on Days 1-5 by IP injection, whereas administration of anti-mouse CD3 (145-2C11) administered alone and dosed as in
A resulted in 6 out of 12 mice entering stable remission (defined as non-fasted blood glucose levels < 200 mg/dL) (B). None of the
12 PGC-GLP-1-treated mice entered remission when dosed at 1 mg/kg once weekly by SC injection in the presence of control
antibody (C). PGC-GLP-1, when administered as in C did not have an effect on the frequency of remission in the presence of anti-
CD3 (D) compared to B.
doi: 10.1371/journal.pone.0072989.g009
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goals. The laboratory also had the capability to perform
mechanistic and pharmacokinetic studies for those agents that
showed preliminary efficacy. Mechanistic studies were rarely
done in advance of a demonstration of preclinical efficacy.

Although it would have been preferable, drug dosing and
pharmacokinetics could not be evaluated for every agent tested
in the program. In most cases, since we selected drugs that
had shown some prior efficacy, we used doses that had been
shown previously to be effective. In one case, dosing and
effects of drug were tested in a pilot prior to efficacy testing,
because of a change in drug manufacturing (Kumar, personal
communication). As reported here, the drug did not induce the
expected acute effects, and further studies confirmed that the
drug was not as active as expected (Kumar, personal
communication). In other cases, drugs supplied by
investigators were lead compounds and pharmacokinetic
assays were unavailable, so it would not have been possible to
determine whether drug failure was due to dosing or bio-
availability. Tregitope, for example, is a drug in development for
which dose, delivery, and route of administration have yet to be
optimized. Any one of these drug attributes, or combinations
thereof, could impact the ability to demonstrate efficacy.
However, agents such as the Tregitopes were chosen for
testing because there was preliminary data that demonstrated
at least some prior efficacy in T1D in at least one rodent model,
whether or not PK and dosing were optimized. When an agent
had no prior testing in a T1D model, but for which PK was
available, we did perform a dosing PK experiment (for
example, ISO-92).

This program also illustrated some of the challenges in
preclinical testing. It turned out to be a challenge to get agents
into the program for testing. Some companies were hesitant to
supply agents, given the expectation that all results, including
negative results, would be made public. Some academic
researchers were interested in the program initially, but
declined to proceed with testing when they learned that they
would not receive funds to perform the testing in their own
laboratory under their own direction. We found that negotiation
of a materials transfer agreement could be a barrier to
participation for some companies, but progress was made on
developing a document that NIDDK and most collaborators
could accept (http://www.t1diabetes.nih.gov/T1D-PTP/
NIDDKT1D-PTPIncomingMTA.pdf).

The methods presented here are an improvement in the
state of the art, but our results also point to further
opportunities for improvement. For example, adding standard
pharmacokinetic and mechanism of action biomarker testing
would improve the interpretation of negative efficacy results.
Improved preclinical testing does not always equate to

standardization and optimization of methods, although those
things are important. Preclinical testing results will perhaps be
most robust when similar results are reported from different
laboratories, using different models, and different but rigorous
methods, all thoroughly reported. Since rodent models of type
1 diabetes mimic many of the pathogenic processes involved in
disease progression in humans, they remain an essential step
for the proof of concept for all the novel therapies. Better
preclinical testing will deliver benefits to researchers studying
disease process, drug developers testing candidate treatments,
and regulators/funders seeking to establish potential efficacy in
rodent models, all with the goal to improve the efficiency,
safety, and outcomes of clinical trials in type 1 diabetes.

