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Combined Therapy With GABA
and Proinsulin/Alum Acts
Synergistically to Restore
Long-term Normoglycemia by
Modulating T-Cell
Autoimmunity and Promoting
b-Cell Replication in Newly
Diabetic NOD Mice
Diabetes 2014;63:3128–3134 | DOI: 10.2337/db13-1385

Antigen-based therapies (ABTs) fail to restore normoglycemia in newly diabetic NOD mice, perhaps because
too few b-cells remain by the time that ABT-induced
regulatory responses arise and spread. We hypothesized that combining a fast-acting anti-inﬂammatory
agent with an ABT could limit pathogenic responses
while ABT-induced regulatory responses arose and
spread. g-Aminobutyric acid (GABA) administration can
inhibit inﬂammation, enhance regulatory T-cell (Treg)
responses, and promote b-cell replication in mice. We
examined the effect of combining a prototypic ABT,
proinsulin/alum, with GABA treatment in newly diabetic
NOD mice. Proinsulin/alum monotherapy failed to correct hyperglycemia, while GABA monotherapy restored
normoglycemia for a short period. Combined treatment
restored normoglycemia in the long term with apparent
permanent remission in some mice. Proinsulin/alum
monotherapy induced interleukin (IL)-4– and IL-10–
secreting T-cell responses that spread to other b-cell
autoantigens. GABA monotherapy induced moderate
IL-10 (but not IL-4) responses to b-cell autoantigens.
Combined treatment synergistically reduced spontaneous type 1 T-helper cell responses to autoantigens,
ABT-induced IL-4 and humoral responses, and insulitis,
but enhanced IL-10 and Treg responses and promoted
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b-cell replication in the islets. Thus, combining ABT with
GABA can inhibit pathogenic T-cell responses, induce
Treg responses, promote b-cell replication, and effectively restore normoglycemia in newly diabetic NOD
mice. Since these treatments appear safe for humans,
they hold promise for type 1 diabetes intervention.

The Immune Tolerance Network and Juvenile Diabetes
Research Foundation Joint Taskforce as well as recent
commentaries, have opined that ideal immunotherapies
for type 1 diabetes (T1D) should reduce proinﬂammatory
autoimmune responses, promote regulatory responses,
and enhance b-cell survival and replication (1–4). Theoretically, antigen-based therapies (ABTs) are appealing
because ABTs can induce antigen-speciﬁc regulatory
responses with little interference with systemic immunity. Previous studies (5,6) have shown that ABT can induce strong regulatory T-cell (Treg) responses after T1D
onset and prolong the survival of syngeneic islet grafts in
preconditioned diabetic NOD mice. However, ABTs have
little or no ability to restore normoglycemia in newly diabetic NOD mice. The inability of ABT to protect residual
b-cell mass in newly diabetic NOD mice may stem from
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Treatment

We monitored the blood glucose levels of female NOD
mice, and those with two blood glucose levels .250
mg/dL on consecutive days were considered to be newly
diabetic. The mice were randomly assigned to groups
that continually received water containing 0, 2, 6, or
20 mg/mL GABA, pH 7.2 (Sigma-Aldrich, St. Louis,
MO). Each mouse consumed about 5 mL of water per day.
Some newly diabetic mice also received 100 mg of proinsulin (provided by Eli Lilly, Indianapolis, IN) complexed
with alum (Pierce, Rockford, IL) intraperitoneally. The
mice were boosted with the same dose of proinsulin/
alum 10 days after the ﬁrst vaccination. The mice were
monitored for the recurrence of hyperglycemia.
ELISPOT Assay

