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Abstract.

Proliferative response of peripheral blood mononuclear cells (PBMC) to glutamic acid decarboxylase

(GAD), which has been reported in patients with type 1 diabetes, was measured in type 2 diabetes, especially in
patients with antibodies to GAD initially diagnosed as having type 2 diabetes (anti-GAD™ type 2 diabetes). We

studied 12 patients with type 1 diabetes, 22 with anti-GAD™ type 2 diabetes, 31 with type 2 diabetes who were negative
for anti-GAD (anti-GAD™ type 2 diabetes), and 30 healthy control subjects for cellular responses in vitro to GAD.
The mean stimulation index (SI) in response to GAD was significantly higher in type 1 diabetes than in anti-
GAD~ type 2 diabetes or healthy controls (1.47+0.35 vs. 1.11+0.35, P<0.05, and 1.06+0.07, P<0.05, respec-
tively). The mean SI in response to GAD in anti-GAD™ type 2 diabetes was significantly higher than in healthy
controls (1.36+0.50 vs. 1.06+0.07, P<0.05). In anti-GAD™ type 2 diabetes, the mean SI in response to GAD was
significantly higher in patients with alleles susceptible to type 1 diabetes (HLA-DRB1*0405 and 0901) than those
without susceptible alleles (1.55+0.60 vs. 1.12+0.16, P<0.05). All but one patient with a positive response to GAD
had developed insulin deficiency (P<0.01 vs. nonresponders). In conclusion, we observed a significantly greater
proliferative response to GAD in patients with anti-GAD™* type 2 diabetes, especially those with alleles susceptible to
type 1 diabetes, and those responses may be a useful predictive marker for later development of insulin deficiency in

anti-GAD™ type 2 diabetes.
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ALTHOUGH autoantibodies to islet cell antigens
such as glutamic acid decarboxylase (GAD), insulin,
BSA, and ICA512 have been described as useful
markers identifying autoimmune diabetes that pre-
dict later development of type 1 diabetes [1-3], no
definite pathogenetic role has yet been assigned to
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them. Since autoimmune destruction of islet cells is
mediated predominantly through autoreactive T-cells
[4-6], measurement of cellular immune responses
against islet cell autoantigens may be more informa-
tive than serum concentrations of autoantibodies to
the same antigens.

GAD is a major autoantigen in human type 1 dia-
betes [7, 8] as well as in the nonobese diabetic (NOD)
mouse [9-12], a model of type 1 diabetes. Presently,
autoantibodies to GAD (anti-GAD) are the most
useful marker for the diagnosis and prediction of
type 1 diabetes [13-15]. Several recent reports have
identified autoimmune markers such as anti-GAD in
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patients initially diagnosed as having type 2 diabetes
as well as type 1 diabetes, and these type 2 diabetic
patients tended to develop insulin deficiency within a
short period [16-21]. In addition, we have found
that a combination of an immunologic marker (anti-
-GAD) and a genetic marker (HLA-DRBI1) could
more accurately predict progression to insulin
deficiency than either marker alone [22]. Prolifera-
tion of peripheral blood mononuclear cells (PBMC)
in response to GAD has been reported in type 1 dia-
betes [23-26], but no investigations have described
the PBMC response to GAD in type 2 diabetes, es-
pecially in patients with anti-GAD initially diagnosed
as having type 2 diabetes (anti-GAD™* type 2 dia-
betes). We therefore studied the PBMC response to
islet cell antigens, including GAD, in anti-GAD™*
type 2 diabetes. We further evaluated cellular im-
mune response to GAD in anti-GAD™ type 2 diabetes
according to HLA types with and without alleles
susceptible to type 1 diabetes (DRB1*0405 and 0901).
The aim of this study was to determine whether
PBMC response to GAD was enhanced in anti-
GAD™ type 2 diabetes, particularly in patients with
alleles susceptible to type 1 diabetes, and whether
such reactivity could serve as a prognostic marker in
anti-GAD™ type 2 diabetes.

Materials and Methods
Subjects
We studied cellular responses to islet cell antigens

such as GAD, insulin, and BSA in 12 patients with
type 1 diabetes, 22 with anti-GAD™* type 2 diabetes,

