GAD-reactive CD4+ Th1 Cells Induce Diabetes in NOD/SCID Mice
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Abstract

Although glutamic acid decarboxylase (GAD) has been im-
plicated in IDDM, there is no direct evidence showing
GAD-reactive T cells are diabetogenic in vivo. To address
this issue, 3-wk-old NOD mice received two injections of
purified rat brain GAD; one mouse rapidly developed dia-
betes 3 wk later. Splenocytes from this mouse showed a pro-
liferative response to purified GAD, and were used to gener-
ate a CD4+ T cell line, designated 5A, that expresses TCRs
encoding VB2 and VB12. 5A T cells exhibit a MHC re-
stricted proliferative response to purified GAD, as well as
GADG65 peptide 524-543. After antigen-specific stimula-
tion, SA T cells secrete IFNy and TNFa/3, but not 1L-4.
They are also cytotoxic against NOD-derived hybridoma cells
(expressing I-A?7) that were transfected with rat GAD65,
but not nontransfected hybridoma cells. Adoptive transfer
of 5A cells into NOD/SCID mice produced insulitis in all
mice. Diabetes occurred in 83% of the mice. We conclude
that GAD injection in young NOD mice may, in some cases,
provoke diabetes due to the activation of diabetogenic T
cells reactive to GADG65 peptides. Our data provide direct
evidence that GAD65 autoimmunity may be a critical event
in the pathogenesis of IDDM. (J. Clin. Invest. 1998. 101:68—
73.) Key words: immunology « autoimmunity « cytotoxicity
cytokine « animal model

Introduction

The destruction of insulin-producing pancreatic 3 cells, lead-
ing to insulin-dependent diabetes mellitus (IDDM), is a
highly selective process. While autoimmunity has been impli-
cated as the pathogenic mechanism of IDDM, the trigger that
initiates the autoimmune process and the autoantigen recog-
nized by islet-reactive diabetogenic T cells is as of yet un-
known. Adoptive transfer of NOD mouse—derived islet reac-
tive polyclonal cells or cloned T cell lines (1-3) reactive to
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known and unknown beta cell antigens (4-8) into irradiated
NOD or NOD/SCID mice, rapidly produces diabetes. Al-
though generally both CD4 and CD8 T cells are needed for
disease transfer, some T cell clones that express CD4 (7) or
CDS (8) can transfer diabetes to NOD/SCID mice.

A candidate target beta cell autoantigen for diabetogenic
T cells is glutamic acid decarboxylase (GAD). GAD is repre-
sented by two isoforms consisting of 65 kD (GAD®65) and
67 kD (GADG7), respectively. The two proteins are very simi-
lar to each other, and are found predominantly in the brain
and pancreas (9). Both GAD isoforms, but primarily GAD65,
are the targets of autoimmunity in IDDM. Autoantibodies and
T cells reactive to GADG65 are found in most newly diagnosed
patients with diabetes (10, 11). T cells from the spleens of
young nondiabetic NOD mice demonstrate an early prolifera-
tive response to GADG65 that precedes those of other beta cell
antigens tested (12, 13). In particular, two peptides (509-528
and 524-543) near the COOH-terminus of GAD65 have been
reported to trigger the earliest response; proliferation of sple-
nocytes is seen in 4-wk-old NOD mice (12). The importance of
GAD®GS is also supported by data showing that NOD mice are
tolerized to GADG65 administered intravenously or intrathymi-
cally soon after weaning, and both insulitis and diabetes are
prevented (12, 13). Similar protection has been recently re-
ported using nasal administration of a combination of GAD65
peptides, perhaps by altering Th1/Th2 cell balance (14). Data
linking GADG65 with IDDM has thus far, however, been pri-
marily indirect; there has been no evidence to date that
GADG65-specific T cells can directly produce 3 cell injury and/
or diabetes. To address this issue, we report here on a CD4+
oligoclonal T cell line that recognizes GADG6S5 as its antigen
(specifically, GADG65 peptide 524-543) and is able to adop-
tively transfer diabetes to NOD/SCID mice.