Acknowledgements

PharmaIN Corp. (specializing in peptide formulation and
delivery) highly appreciated the opportunity to asses PGC-
GLP-1 for reversal of T1D and very much grateful to NIDDK for
the study.
The NIDDK and BRM, Inc. gratefully acknowledge the
participation of Yousef Al-Abed (the Feinstein Institute for
Medical Research, Manhasset, New York, USA), Elijah Bolotin
(PharmaIN Corp., Bothell, Washington, USA), Thomas R.
Coleman (the Feinstein Institute for Medical Research,
Manhasset, New York, USA), Leslie Cousens (EPIVAX, Inc.
Providence, Rhode Island, USA), Maria Koulmanda (Beth
Israel Deaconess Medical Center, Boston Massachusetts,
USA), Vipin Kumar (Torrey Pines Institute for Molecular
Studies, California, USA), Mary Ann Nadler (DiaKine
Therapeutics, Norfolk, Virginia, USA), Jerry L. Nadler (DiaKine
Therapeutics, Norfolk, Virginia, USA), Sandra Reichstetter
(PharmaIN Corp., Bothell, Washington, USA), and Terry Strom
(Beth Israel Deaconess Medical Center, Boston
Massachusetts, USA), who provided information and/or test
articles, helped in designing and interpreting experiments, and
for comments on the paper, and to Shalesh Kaushal (University
of Massachusetts Medical School, Worcester, Massachusetts,
USA), who provided preliminary data and suggested that
celastrol be tested in the program.

Author Contributions

Conceived and designed the experiments: CWG CMMP SKD
DLG GAR LMS. Performed the experiments: CWG CMMP
SKD. Analyzed the data: CWG CMMP SKD DLG GAR LMS.
Wrote the manuscript: CWG DLG GAR LMS. Signed Materials
Tranfer Agreements for the use of donated materials: GAR.

References

1. Makino S, Kunimoto K, Muraoka Y, Mizushima Y, Katagiri K et al.
(1980) Breeding of a non-obese, diabetic strain of mice. Jikken
Dobutsu Exp Anim 29: 1-13.

2. Nakhooda AF, Like AA, Chappel CI, Wei CN, Marliss EB (1978) The
spontaneously diabetic Wistar rat (the "BB" rat). Studies prior to and
during development of the overt syndrome. Diabetologia 14: 199-207.
doi:10.1007/BF00429781. PubMed: 350681.

3. Mordes JP, Guberski DL, Leif JH, Woda BA, Flanagan JF et al. (2005)
LEW.1WR1 rats develop autoimmune diabetes spontaneously and in

response to environmental perturbation. Diabetes 54: 2727-2733. doi:
10.2337/diabetes.54.9.2727. PubMed: 16123363.

4. Atkinson MA (2011) Evaluating preclinical efficacy. Sci Transl Med 3:
96cm22. PubMed: 21849661.

5. Fiorina P, Vergani A, Dada S, Jurewicz M, Wong M et al. (2008)
Targeting CD22 reprograms B-cells and reverses autoimmune
diabetes. Diabetes 57: 3013-3024. doi:10.2337/db08-0420. PubMed:
18689692.

Efficacy Testing in Rodent Models of T1D

PLOS ONE | www.plosone.org 12 August 2013 | Volume 8 | Issue 8 | e72989

http://www.t1diabetes.nih.gov/T1D-PTP/NIDDKT1D-PTPIncomingMTA.pdf
http://www.t1diabetes.nih.gov/T1D-PTP/NIDDKT1D-PTPIncomingMTA.pdf
http://dx.doi.org/10.1007/BF00429781
http://www.ncbi.nlm.nih.gov/pubmed/350681
http://dx.doi.org/10.2337/diabetes.54.9.2727
http://www.ncbi.nlm.nih.gov/pubmed/16123363
http://www.ncbi.nlm.nih.gov/pubmed/21849661
http://dx.doi.org/10.2337/db08-0420
http://www.ncbi.nlm.nih.gov/pubmed/18689692


6. Vergani A, D’Addio F, Jurewicz M, Petrelli A, Watanabe T et al. (2010)
A novel clinically relevant strategy to abrogate autoimmunity and
regulate alloimmunity in NOD mice. Diabetes 59: 2253-2264. doi:
10.2337/db09-1264. PubMed: 20805386.

7. Ablamunits V, Henegariu O, Hansen JB, Opare-Addo L, Preston-
Hurlburt P et al. (2012) Synergistic reversal of type 1 diabetes in NOD
mice with anti-CD3 and interleukin-1 blockade: evidence of improved
immune regulation. Diabetes 61: 145-154. doi:10.2337/db11-1033.
PubMed: 22043003.