NOD mice at 15 weeks of age received proinsulin/alum,
GABA (20 mg/mL), or combined therapy, as described
above. Control groups included untreated and alum
(alone)–injected mice. Ten days after the second vaccination, the frequency of antigen-speciﬁc interferon-g
(IFN-g)–, interleukin (IL)-4–, and IL-10–secreting splenic
T cells in the different groups of mice was determined by
ELISPOT assays, as previously described (23), with the
addition of using JES5–16E3 and JES5–2A5 (BioLegend,
San Diego, CA) as capture and detection antibodies for
IL-10. The tested antigens included control self-antigen
mouse serum albumin (MSA), and b-cell autoantigens
GAD65 (Diamyd Medical), HSPp277, and proinsulin (all
at 100 mg/mL). The cells in medium alone were used as
the negative controls, while cells challenged with 1 mg/mL
anti-CD3 provided positive controls.
Flow Cytometry Analysis of Tregs

The percentages of splenic CD4+Foxp3+ Tregs in individual mice were determined by ﬂow cytometry, as per our
previous study (16).
ELISA for Proinsulin Autoantibodies

The concentrations of serum anti-proinsulin IgG, IgG1,
and IgG2a in individual mice were determined by ELISA
(5) using proinsulin as the antigen.
Histological Examination

Insulitis scores were determined from at least 20 islets
per pancreas of individual diabetic mice 10 days after
initiating treatment, as previously described (24).
Analysis of b-Cell Replication

b-Cell replication and insulin+ cells in mouse islets were
assessed 10 days after initiating treatment as previously
described (19).

Mice

Statistical Analysis

NOD mice (Taconic Farms, Derwood, MD) were housed in
a speciﬁc pathogen-free facility. Only female NOD mice
were used. All experimental procedures were approved by
the Chancellor’s Animal Research Committee at the University of California, Los Angeles.

Data are expressed as the mean 6 SEM. The difference
between groups was analyzed by Student t test, and the
periods of normoglycemia between groups were analyzed
by the log-rank test. A P value of ,0.05 was considered
statistically signiﬁcant.
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the 10–14 days that it takes for ABT to induce maximal
immune responses to the administered autoantigen and
the time it takes for Treg responses to spread to other
b-cell autoantigens (reviewed in 4). Consequently, by the
time ABT-induced regulatory responses peak in newly
diabetic NOD mice, insufﬁcient b-cell mass remains and
the treatments appear ineffective. We hypothesized
that administering a fast-acting anti-inﬂammatory agent
along with an ABT could limit pathogenic autoimmune
responses while ABT-induced regulatory responses arise
and spread, and that their combined effects could synergistically inhibit inﬂammation and promote restoration of
normoglycemia.
T cells express g-aminobutyric acid (GABA) receptors
(GABA-Rs) (7–9). The activation of GABA-Rs can inhibit
autoreactive type 1 T-helper (Th1) cell responses and
antigen-presenting cell function directly ex vivo (7,10–15),
but increase the number of Tregs in vivo (13,16). GABA-R
activation inhibits inﬂammation and disease in mouse
models of T1D (10,13,17), rheumatoid arthritis (11), multiple sclerosis (12), and type 2 diabetes (16). Notably,
GABA administration also very effectively restored normoglycemia in wild-type mice that had been rendered diabetic by multiple low doses of streptozocin, which
induces low-grade b-cell autoimmunity (13). However,
when the same treatment was given to mildly hyperglycemic NOD mice (which have a more robust autoimmune
response), 60% of the mice did not respond to treatment
and 40% of the mice displayed a delayed disease progression for ,6 weeks (13). Thus, GABA monotherapy has
limited beneﬁcial effects in newly diabetic NOD mice.
Because of its rapid anti-inﬂammatory effects, GABA is
an excellent candidate for therapeutic testing in combination with ABTs. Importantly, GABA also promotes mouse
and human b-cell survival and replication (13,15,18,19).
Long-term treatment with GABA neither induces leukopenia (10) nor desensitizes immune cells to GABA
(10,11), and GABA appears to be safe for human consumption (20–22).
The aim of this study was to investigate the therapeutic potential of ABT in combination with GABA. As
a prototypic ABT, we chose to study proinsulin, because
it is a key b-cell autoantigen and contains more T-cell
determinants than insulin or fragments thereof. We
assessed the ability of each monotherapy and their
combination to restore euglycemia in newly diabetic
NOD mice, their impact on autoimmune and immunoregulatory responses, and their ability to promote b-cell
replication.
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RESULTS
GABA Monotherapy Dosing Studies