Methods

Purification of rat brain GAD. An antigenic mixture containing both
GADG65 and GAD67 was purified from rat brain by affinity chroma-
tography with GAD6 monoclonal antibody, as described in detail by
Butler et al. (15). Although GAD6 only recognizes GADG63, affinity
chromatography with this antibody results in the purification of both
native isoforms because of their association as heterodimers (16). In
brief, 25 g of rat brain was homogenized in a potassium phosphate
buffer, pH 7.5. The homogenate was centrifuged at 130,000 g for 1 h
at 4°C, and the supernatant was loaded onto an affinity column pre-
pared by conjugating the GAD6 antibody to Affi-gel 10 (Bio-Rad
Laboratories, Richmond, CA) and allowed to flow through at a slow,
steady rate. The column was then washed, and GAD was eluted with
elution buffer (0.5 M potassium phosphate buffer containing .01 M
diethylamine and .02 M glutamate, pH 11) and then dialyzed with wa-
ter for 3 d. The GAD preparation was concentrated by lyophilization,
and was then dissolved in 1X PBS. The amount of protein was esti-
mated using BSA protein assay (Bio-Rad Laboratories, Hercules,
CA) and then analyzed by electrophoresis on an 8% denaturing acryl-
amide gel. The purity of the preparation was checked by silver stain-
ing of the gel, and the identity of GAD was confirmed by Western



blotting with the rabbit antiserum no. 7673, which recognizes both
GAD isoforms (15).

Mice. Female NOD/Caj mice were used to generate GAD-reac-
tive T cells. Female 6-7-wk-old NOD/SCID mice (The Jackson Labo-
ratory, Bar Harbor, ME) were used as recipients in adoptive transfer
experiments. Mice were housed in specific pathogen-free conditions
with 12 h light-dark cycles. In this colony, female NOD mice develop
diabetes from 12 wk of age, reaching an incidence of 90% by 24 wk,
whereas NOD/SCID mice never develop insulitis or diabetes.
B10.GD mice, used as controls, were originally purchased from the
Jackson Laboratory.

Generation and propagation of GAD-reactive T cells. The anti-
genic mixture of affinity-purified rat brain GAD65 and GAD67 (25
wg) was injected intravenously into three 3-wk-old NOD recipients,
followed a week later by an injection of the GAD preparation (100 pg)
intraperitoneally. This protocol was adapted from that previously
used by Matsuba et al. (17) to generate GAD-reactive T cells in NOD
mice. In one mouse, diabetes unexpectedly developed at 6 wk of age.
This mouse was killed, and its spleen cells were used as a source of T
cells for the experiments to follow. Cells were expanded in culture in
Click’s medium supplemented with 5% FCS, penicillin (200 pg/ml),
streptomycin (200 pg/ml), and 5U/ml of IL2 (EL4 supernatant) at
37°C and 5% CO,. The cells were stimulated with the purified GAD
preparation together with irradiated NOD spleen cells as antigen-
presenting cells every 2 wk. After 6 wk in bulk culture, the cells
showed a proliferative response to purified GAD, and as a result,
were cloned by limiting dilution. Among the oligoclonal T cell lines
obtained, one T cell line, designated SA, was studied further.

Generation of GAD transfectant cells. Rat GAD65 cDNA (18)
was subcloned into pRc/RSV expression vector (Invitrogen Corp.,
Carlsbad, CA) and transfected into a hybridoma designated NXA
(kindly provided by Dr. Charles A. Janeway Jr, New Haven, CT) by
electroporation. The hybridoma, NXA, generated by fusion of the B
cell lymphoma A20 and B lymphocytes from NOD mice, expresses
the NOD class I molecules H-2K¢ and H-2D" as well as NOD class I1
I-A¥¢’ (S. Wong, unpublished data). The GADG65 transfectant desig-
nated E8 was cloned, and expression of GAD65 was demonstrated by
Western blot analysis.

Thymidine incorporation proliferation assays. 10* 5A T cells were
incubated with 10° irradiated NOD splenocytes with or without 10
wng/ml purified GAD for 72 h. Thereafter, the cultures were pulsed
with 1 wCi of [*H]thymidine (New England Nuclear, Boston, MA)
and harvested 16 h later to measure incorporation of radioactivity. In
addition, proliferation assays were performed using the hybridoma
transfected with GADG65, ES8, using the nontransfected hybridoma
NXA as a control. The hybridomas were pretreated with 500 wg/ml
Mitomycin C (107 cells/ml) for 3 h. To further define antigen specific-
ity, similar proliferation assays were performed using mouse GAD65
peptides 509-528, 524-543, and as a control, a GADG65 peptide with
reverse sequence (543-524), synthesized in the Keck Biotechnology
facility (Yale University, New Haven, CT).