8. Perone MJ, Bertera S, Shufesky WJ, Divito SJ, Montecalvo A et al.
(2009) Suppression of autoimmune diabetes by soluble galectin-1. J
Immunol 182: 2641-2653. doi:10.4049/jimmunol.0800839. PubMed:
19234158.

9. Tian B, Hao J, Zhang Y, Tian L, Yi H et al. (2009) Upregulating
CD4+CD25+FOXP3+ regulatory T cells in pancreatic lymph nodes in
diabetic NOD mice by adjuvant immunotherapy. Transplantation 87:
198-206. doi:10.1097/TP.0b013e3181933261. PubMed: 19155973.

10. Emamaullee JA, Davis J, Merani S, Toso C, Elliott JF et al. (2009)
Inhibition of Th17 cells regulates autoimmune diabetes in NOD mice.
Diabetes 58: 1302-1311. doi:10.2337/db08-1113. PubMed: 19289457.

11. Zhao Y, Lin B, Darflinger R, Zhang Y, Holterman MJ et al. (2009)
Human cord blood stem cell-modulated regulatory T lymphocytes
reverse the autoimmune-caused type 1 diabetes in nonobese diabetic
(NOD) mice. PLOS ONE 4: e4226. doi:10.1371/journal.pone.0004226.
PubMed: 19156219.

12. Grinberg-Bleyer Y, Baeyens A, You S, Elhage R, Fourcade G et al.
(2010) IL-2 reverses established type 1 diabetes in NOD mice by a
local effect on pancreatic regulatory T cells. J Exp Med 207:
1871-1878. doi:10.1084/jem.20100209. PubMed: 20679400.

13. Kosiewicz MM, Auci DL, Fagone P, Mangano K, Caponnetto S et al.
(2011) HE3286, an orally bioavailable synthetic analogue of an active
DHEA metabolite suppresses spontaneous autoimmune diabetes in the
non-obese diabetic (NOD) mouse. Eur J Pharmacol 658: 257-262. doi:
10.1016/j.ejphar.2011.02.016. PubMed: 21371458.

14. Moore DJ, Zienkiewicz J, Kendall PL, Liu D, Liu X et al. (2010) In vivo
islet protection by a nuclear import inhibitor in a mouse model of type 1
diabetes. PLOS ONE 5: e13235. doi:10.1371/journal.pone.0013235.
PubMed: 20949090.

15. Yamada A, Ishimaru N, Arakaki R, Katunuma N, Hayashi Y (2010)
Cathepsin L inhibition prevents murine autoimmune diabetes via
suppression of CD8(+) T cell activity. PLOS ONE 5: e12894. doi:
10.1371/journal.pone.0012894. PubMed: 20877570.

16. McGuire HM, Walters S, Vogelzang A, Lee CM, Webster KE et al.
(2011) Interleukin-21 is critically required in autoimmune and allogeneic
responses to islet tissue in murine models. Diabetes 60: 867-875. doi:
10.2337/db10-1157. PubMed: 21357471.

17. Lee LF, Logronio K, Tu GH, Zhai W, Ni I et al. (2012) Anti-IL-7
receptor-alpha reverses established type 1 diabetes in nonobese
diabetic mice by modulating effector T-cell function. Proc Natl Acad Sci
U S A 109: 12674-12679. doi:10.1073/pnas.1203795109. PubMed:
22733769.

18. Davoodi-Semiromi A, Wasserfall CH, Xia CQ, Cooper-DeHoff RM,
Wabitsch M et al. (2012) The tyrphostin agent AG490 prevents and
reverses type 1 diabetes in NOD mice. PLOS ONE 7: e36079. doi:
10.1371/journal.pone.0036079. PubMed: 22615750.

19. Sobel DO, Henzke A, Abbassi V (2010) Cyclosporin and methotrexate
therapy induces remission in type 1 diabetes mellitus. Acta Diabetol 47:
243-250. doi:10.1007/s00592-010-0188-2. PubMed: 20440520.

20. Davalli AM, Perego C, Folli FB, Bosi E (2012) Long-lasting remission of
type 1 diabetes following treatment with topiramate for generalized
seizures. Acta Diabetol 49: 75-79. doi:10.1007/s00592-011-0268-y.
PubMed: 21336872.