Combined Therapy Provides Synergistic Therapeutic
Effects

Next, we tested whether combined therapies of proinsulin/
alum vaccination with GABA (20 mg/mL) could correct
hyperglycemia and better maintain normoglycemia in newly
diabetic NOD mice. Monotherapy with proinsulin/alum
vaccination failed to correct hyperglycemia (Fig. 1D).
In contrast, all mice treated with a combination of
proinsulin/alum and GABA rapidly re-established normoglycemia (Fig. 1E). Five of nine mice developed hyperglycemia again between 13 and 24 weeks after initiating
treatment. Four mice remained normoglycemic at 20,
30, 45, and 50 weeks post-treatment, suggesting permanent remission in some mice (Fig. 1E). Combined therapy
maintained a signiﬁcantly longer normoglycemic period
than GABA (20 mg/mL) monotherapy (P = 0.001). These
data demonstrate for the ﬁrst time that the combination
of ABT with an immunoregulator effectively corrects hyperglycemia and can maintain long-term normoglycemia
in newly diabetic NOD mice.
Combined Therapies Induce Antigen-Speciﬁc IL-10
Responses in NOD Mice

To understand the mechanisms underlying the therapeutic
effects, female NOD mice at 15 weeks of age were treated
with monotherapy or combined therapy, as described for
newly diabetic mice. Ten days after the second vaccination, we characterized splenic antigen-speciﬁc T cells by
ELISPOT (Fig. 2). There was no signiﬁcant difference
in the numbers of splenic mononuclear cells among the

different groups of mice (data not shown), and no significant difference in the frequency of GAD65, HSPp277,
and proinsulin-speciﬁc IFN-g–secreting T cells between
alum-vaccinated and unmanipulated control NOD mice
(Fig. 2A). These control mice had few autoantigen-reactive
IL-4 or IL-10 spot-forming cells (Fig. 2B and C), which is
consistent with the notion that unipolar Th1 responses
drive disease progression in NOD mice (24).
Monotherapy with proinsulin or GABA signiﬁcantly
reduced IFN-g–secreting Th1 responses to all autoantigens tested (Fig. 2A). Proinsulin monotherapy induced
IL-4– and IL-10–secreting T-cell responses to proinsulin
that spread to autoantigens GAD65 and HSPp277, but
not to control self-antigen MSA (Fig. 2B and C). GABA
monotherapy elevated the levels of IL-10, but not IL-4,
responses to proinsulin, GAD65, and HSPp277, but not
to MSA (Fig. 2C). More interestingly, combined therapy
further reduced the frequency of GAD65-, HSPp277-,
and proinsulin-speciﬁc Th1 cells (Fig. 2A), and increased
the frequency of IL-10 responses to b-cell autoantigens
to twofold to threefold greater than that of either monotherapy (Fig. 2C). Notably, IL-4 responses to b-cell antigens induced by combined therapy were signiﬁcantly
lower than that of proinsulin monotherapy (Fig. 2B).
Consistent with these ﬁndings, monotherapy with proinsulin or GABA signiﬁcantly reduced the levels of
proinsulin-speciﬁc IgG2a, and monotherapy with proinsulin, but not with GABA, enhanced IgG1 responses (Fig. 2D).
In contrast, combined therapy signiﬁcantly decreased
the levels of Ig2a and IgG1 responses relative to proinsulin monotherapy. The reduced frequency of autoreactive IL-4–secreting T cells and IgG1 responses by
combined therapy suggests that GABA may mitigate
ABT-induced IL-4 responses. Moreover, histological characterization revealed that treatment with GABA or combined therapies (but not with proinsulin monotherapy)
signiﬁcantly reduced insulitis (insulitis scores 1.008 and
1.006, respectively) compared with those in untreated
mice (1.82, P , 0.01 for both treatments). Collectively,
combined therapy synergistically inhibited pathogenic
T-cell autoimmunity and enhanced IL-10 responses, contributing to the restoration of normoglycemia in newly
diabetic NOD mice.
Combined Treatment With Proinsulin With GABA
Synergistically Increases the Frequency of Splenic
Tregs in NOD Mice