MHC restriction assays. MHC restriction of the T cells was tested
in proliferation assays using purified GAD as antigen, together with
NOD antigen-presenting cells and monoclonal antibodies (at a con-
centration of 10 pg/ml) directed at IA?7 (10.2.16) as well as H-2K¢
(HB159) and H-2D® (HB51), which were kindly provided by Dr. C.A.
Janeway Jr.. Rat IgG (Pierce Chemical Co., Rockford, IL) was used as
a control. MHC restriction was further tested by performing a prolif-
eration assay using 10° irradiated B10.GD splenocytes as antigen-pre-
senting cells, and purified GAD as antigen. B10.GD mice (K‘D’I-A¢)
match NOD (KDI-A¢7) mice at the MHC Class I, but not the MHC
Class II locus. MHC restriction was tested in a similar manner using
the above antibodies at a concentration of 3 wg/ml when the GAD65
transfected hybridoma ES8 was used as the antigen presenting cell.

Flow cytometry. Cells were stained with the following mono-
clonal antibodies: FITC-conjugated anti-CD4 and anti-CD8 (Gibco
BRL, Gaithersburg, MD), PE-conjugated anti-aBTCR, and FITC-con-
jugated anti-VB 2, 3,5,6,7, 8,9, 10, 11, 12, 14, 17 (PharMingen, San

Diego, CA). The cells were also stained with unconjugated anti-a4 in-
tegrin (R1-2), anti-ICAM-1 (YN1/1.7.4), and anti-LFA-1(M17/5.2),
kindly provided by Dr. C.A. Janeway Jr. FITC-conjugated anti-rat
IgG antibody (Hyclone, Logan, UT) was used with the unconjugated
primary antibodies. The cells were incubated with the directly conju-
gated antibodies for 30 min at 4°C in PBS containing 1% FCS and
0.1% sodium azide, and were then washed. When unconjugated pri-
mary antibodies were used (after the cells were washed) there was a
further incubation with the secondary antibody using the same condi-
tions. Stained cells were analyzed using a FACS SCAN IV (Becton
Dickinson, Mountain View, CA).

Cytokine profile. Total cellular RNA was prepared from 2 X 10°
T cells using RNAzol B (Biotecx Laboratories, Inc., Houston, TX)
according to the manufacturer’s instructions. RNA was then primed
at 55°C using oligo dT}, ;3 (Gibco BRL) and reverse transcribed with
300 U of Maloney Murine Leukemia Virus reverse transcriptase
(Gibco Laboratories, Grand Island, NY) in a final volume of 40 pl
containing 0.55 pl RNAsin (Promega Corp., Madison, WI), 4 wl DTT
(Gibco BRL), 8 pl 5X buffer (Tris HCI, KCI, MgCl,) and 25 pmol
dNTP (Pharmacia LKB Biotechnology Inc., Piscataway, NJ). The re-
action was terminated by heating to 70°C for 5 min, and the final vol-
ume was adjusted to 100 wl. 2 pl of cDNA was then used for subse-
quent PCRs.

PCR reactions were carried out using 1 U Taq polymerase
(Promega Corp.) in a reaction containing 2.5 pl 10X PCR buffer (500
mM KCI, 100 mM Tris-HCI pH 9.0 at 25°C, 1% Triton X-100), 1.5 mM
MgCl,, 0.25 pl ANTP mix (25 mM), 25 ng of each primer, and 2 pl
c¢DNA in a final volume of 25 pl. IFN-y, IL-4, TNFB, and HPRT (as a
control) were synthesized according to Reiner et al. (19) with modifi-
cations. PCR reaction conditions used for all cytokine messages were
as follows: denaturation at 94°C for 40 s, annealing at 55°C for 1 min,
and extension at 72°C for 40 s for 35 cycles followed by an extension
at 72°C for 7 min.