21. Yi Z, Diz R, Martin AJ, Morillon YM, Kline DE et al. (2012) Long-term
remission of diabetes in NOD mice is induced by nondepleting anti-
CD4 and anti-CD8 antibodies. Diabetes 61: 2871-2880. doi:10.2337/
db12-0098. PubMed: 22751694.

22. Wang M, Racine JJ, Song X, Li X, Nair I et al. (2012) Mixed chimerism
and growth factors augment beta cell regeneration and reverse late-
stage type 1 diabetes. Sci Transl Med 4: 133ra159.

23. Takiishi T, Korf H, Van Belle TL, Robert S, Grieco FA et al. (2012)
Reversal of autoimmune diabetes by restoration of antigen-specific
tolerance using genetically modified Lactococcus lactis in mice. J Clin
Invest 122: 1717-1725. doi:10.1172/JCI60530. PubMed: 22484814.

24. Wan X, Guloglu FB, Vanmorlan AM, Rowland LM, Zaghouani S et al.
(2013) Recovery from Overt Type 1 Diabetes Ensues When Immune
Tolerance and beta Cell Formation Are Coupled with Regeneration of
Endothelial Cells in the Pancreatic Islets. Diabetes.

25. Hu C, Ding H, Zhang X, Wong FS, Wen L (2013) Combination
treatment with anti-CD20 and oral anti-CD3 prevents and reverses
autoimmune diabetes. Diabetes, 62: 2849–58. PubMed: 23447122.

26. Landis SC, Amara SG, Asadullah K, Austin CP, Blumenstein R et al.
(2012) A call for transparent reporting to optimize the predictive value
of preclinical research. Nature 490: 187-191. doi:10.1038/nature11556.
PubMed: 23060188.

27. Grant CW, Duclos SK, Moran-Paul CM, Yahalom B, Tirabassi RS et al.
(2012) Development of Standardized Insulin Treatment Protocols for
Spontaneous Rodent Models of Type 1 Diabetes. Comp Med 62:
381-390. PubMed: 23114041.

28. Institute for Laboratory Animal Research (2011) Guide for the care and
use of laboratory animals. Washington, DC: National Academies Press.

29. The Office of Laboratory Animal Welfare (OLAW) (2002) Public Health
Services Policy on Humane Care and Use of Laboratory Animals.
Bethesda, MD: National Institutes of Health.

30. Tirabassi RS, Guberski DL, Blankenhorn EP, Leif JH, Woda BA et al.
(2010) Infection with viruses from several families triggers autoimmune
diabetes in LEW*1WR1 rats: prevention of diabetes by maternal
immunization. Diabetes 59: 110-118. doi:10.2337/db09-0255. PubMed:
19794063.

31. Londono P, Komura A, Hara N, Zipris D (2010) Brief dexamethasone
treatment during acute infection prevents virus-induced autoimmune
diabetes. Clin Immunol 135: 401-411. doi:10.1016/j.clim.2010.01.007.
PubMed: 20167539.

32. Pozzilli P, Signore A, Williams AJ, Beales PE (1993) NOD mouse
colonies around the world - recent facts and figures. Immunol Today
14: 193-196. doi:10.1016/0167-5699(93)90160-M. PubMed: 8517916.

33. Yang ZD, Chen M, Wu R, McDuffie M, Nadler JL (2002) The anti-
inflammatory compound lisofylline prevents Type I diabetes in non-
obese diabetic mice. Diabetologia 45: 1307-1314. doi:10.1007/
s00125-002-0901-y. PubMed: 12242464.

34. Yang Z, Chen M, Fialkow LB, Ellett JD, Wu R et al. (2003) Inhibition of
STAT4 activation by lisofylline is associated with the protection of
autoimmune diabetes. Ann N Y Acad Sci 1005: 409-411. doi:10.1196/
annals.1288.069. PubMed: 14679102.