Next, we characterized the frequency of splenic Tregs in
the different groups of NOD mice by ﬂow cytometry. In
comparison with that in unmanipulated NOD mice,
vaccination with alum alone did not signiﬁcantly alter
the percentages of splenic Tregs (Fig. 2E). In contrast,
vaccination with proinsulin/alum or treatment with
GABA alone increased the frequency of splenic Tregs by
;18% and 50%, respectively. The combination of proinsulin and GABA treatments further elevated the percentages of splenic Tregs to ;200% over that in controls, and
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After NOD mice develop hyperglycemia (2 consecutive
days of blood glucose levels .250 mg/dL), they generally
progress to severe hyperglycemia within 1 week (Fig. 1A).
We found that oral treatment with GABA at 2 mg/mL,
a dose can inhibit the development and severity of rheumatoid arthritis in mice (11) as well as the development
of insulin resistance in a high-fat diet mouse model (16),
failed to correct hyperglycemia in newly diabetic mice
(data not shown), suggesting that T1D intervention will
require a higher dosage. Treatment with GABA at 6 mg/mL
delayed disease progression for a very short period (Fig.
1B). Treatment with GABA at 20 mg/mL restored normoglycemia in all mice (Fig. 1C). Eight of 10 mice maintained
euglycemia for 2–5 weeks, and two mice did so for 18–23
weeks (Fig. 1C). Thus, oral GABA monotherapy at an appropriate dose can quickly correct hyperglycemia and maintain normoglycemia for a short period in newly diabetic
mice, extending previous ﬁndings (13). These observations
underscore the need for systematic studies to identify an
effective GABA dose and frequency of administration to
inhibit inﬂammatory responses in humans. The therapeutic effects of GABA may be mediated by the ability of GABA
to inhibit autoreactive Th1 responses (7,10,11), enhance
Treg responses (13,16), and promote the functional recovery and replication of b-cells (13,18,19).
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the percentages were signiﬁcantly higher than that in
mice that received either monotherapy (Fig. 2E). Thus,
consistent with signiﬁcantly increased IL-10 responses
(Fig. 2C), combined proinsulin and GABA treatments
synergistically enhanced splenic Treg responses in NOD
mice.
Combined Therapy More Effectively Reduces Insulitis
and Increases b-Cell Replication and the Percentage
of Insulin-Producing Cells in the Islets of Newly
Diabetic NOD Mice

DISCUSSION

In summary, proinsulin/alum monotherapy had no ability
to correct hyperglycemia. GABA monotherapy had a limited
Figure 1—Longitudinal blood glucose levels in newly diabetic NOD
given GABA or proinsulin/alum monotherapy or combined treatment. Newly diabetic NOD mice (with two blood glucose levels
>250 mg/dL recorded on consecutive days) were untreated (n =
6) (A) or were continually given GABA, 6 mg/mL (n = 7) (B), or GABA,
20 mg/mL (n = 10) (C), through their drinking water. Other groups of
mice received proinsulin/alum monotherapy (n = 7) (D) or combined
proinsulin/alum + GABA, 20 mg/mL (n = 9) (E). Four of the mice
shown in E remained normoglycemic at 20, 30, 45, and 50 weeks