Measurement of cytokines. Supernatant derived from the T cell
line SA was collected 72 h after stimulation with purified GAD or
GADG65 peptide 524-543 for measurement of IL-4 and IFNy and
TNFa/B production. IL-4 and IFNy concentrations were measured by
ELISA using monoclonal antibodies specific for IL-4 or IFNv, re-
spectively (PharMingen). Recombinant IL-4 and IFNvy (Gibco Labo-
ratories) were used for generation of standard curves. TNFa/p activity
was measured based on its cytotoxic effect on Wehi-164 fibrosarcoma
cells, as previously described (20).

Cytotoxic activity. The cytotoxic activity of the SA T cells was
tested against the GADG65 transfectant E8, and the NXA hybridoma
cells (as a control), in calcein-AM retention assays, as described pre-
viously (21, 22). In brief, target cells were washed twice with PBS and
labeled with 3 uM calcein-AM (Molecular Probes Inc., Eugene, OR)
in serum and phenol red-free medium (Gibco BRL) for 40 min at
37°C, washed twice with PBS, and plated into U-bottomed microtiter
plates at a concentration of 2 X 10* cells per well. Labeling efficiency
was initially assessed using a Cytofluor II fluorescence plate reader
(PerSeptive Biosystems, Framingham, MA). Effector cells were added
in effector/target ratios of 80:1, 40:1, and 1:1 in quadruplicate. Phenol
red-free medium was added to a six-well set of target cells for estima-
tion of retention of calcein-AM in medium alone. Maximal lysis was
determined by solubilizing six wells of target cells in lysis buffer (50 mM
sodium borate, 0.1% Triton X-100, pH 9.0). After 4 h incubation at
37°C, the assays were terminated by washing the plates twice, and the
remaining fluorescence was read. Percent specific cytotoxicity was
calculated as follows: % cytotoxicity = ([retention experimental well
— retention maximal lysis]/[retention in medium — retention maxi-
mal lysis]) X 100. Retention values were calculated by normalizing
measured fluorescence with initial labeling efficiency of the same
well.

In vivo adoptive transfer. Female, 7-wk-old NOD/SCID mice
were injected intravenously with 107 SA T cells (n = 12). As negative
controls, NOD/SCID mice were injected with normal saline (n = 4)
or with a Thl-type cloned T cell line specific for ovalbumin OVA3E3
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(n = 3). The latter was done as a separate experiment. The animals
were monitored for glycosuria using Diastix (Bayer, Elkhart, IN) and
diabetes was confirmed by a random blood glucose measurement of
> 13.9 mmol (250 mg/dl). The animals injected with 5A T cells were
killed at the time they became diabetic, which ranged from 4-11 wk
after injection. Two mice were killed 4 and 6 wk after injection, at
which time diabetes was not present.

Histology. The pancreas from diabetic 5A-injected NOD/SCID
mice and control animals were either fixed in 10% buffered formalin,
paraffin-embedded and stained with haematoxylin and eosin (H & E),
or processed for immunocytochemistry, as previously described (23).
After 24 h, the tissue was sucrose-infused, embedded in Tissue Tek
OCT (Bayer), and frozen in isopentane. The H & E sections were ex-
amined microscopically for the presence of insulitis. For immunohis-
tochemistry, 12-pm-thick frozen sections were double-immunola-
beled with a rat anti-CD4 or anti-CDS8 antibody conjugated to FITC
(PharMingen) and a rabbit antiserum directed against the islet anti-
gen ICAS512 followed by L-Rhodamine-conjugated goat-anti rabbit IgG
(Boehringer Mannheim, Indianapolis, IN). These sections were then
examined using confocal microscopy, as previously described (24).

Results

The specificity and MHC restriction of the T cell line 5A, iso-
lated from the splenocytes of a young mouse that developed
diabetes after immunization with affinity purified GAD, is
shown in Fig. 1. 5A T cells proliferate in response to purified
GAD, whereas there was a minimal response to NOD APCs
alone (Fig. 1 A). The clone exhibits a similar proliferative re-
sponse to GADG65 peptide 524-543, but not to a peptide of the
reverse sequence (Fig. 1 A) or to GADG65 peptide 509-528 (data
not shown). The proliferative response is restricted to I-A¥’, as
the cells do not proliferate in the presence of a monoclonal an-
tibody to I-A#’, whereas antibodies to H-2K¢ and H-2DP have
no effect (Fig. 1 B). This MHC restriction was confirmed by