35. Yang Z, Chen M, Ellett JD, Fialkow LB, Carter JD et al. (2004) The
novel anti-inflammatory agent lisofylline prevents autoimmune diabetic
recurrence after islet transplantation. Transplantation 77: 55-60. doi:
10.1097/01.TP.0000104844.48064.81. PubMed: 14724435.

36. Yang Z, Chen M, Carter JD, Nunemaker CS, Garmey JC et al. (2006)
Combined treatment with lisofylline and exendin-4 reverses
autoimmune diabetes. Biochem Biophys Res Commun 344:
1017-1022. doi:10.1016/j.bbrc.2006.03.177. PubMed: 16643856.

37. Jaworski MA, Honore L, Jewell LD, Mehta JG, McGuire-Clark P et al.
(1986) Cyclosporin prophylaxis induces long-term prevention of
diabetes, and inhibits lymphocytic infiltration in multiple target tissues in
the high-risk BB rat. Diabetes Res 3: 1-6. PubMed: 3514066.

38. Lewis EC (2012) Expanding the clinical indications for alpha(1)-
antitrypsin therapy. Mol Med 18: 957-970. PubMed: 22634722.

39. Ma H, Lu Y, Li H, Campbell-Thompson M, Parker M et al. (2010)
Intradermal alpha1-antitrypsin therapy avoids fatal anaphylaxis,
prevents type 1 diabetes and reverses hyperglycaemia in the NOD
mouse model of the disease. Diabetologia 53: 2198-2204. doi:10.1007/
s00125-010-1829-2. PubMed: 20593162.

40. Lu Y, Tang M, Wasserfall C, Kou Z, Campbell-Thompson M et al.
(2006) Alpha1-antitrypsin gene therapy modulates cellular immunity
and efficiently prevents type 1 diabetes in nonobese diabetic mice.
Hum Gene Ther 17: 625-634. doi:10.1089/hum.2006.17.625. PubMed:
16776571.

41. Koulmanda M, Bhasin M, Hoffman L, Fan Z, Qipo A et al. (2008)
Curative and beta cell regenerative effects of alpha1-antitrypsin
treatment in autoimmune diabetic NOD mice. Proc Natl Acad Sci U S A
105: 16242-16247. doi:10.1073/pnas.0808031105. PubMed:
18852471.

42. Dagia NM, Kamath DV, Bhatt P, Gupte RD, Dadarkar SS et al. (2009)
A fluorinated analog of ISO-1 blocks the recognition and biological
function of MIF and is orally efficacious in a murine model of colitis. Eur
J Pharmacol 607: 201-212. doi:10.1016/j.ejphar.2009.02.031. PubMed:
19239912.

43. Stojanovic I, Saksida T, Nikolic I, Nicoletti F, Stosic-Grujicic S (2012)
Macrophage migration inhibitory factor deficiency protects pancreatic
islets from cytokine-induced apoptosis in vitro. Clin Exp Immunol 169:
156-163. doi:10.1111/j.1365-2249.2012.04607.x. PubMed: 22774990.

44. Bojunga J, Kusterer K, Bacher M, Kurek R, Usadel KH et al. (2003)
Macrophage migration inhibitory factor and development of type-1
diabetes in non-obese diabetic mice. Cytokine 21: 179-186. doi:
10.1016/S1043-4666(03)00076-0. PubMed: 12788306.