after initiating treatment (at the time of manuscript prooﬁng). Data
shown are longitudinal blood glucose levels for individual mice.
Note the change of scale in C and E. The dashed line indicates
a blood glucose level of 250 mg/dL. Combined therapy signiﬁcantly prolonged the period of normoglycemia compared with
GABA (20 mg/mL) monotherapy (P = 0.001 by the log-rank test).
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Since GABA and proinsulin/alum have immunoregulatory actions, and GABA can also promote b-cell survival
and replication, we studied the effect of each therapy on
insulitis and b-cell replication in newly diabetic NOD
mice. Newly diabetic NOD mice were untreated, or
were treated with a monotherapy or combined therapy,
and were provided with water containing BrdU for 10
days. Histological characterization revealed that GABA,
but not proinsulin, monotherapy signiﬁcantly reduced
the insulitis scores and that combined therapy further
reduced the insulitis scores in newly diabetic NOD mice
(Fig. 3A).
We focused on measuring b-cell replication by Ki67/
insulin immunostaining rather than by determining b-cell
mass because 1) low levels of b-cell replication would be
difﬁcult to detect as a change in b-cell mass and 2) GABA
treatment can promote functional recovery of degranulated b-cells leading to an increase in insulin+ islet cells
and an apparent increase in b-cell mass (19). We observed
almost no insulin+ islet cells in pancreatic islets from untreated or proinsulin/alum (only)–treated mice (Fig. 3B
and C), which is consistent with their rapid progression
to severe hyperglycemia during this time period (Fig. 1A
and D). In contrast, Ki67+insulin+ cells were detected in
the islets from the GABA monotherapy and combined
therapy mouse groups, and accounted for ;1.2% and
1.7% of insulin+ cells, respectively (Fig. 3B and C). Similarly, there were ;80 insulin+ cells per islet in the GABA
monotherapy group, and a signiﬁcantly greater number of
insulin+ cells (120 per islet) in the combined therapy
group, suggesting that combined therapy more effectively
promoted b-cell health and survival. These observations
are consistent with the longitudinal blood glucose levels
(Fig. 1), cellular immune responses (Fig. 2), and insulitis
scores (Fig. 3A).
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Figure 2—Effect of monotherapy and combined therapy on T-cell immunity and humoral responses. NOD mice at 15 weeks of age were
treated with alum, proinsulin/alum, GABA, or proinsulin/alum + GABA, as described in RESEARCH DESIGN AND METHODS. A control group of mice
received no treatment. Ten days after completing treatment, their splenic T cells were isolated, and the frequency of T cells secreting IFN-g
(A), IL-4 (B), or IL-10 (C) in response to MSA, proinsulin, GAD65, or HSPp277 was determined by ELISPOT. Responses to control MSA were
at background levels in all mice (data not shown). Data are expressed as the mean number of spot-forming cells (SFCs) 6SEM per million
splenic mononuclear cells. D: The levels of proinsulin-speciﬁc IgG, IgG1, and IgG2a antibodies, as determined by ELISA. Data are
expressed as the mean optical density (O.D.) value 6 SEM for each group. E: Effect of monotherapy and combined therapies on Treg
responses, as determined by ﬂow cytometry. Data are expressed as the mean percentage of Tregs 6 SEM. The experimental and control
groups of mice (n = 5 per group) were tested simultaneously in two separate experiments. *P < 0.05, **P < 0.01 vs. the control. #P < 0.05,
##P < 0.01 vs. the proinsulin/alum group. †P < 0.05, ††P < 0.01 vs. the GABA group.

ability to restore normoglycemia in newly diabetic NOD
mice. The combination of these therapies not only rapidly
corrected hyperglycemia, but also restored long-term
normoglycemia in newly diabetic NOD mice. We found