the lack of response when splenocytes from B10.GD mice
(matched with NOD MHC class I but not the MHC class 1T lo-
cus) are used to present GAD (Fig. 1 B). In addition, the SA T
cells proliferate to the GADG65-expressing transfectant, ES, but
not to the control hybridoma, NXA. This response is also IA¢
restricted, as it is blocked by the monoclonal antibody to A%,
but not by antibodies to H-2 K¢ and H-2 D® (Fig. 1 C). The 5A
T cells are CD4+CD8— and express predominantly VB2 and
VB12 as shown by flow cytometry. Furthermore, the cells ex-
press the adhesion molecules a4 integrin, LFA-1, and ICAM-1
(data not shown).

The cytokine profile of SA T cells, as determined by RT-
PCR, shows gene expression of IFNvy, IL4, and TNFB. In su-
pernatants from 5A cells, however, there was a progressive in-
crease in the levels of IFNy, whereas IL4 remained at a low
level after in vitro stimulation with purified GAD (Fig. 2). Fur-
thermore, GAD stimulation enhanced the secretion of TNFa/B
(data not shown). This finding may reflect the presence of a
few Th2 cells in the T cell line. The high level of IFNy indicates
that the cells are predominantly of Th1 type.

Cytotoxic activity of the SA T cells was tested in vitro
against the transfectant expressing GADG65. As shown in Fig.
3, 5A T cells have a significant cytolytic effect on the GAD
transfectant, E8, as compared to the parent hybridoma, NXA,
in calcein-AM retention assays (P < 0.01, ANOVA).

Strikingly, after adoptive transfer of SA T cells into female
NOD/SCID mice, diabetes occurred in 10 of 12 mice (mean
blood glucose in the diabetic mice was 40236 mg/dl) (Fig. 4).
This occurred in the absence of any other cotransferred cells.
None of the mice injected with saline or the control ovalbu-
min-reactive T cells developed insulitis or diabetes (Figs. 4 and
5). Histologic analysis of the pancreatic sections for the mice
given GAD-reactive T cells demonstrated intense insulitis and
islet cell destruction in each of the diabetic mice (Fig. 5 C), and
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Figure 1. Thymidine incorporation proliferation assays. (A) SA T cells proliferate in response to the purified GAD preparation and GAD65
peptide 524-543, but not to a control peptide of reverse sequence to 524-543 (r524-543). (B) The 5A T cells show MHC restriction to I-A#’, as
shown by inhibition of the proliferative response to peptide 524-543, in the presence of an antibody to I-A¥, but not in the presence of antibod-
ies to the NOD MHC class I molecules K¢ and DP. Additionally, the 5A T cells do not respond if B10.GD antigen-presenting cells are used (K%
D'I-AY). (C) 5A T cells proliferate to the GADG65 transfectant E8, but not to the nontransfected control hybridoma NXA. The proliferation is
also inhibited in the presence of antibody to I-A#’, but not in the presence of antibodies to NOD MHC class I molecules K¢ and DP. Proliferation
of SA alone was < 400 cpm, whereas NXA and ES8 alone were < 15,000 cpm. The data in Fig. 1 A—C were generated in separate experiments.

Each value is the mean of triplicate determinations.
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Figure 2. Production of IFN+y and 1L4 in culture supernatant on stim-
ulation of 5A T cells with NOD antigen-presenting cells and increas-
ing GAD concentrations, measured by ELISA.

less severe insulitis in the two nondiabetic mice (data not
shown). Immunocytochemistry was consistent with the pres-
ence of the SA T cell line, as the cells infiltrating the islet
stained with anti-CD4 (Fig. 5 D), but not anti-CD8 (data not
shown).