Efficacy Testing in Rodent Models of T1D

PLOS ONE | www.plosone.org 13 August 2013 | Volume 8 | Issue 8 | e72989

http://dx.doi.org/10.2337/db09-1264
http://www.ncbi.nlm.nih.gov/pubmed/20805386
http://dx.doi.org/10.2337/db11-1033
http://www.ncbi.nlm.nih.gov/pubmed/22043003
http://dx.doi.org/10.4049/jimmunol.0800839
http://www.ncbi.nlm.nih.gov/pubmed/19234158
http://dx.doi.org/10.1097/TP.0b013e3181933261
http://www.ncbi.nlm.nih.gov/pubmed/19155973
http://dx.doi.org/10.2337/db08-1113
http://www.ncbi.nlm.nih.gov/pubmed/19289457
http://dx.doi.org/10.1371/journal.pone.0004226
http://www.ncbi.nlm.nih.gov/pubmed/19156219
http://dx.doi.org/10.1084/jem.20100209
http://www.ncbi.nlm.nih.gov/pubmed/20679400
http://dx.doi.org/10.1016/j.ejphar.2011.02.016
http://www.ncbi.nlm.nih.gov/pubmed/21371458
http://dx.doi.org/10.1371/journal.pone.0013235
http://www.ncbi.nlm.nih.gov/pubmed/20949090
http://dx.doi.org/10.1371/journal.pone.0012894
http://www.ncbi.nlm.nih.gov/pubmed/20877570
http://dx.doi.org/10.2337/db10-1157
http://www.ncbi.nlm.nih.gov/pubmed/21357471
http://dx.doi.org/10.1073/pnas.1203795109
http://www.ncbi.nlm.nih.gov/pubmed/22733769
http://dx.doi.org/10.1371/journal.pone.0036079
http://www.ncbi.nlm.nih.gov/pubmed/22615750
http://dx.doi.org/10.1007/s00592-010-0188-2
http://www.ncbi.nlm.nih.gov/pubmed/20440520
http://dx.doi.org/10.1007/s00592-011-0268-y
http://www.ncbi.nlm.nih.gov/pubmed/21336872
http://dx.doi.org/10.2337/db12-0098
http://dx.doi.org/10.2337/db12-0098
http://www.ncbi.nlm.nih.gov/pubmed/22751694
http://dx.doi.org/10.1172/JCI60530
http://www.ncbi.nlm.nih.gov/pubmed/22484814
http://www.ncbi.nlm.nih.gov/pubmed/23447122
http://dx.doi.org/10.1038/nature11556
http://www.ncbi.nlm.nih.gov/pubmed/23060188
http://www.ncbi.nlm.nih.gov/pubmed/23114041
http://dx.doi.org/10.2337/db09-0255
http://www.ncbi.nlm.nih.gov/pubmed/19794063
http://dx.doi.org/10.1016/j.clim.2010.01.007
http://www.ncbi.nlm.nih.gov/pubmed/20167539
http://dx.doi.org/10.1016/0167-5699(93)90160-M
http://www.ncbi.nlm.nih.gov/pubmed/8517916
http://dx.doi.org/10.1007/s00125-002-0901-y
http://dx.doi.org/10.1007/s00125-002-0901-y
http://www.ncbi.nlm.nih.gov/pubmed/12242464
http://dx.doi.org/10.1196/annals.1288.069
http://dx.doi.org/10.1196/annals.1288.069
http://www.ncbi.nlm.nih.gov/pubmed/14679102
http://dx.doi.org/10.1097/01.TP.0000104844.48064.81
http://www.ncbi.nlm.nih.gov/pubmed/14724435
http://dx.doi.org/10.1016/j.bbrc.2006.03.177
http://www.ncbi.nlm.nih.gov/pubmed/16643856
http://www.ncbi.nlm.nih.gov/pubmed/3514066
http://www.ncbi.nlm.nih.gov/pubmed/22634722
http://dx.doi.org/10.1007/s00125-010-1829-2
http://dx.doi.org/10.1007/s00125-010-1829-2
http://www.ncbi.nlm.nih.gov/pubmed/20593162
http://dx.doi.org/10.1089/hum.2006.17.625
http://www.ncbi.nlm.nih.gov/pubmed/16776571
http://dx.doi.org/10.1073/pnas.0808031105
http://www.ncbi.nlm.nih.gov/pubmed/18852471
http://dx.doi.org/10.1016/j.ejphar.2009.02.031
http://www.ncbi.nlm.nih.gov/pubmed/19239912
http://dx.doi.org/10.1111/j.1365-2249.2012.04607.x
http://www.ncbi.nlm.nih.gov/pubmed/22774990
http://dx.doi.org/10.1016/S1043-4666(03)00076-0
http://www.ncbi.nlm.nih.gov/pubmed/12788306


45. Subramanian L, Blumenfeld H, Tohn R, Ly D, Aguilera C et al. (2012)
NKT cells stimulated by long fatty acyl chain sulfatides significantly
reduce the incidence of type 1 diabetes in nonobese diabetic mice
[corrected]. PLOS ONE 7: e37771. doi:10.1371/journal.pone.0037771.
PubMed: 22649557.