that combined therapies induced antigen-speciﬁc IL-10
responses that spread to other b-cell antigens, increased
the frequency of splenic Tregs, and inhibited the severity
of inﬂammation in the pancreatic islets of NOD mice.
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GABA monotherapy, and to a greater extent combined
therapy, promoted b-cell replication and preserved
insulin+ cells in newly diabetic NOD mice. Our ﬁndings
provide a proof-of-principle that combining ABT with an
immunoregulator can effectively restore normoglycemia
in newly diabetic mice. GABA appears to be safe for human consumption (20–22) and does not cause general
immunosuppression (10). GABA-Rs are expressed by human immunocompetent cells and b-cells. Activation of
GABA-Rs can inhibit human T-cell proliferation in vitro
(8,15) and can promote human b-cell replication and survival in transplanted islets (19). Therefore, the use of
GABA as an immunoregulator in combination with ABTs

or other candidate immunotherapeutics, may hold promise for T1D intervention in humans.
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Figure 3—Effect of monotherapy and combined therapy on insulitis, b-cell replication, and the percentage of insulin+ cells per islet in newly
diabetic NOD mice. Newly diabetic NOD mice were randomized to receive water without GABA (untreated) or water containing GABA (20
mg/mL) and/or intraperitoneal proinsulin/alum (n = 6 mice per group). Additionally, their water contained BrdU. After 10 days, their
pancreata were analyzed for insulitis or b-cell replication. At least 12–15 islets from two sections (with an interval of 150 mm) of each
pancreatic tissue were examined in a blinded manner. A: Insulitis scores. *P < 0.05 vs. untreated, †P < 0.05 vs. the GABA monotherapy
group. B: Representative image of anti-Ki67 (red) and anti-insulin (green) staining cells in an islet from a mouse that had been treated with
combined therapy (original magniﬁcation 3400). Arrows indicate Ki67+insulin+ cells. Scale bar = 50 mm. C: The percentages of Ki67+insulin+
b-cells in total insulin+ b-cells. Data are expressed as the mean 6 SEM of the percentages of Ki67+insulin+ islet cells in different groups of
mice. Similar results were observed using BrdU/insulin immunostaining (data not shown). D: The number of insulin+ cells per islet. †P < 0.05
vs. the GABA monotherapy group.

3134

Diabetes Volume 63, September 2014

Author Contributions. J.T. conceived, designed, and performed the
experiments; analyzed the data; and wrote the manuscript. H.D. performed the
experiments and analyzed the data. A.V.N. and Z.C. performed the experiments.
D.L.K. conceived and designed the experiments, and wrote the manuscript. J.T.
and D.L.K. are the guarantors of this work and, as such, had full access to all the
data in the study and take responsibility for the integrity of the data and the
accuracy of the data analysis.

12. Bhat R, Axtell R, Mitra A, et al. Inhibitory role for GABA in autoimmune
inﬂammation. Proc Natl Acad Sci U S A 2010;107:2580–2585
13. Soltani N, Qiu H, Aleksic M, et al. GABA exerts protective and regenerative
effects on islet beta cells and reverses diabetes. Proc Natl Acad Sci U S A 2011;
108:11692–11697
14. Mendu SK, Akesson L, Jin Z, et al. Increased GABA(A) channel subunits
expression in CD8(+) but not in CD4(+) T cells in BB rats developing diabetes compared to their congenic littermates. Mol Immunol 2011;48:399–
407
15. Prud’homme GJ, Glinka Y, Hasilo C, Paraskevas S, Li X, Wang Q. GABA
protects human islet cells against the deleterious effects of immunosuppressive
drugs and exerts immunoinhibitory effects alone. Transplantation 2013;96:616–
623
16. Tian J, Dang H, Yong J, Chui W-S, Dizon M, Yaw CKY, Kaufman DL. Oral
treatment with g-aminobutyric acid improves glucose tolerance and insulin
sensitivity by inhibiting inﬂammation in high fat diet-fed mice. PLoS One 2011;6:
e25338
17. Tian J, Dang H, Kaufman DL. Combining antigen-based therapy with GABA
treatment synergistically prolongs survival of transplanted b-cells in diabetic NOD
mice. PLoS One 2011;6:e25337
18. Ligon B, Yang J, Morin SB, Ruberti MF, Steer ML. Regulation of pancreatic
islet cell survival and replication by gamma-aminobutyric acid. Diabetologia
2007;50:764–773
19. Tian J, Dang H, Chen Z, et al. g-Aminobutyric acid regulates both the
survival and replication of human b-cells. Diabetes 2013;62:3760–3765
20. Otomo E, Araki G, Mori A, Kurihara M. Clinical evaluation of GABA in the
treatment of cerebrovascular disorders. Multi-center double-blind study in
comparison with pyrithioxine and placebo. Arzneimittelforschung 1981;31:1511–
1523
21. Loeb C, Benassi E, Bo GP, Cocito L, Mafﬁni M, Scotto P. Preliminary
evaluation of the effect of GABA and phosphatidylserine in epileptic patients.
Epilepsy Res 1987;1:209–212
22. Tower DB, Roberts E. Inhibition in the Nervous System and GABA. New
York, Pergamon Press, 1960, p. 562–578
23. Tian J, Gregori S, Adorini L, Kaufman DL. The frequency of high avidity
T cells determines the hierarchy of determinant spreading. J Immunol 2001;166:
7144–7150
24. Kaufman DL, Clare-Salzler M, Tian J, et al. Spontaneous loss of T-cell
tolerance to glutamic acid decarboxylase in murine insulin-dependent diabetes.
Nature 1993;366:69–72