Discussion

GAD, primarily GAD65, has been shown to provoke an early
immune response in NOD mice (12, 13), and several reports
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Figure 3. Cytolytic effect of SA T cells on the GADG65 transfectant,
ES8, and the control hybridoma, NXA, as measured by calcein-AM re-
tention assays. % cytotoxicity represents mean*standard error of
quadruplicate wells. Black bars, GAD 65 transfectant ES8; striped
bars, nontransfected hybridoma NXA.
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Figure 4. Cumulative incidence of diabetes in NOD/SCID mice after
adoptive transfer with SA T cells alone into NOD/SCID mice (n =
12, closed circles). As controls, OVA3E3 cells (n = 3, open squares)
or saline (n = 4, open circles) were injected into NOD/SCID mice.

have documented the ability of GAD65 or GADG65 peptides
delivered by a variety of routes to tolerize mice and to prevent
the onset of diabetes (12-14, 25). In this report, the injection of
an antigenic mixture containing native GAD65 and GAD67,
instead of preventing diabetes, actually accelerated the onset
of the disease in one of three mice. Although the difference in
outcome may be explained by differences in the composition,
doses, and routes of administration of GAD, the current ob-
servations raise a note of caution. Similar issues have been
raised by a recent report suggesting that autoimmune diabetes
could be induced by oral administration of autoantigen by elic-
iting a cytotoxic T cell response (26). The GAD-reactive T
cells that we isolated from a mouse immunized with GAD are
highly efficient in causing diabetes. It is of interest that the fine
specificity of these T cells has been identified to be GAD65
peptide 524-543, an epitope that has been previously identi-
fied to be dominant in the early phases of disease (12). This
suggests that GAD65-reactive cells, present in young NOD
mice, and which respond to this epitope of GAD65, may well
be important in the early initiating phases of insulitis. The
rapid onset of diabetes after immunization with purified native
GAD might have occurred as a result of the activation and ex-
pansion of such a population of T cells with diabetogenic po-
tential, which are then able to accelerate disease expression. It
is noteworthy that these CD4+ GAD-reactive T cells are able
to induce diabetes in NOD/SCID mice without cotransferred
CD8 T cells.

The mechanism by which CD4 T cells are able to cause dia-
betes in the absence of host or added CDS8 T cells or B cells is
uncertain. Previous studies have documented that other CD4+
islet-reactive T cells are able to adoptively transfer disease (7)
in the absence of host lymphocytes. It seems unlikely, how-
ever, that the mechanism is antigen-specific, as murine islet 8
cells lack MHC class II molecules necessary for antigen pre-
sentation to CD4 T cells (27, 28). Recently, it has been shown
that CD4 T cells can induce apoptosis leading to accelerated
diabetes (29), and since our GAD65-reactive T cells do secrete
TNFao/B and express Fas Ligand and not perforin mRNA (un-
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Figure 5. Histology of representative pancreatic sections from mice after adoptive transfer. No insulitis is seen in mice after transfer of ovalbu-
min specific OVA3E3 T cells (A) or saline (B). Insulitis is seen in the islets of the mice that became diabetic after adoptive transfer of SA T cells
(C). A-C are stained with H & E. Confocal microscopy in a prediabetic mouse is shown in D. The 5A T cells are shown in green, stained with
anti-CD4 antibody conjugated to FITC, while pancreatic islet cells are shown in red, stained with rabbit anti-ICA512 antibody followed by

L-Rhodamine-conjugated goat-anti rabbit IgG.

published data), it is possible that induction of apoptosis
through Fas/Fas ligand interactions or TNFa cells/TNFa re-
ceptor pathway is the mechanism by which 5SA cells damage is-
let B cells and cause diabetes. Certainly, the SA T cells produce
Th1 cytokines that upregulate Fas on islets (30).

The current data provide support for the view that GAD65
autoimmunity has a key role in the pathogenesis of IDDM. Al-
though there is strong evidence indicating that GAD65 might
be a critical autoantigen for the cellular immune response lead-
ing to diabetes, there has been a paucity of data regarding the
function of GAD-reactive T lymphocytes; specifically, whether
they are capable of promoting diabetes. Several distinct cloned
CD4+ T cell lines reactive to recombinant GAD65 that ex-
hibit a Th1 phenotype have been isolated from NOD mice us-
ing a similar immunization protocol as used here (16), but the
in vivo biological effects of these cells has not been reported.
Recently, Schloot et al. reported the generation of several
GADG65 peptide-reactive cloned T cell lines as well (31). None
of these T cells, however, accelerated or adoptively transferred
diabetes (31). Nevertheless, this report clearly establishes that
GAD-reactive T cells have the potential to be diabetogenic. It
should be emphasized that this phenomenon may not be re-
stricted to GAD. It is possible that the activation of Thl cells
specific for other beta cell antigens may also evoke an islet-
directed autoimmune response.
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