46. Halder RC, Aguilera C, Maricic I, Kumar V (2007) Type II NKT cell-
mediated anergy induction in type I NKT cells prevents inflammatory
liver disease. J Clin Invest 117: 2302-2312. doi:10.1172/JCI31602.
PubMed: 17641782.

47. Cascão R, Vidal B, Raquel H, Neves-Costa A, Figueiredo N et al.
(2012) Effective treatment of rat adjuvant-induced arthritis by celastrol.
Autoimmun Rev 11: 856-862. doi:10.1016/j.autrev.2012.02.022.
PubMed: 22415021.

48. Kusy S, Ghosn EE, Herzenberg LA, Contag CH (2012) Development of
B cells and erythrocytes is specifically impaired by the drug celastrol in
mice. PLOS ONE 7: e35733. doi:10.1371/journal.pone.0035733.
PubMed: 22545133.

49. De Groot AS, Moise L, McMurry JA, Wambre E, Van Overtvelt L et al.
(2008) Activation of natural regulatory T cells by IgG Fc-derived peptide
"Tregitopes". Blood 112: 3303-3311. doi:10.1182/
blood-2008-02-138073. PubMed: 18660382.

50. van der Marel S, Majowicz A, Kwikkers K, van Logtenstein R, te Velde
AA et al. (2012) Adeno-associated virus mediated delivery of Tregitope
167 ameliorates experimental colitis. World J Gastroenterol WJG 18:
4288-4299. doi:10.3748/wjg.v18.i32.4288. PubMed: 22969191.

51. Lamont BJ, Drucker DJ (2008) Differential antidiabetic efficacy of
incretin agonists versus DPP-4 inhibition in high fat fed mice. Diabetes
57: 190-198. PubMed: 17928394.

52. Vaidya HB, Goyal RK (2008) Glucagon like peptides-1 modulators as
newer target for diabetes. Curr Drug Targets 9: 911-920. doi:
10.2174/138945008785909284. PubMed: 18855626.

53. Xue S, Wasserfall C, Parker M, McGrail S, McGrail K et al. (2010)
Exendin-4 treatment of nonobese diabetic mice increases beta-cell
proliferation and fractional insulin reactive area. J Diabetes
Complications 24: 163-167. doi:10.1016/j.jdiacomp.2008.12.004.
PubMed: 19217320.

54. Castillo GM, Reichstetter S, Bolotin EM (2012) Extending residence
time and stability of peptides by protected graft copolymer (PGC)
excipient: GLP-1 example. Pharm Res 29: 306-318. doi:10.1007/
s11095-011-0542-2. PubMed: 21830140.

55. Mehta DS, Christmas RA, Waldmann H, Rosenzweig M (2010) Partial
and transient modulation of the CD3-T-cell receptor complex, elicited
by low-dose regimens of monoclonal anti-CD3, is sufficient to induce
disease remission in non-obese diabetic mice. Immunology 130:
103-113. doi:10.1111/j.1365-2567.2009.03217.x. PubMed: 20059577.

56. Sarikonda G, Sachithanantham S, Manenkova Y, Kupfer T, Posgai A et
al. (2013) Transient B-cell depletion with anti-CD20 in combination with
proinsulin DNA vaccine or oral insulin: immunologic effects and efficacy
in NOD mice. PLOS ONE 8: e54712. doi:10.1371/journal.pone.
0054712. PubMed: 23405091.

57. Chen G, Han G, Wang J, Wang R, Xu R et al. (2008) Essential roles of
TGF-beta in anti-CD3 antibody therapy: reversal of diabetes in
nonobese diabetic mice independent of Foxp3+CD4+ regulatory T
cells. J Leukoc Biol 83: 280-287. PubMed: 18029395.

58. Sherry NA, Chen W, Kushner JA, Glandt M, Tang Q et al. (2007)
Exendin-4 improves reversal of diabetes in NOD mice treated with anti-
CD3 monoclonal antibody by enhancing recovery of beta-cells.
Endocrinology 148: 5136-5144. doi:10.1210/en.2007-0358. PubMed:
17673522.