References
1. Matthews JB, Staeva TP, Bernstein PL, Peakman M, von Herrath M; ITNJDRF Type 1 Diabetes Combination Therapy Assessment Group. Developing
combination immunotherapies for type 1 diabetes: recommendations from the
ITN-JDRF Type 1 Diabetes Combination Therapy Assessment Group. Clin Exp
Immunol 2010;160:176–184
2. Peakman M, von Herrath M. Antigen-speciﬁc immunotherapy for type 1
diabetes: maximizing the potential. Diabetes 2010;59:2087–2093
3. Staeva TP, Chatenoud L, Insel R, Atkinson MA. Recent lessons learned from
prevention and recent-onset type 1 diabetes immunotherapy trials. Diabetes
2013;62:9–17
4. Tian J, Kaufman DL. Antigen-based therapy for the treatment of type 1
diabetes. Diabetes 2009;58:1939–1946
5. Tian J, Clare-Salzler M, Herschenfeld A, et al. Modulating autoimmune
responses to GAD inhibits disease progression and prolongs islet graft survival in
diabetes-prone mice. Nat Med 1996;2:1348–1353
6. Pop SM, Wong CP, He Q, et al. The type and frequency of immunoregulatory
CD4+ T-cells govern the efﬁcacy of antigen-speciﬁc immunotherapy in nonobese
diabetic mice. Diabetes 2007;56:1395–1402
7. Tian J, Chau C, Hales TG, Kaufman DL. GABA(A) receptors mediate inhibition of T cell responses. J Neuroimmunol 1999;96:21–28
8. Alam S, Laughton DL, Walding A, Wolstenholme AJ. Human peripheral
blood mononuclear cells express GABAA receptor subunits. Mol Immunol 2006;
43:1432–1442
9. Mendu SK, Bhandage A, Jin Z, Birnir B. Different subtypes of GABA-A receptors
are expressed in human, mouse and rat T lymphocytes. PLoS One 2012;7:e42959
10. Tian J, Lu Y, Zhang H, Chau CH, Dang HN, Kaufman DL. Gammaaminobutyric acid inhibits T cell autoimmunity and the development of inﬂammatory responses in a mouse type 1 diabetes model. J Immunol 2004;173:
5298–5304
11. Tian J, Yong J, Dang H, Kaufman DL. Oral GABA treatment downregulates
inﬂammatory responses in a mouse model of rheumatoid arthritis. Autoimmunity
2011;44:465–470

Downloaded from http://diabetesjournals.org/diabetes/article-pdf/63/9/3128/576450/3128.pdf by guest on 17 August 2022

Combined GABA and Proinsulin/Alum Acts Synergistically