59. Phillips JM, O’Reilly L, Bland C, Foulis AK, Cooke A (2007) Patients
with chronic pancreatitis have islet progenitor cells in their ducts, but
reversal of overt diabetes in NOD mice by anti-CD3 shows no evidence
for islet regeneration. Diabetes 56: 634-640. doi:10.2337/db06-0832.
PubMed: 17327430.

60. Sosenko JM, Skyler JS, Herold KC, Palmer JP (2012) The metabolic
progression to type 1 diabetes as indicated by serial oral glucose
tolerance testing in the Diabetes Prevention Trial-type 1. Diabetes 61:
1331-1337. doi:10.2337/db11-1660. PubMed: 22618768.

61. Skyler JS, Greenbaum CJ, Lachin JM, Leschek E, Rafkin-Mervis L et
al. (2008) Type 1 Diabetes TrialNet--an international collaborative
clinical trials network. Ann N Y Acad Sci 1150: 14-24. doi:10.1196/
annals.1447.054. PubMed: 19120262.

Efficacy Testing in Rodent Models of T1D

PLOS ONE | www.plosone.org 14 August 2013 | Volume 8 | Issue 8 | e72989

http://dx.doi.org/10.1371/journal.pone.0037771
http://www.ncbi.nlm.nih.gov/pubmed/22649557
http://dx.doi.org/10.1172/JCI31602
http://www.ncbi.nlm.nih.gov/pubmed/17641782
http://dx.doi.org/10.1016/j.autrev.2012.02.022
http://www.ncbi.nlm.nih.gov/pubmed/22415021
http://dx.doi.org/10.1371/journal.pone.0035733
http://www.ncbi.nlm.nih.gov/pubmed/22545133
http://dx.doi.org/10.1182/blood-2008-02-138073
http://dx.doi.org/10.1182/blood-2008-02-138073
http://www.ncbi.nlm.nih.gov/pubmed/18660382
http://dx.doi.org/10.3748/wjg.v18.i32.4288
http://www.ncbi.nlm.nih.gov/pubmed/22969191
http://www.ncbi.nlm.nih.gov/pubmed/17928394
http://dx.doi.org/10.2174/138945008785909284
http://www.ncbi.nlm.nih.gov/pubmed/18855626
http://dx.doi.org/10.1016/j.jdiacomp.2008.12.004
http://www.ncbi.nlm.nih.gov/pubmed/19217320
http://dx.doi.org/10.1007/s11095-011-0542-2
http://dx.doi.org/10.1007/s11095-011-0542-2
http://www.ncbi.nlm.nih.gov/pubmed/21830140
http://dx.doi.org/10.1111/j.1365-2567.2009.03217.x
http://www.ncbi.nlm.nih.gov/pubmed/20059577
http://dx.doi.org/10.1371/journal.pone.0054712
http://dx.doi.org/10.1371/journal.pone.0054712
http://www.ncbi.nlm.nih.gov/pubmed/23405091
http://www.ncbi.nlm.nih.gov/pubmed/18029395
http://dx.doi.org/10.1210/en.2007-0358
http://www.ncbi.nlm.nih.gov/pubmed/17673522
http://dx.doi.org/10.2337/db06-0832
http://www.ncbi.nlm.nih.gov/pubmed/17327430
http://dx.doi.org/10.2337/db11-1660
http://www.ncbi.nlm.nih.gov/pubmed/22618768
http://dx.doi.org/10.1196/annals.1447.054
http://dx.doi.org/10.1196/annals.1447.054
http://www.ncbi.nlm.nih.gov/pubmed/19120262

	Testing Agents for Prevention or Reversal of Type 1 Diabetes in Rodents
	Introduction
	Materials and Methods
	Randomization
	Sample size estimation
	Data handling
	Test Articles and Formulation
	Animals
	Ethics Statement
	Experimental Procedures

	Results
	Model optimization
	Specific Agents Tested

	Discussion
	Acknowledgements
	Author Contributions
	References