and 31 with type 2 diabetes negative for anti-GAD
(anti-GAD ™ type 2 diabetes), as well as in 30 healthy
control subjects (16 men and 14 women; age,
51.4%+10.7 years). Clinical profiles of patients with
type 1 diabetes, anti-GAD™ type 2 diabetes, and anti-
GAD™ type 2 diabetes are shown in Table 1. Addi-
tionally, respective features of anti-GAD™ type 2 di-
abetes with (n=12) and without (n=10) the alleles
susceptible to type 1 diabetes (DRB1*0405 and 0901)
were as follows: BMI, 21.0£3.6 and 21.0=1.2kg/
m?; age, 61.8+15.1 and 63.6+7.2years; age at
onset, 49.9+12.5 and 43.4+6.5 years; duration of
diabetes, 11.8+9.3 and 20.2+t5.3 years; and fast-
ing plasma C-peptide, 0.36+0.31 and 0.38+0.29
nmol/l, respectively. Type 2 diabetes was defined as
well controlled by diet and oral hypoglycemic agents
for at least 1 year, and type 1 diabetes was defined as
ketosis-prone at the time of diagnosis because of in-
sulin deficiency with an abrupt onset. Diabetic
patients studied were all unrelated Japanese, and
were recruited from hospitals in Kyoto, Japan. All
patients gave informed consent to study participa-
tion. Pancreatic beta cell function was evaluated by
the fasting plasma C-peptide concentrations, and in-
sulin deficiency was defined as a fasting plasma C-
peptide concentration less than 0.16 nmol/I1.

Measurement of anti-GAD

In 1998, we remeasured anti-GAD in type 2 dia-
betes found to be positive for anti-GAD from 1995 to
1997. A radioimmunoprecipitation assay with
recombinant human GAD65 and a commercial anti-
-GAD antibody assay kit (Cosmic, Tokyo, Japan)
was used according to the manufacture’s recommen-

Table 1. Clinical profiles of patients with type 1, anti-GAD™* type 2, and anti-GAD~ type 2 diabetes
Type 1 Anti-GAD™ type 2 Anti-GAD~ type 2

Subjects (n) 12 22 31
Males/females (n) 3/9 10/12 13/18
Body mass index (kg/m?) 19.6 = 0.4 21.0+ 2.82 22.0+ 3.32
Age (years) 213 + 7.2 62.5+11.9° 66.9+ 9.8
Age at onset (years) 17.6 £14.9 46.9+10.6° 46.4+10.4°
Duration of diabetes (years) 37 £ 1.6 15.2+ 8.9° 20.5+ 9.5bc
Fasting plasma C-peptide (nmol/L) 0.03+ 0.0 0.4+ 0.3b 0.4+ 0.3

Data are mean*SD. 2 P<0.05 vs. type 1; ® P<0.01 vs. type 1; ¢ P<0.05 vs. anti-GAD™ type 2.
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dation [27]. In brief, we mixed 20 pl of undiluted
test sera and 50 1 of the tracer reagent, 125I-labeled
GAD solution, in a 12 X 75 mm plastic test tube that
was incubated for 2 h at room temperature. We then
added 50 gl of precipitation reagent containing Pro-
tein A for the immunoprecipitation assay. After in-
cubating this mixture for 1 h at room temperature,
we added 1ml of the assay buffer, pelleted the
precipitate by centrifugation at 1500 g for 30 min at
4°C, and aspirated the supernatant liquid. Radio-
activity of the precipitate was then measured in a
gamma counter. The level of GAD antibodies in the
sample was determined by comparison with a
calibration curve. Serum samples were considered
positive if they contained>1U of GAD antibodies,
which is 4 SD above the mean value for 98 heathy
control subjects.

HLA typing

HLA-DRBI1 allele typing was performed by the
polymerase chain reaction-low ionic strength-single
strand conformation polymorphism (PCR-LIS-
SSCP) method of Maruya et al. [28]. Briefly, geno-
mic DNA was extracted from peripheral blood leuko-

cyte. The DNA (100 ng) was amplified by PCR with
1.25 units of Taq DNA polymerase (Perkin-Elmer
Cetus). The second exon of the DRBI1 gene was
amplified using seven sets of group-specific primers.
One microliter of PCR product was added to 20 gl of
LIS solution. The mixture was then incubated and
applied to a polyacrylamide gel, and electrophoresis
was carried out. Single-stranded DNA in the gel was
detected by silver staining.

PBMC proliferative response

Peripheral blood mononuclear cells were isolated
from heparinized whole blood, taken simultaneously
with serum for measurement of anti-GAD, by
Ficoll-Hypaque density centrifugation. Then 1X
105 PBMC per well were cultured in flat-bottom 96-
well tissue culture trays in 100 ¢l of RPMI 1640 con-
taining 10% autologous serum for 7days (95%
air/5% CO,). The cells were incubated with the
following antigens/mitogens in triplicate cultures:
10 1g/ml recombinant human GADG65 (RSR, Cardiff,
UK); 10 pg/ml insulin; 10 p#g/ml BSA; 10 zg/ml
phytohemagglutin (PHA), and 10 #g/ml lipopoly-
saccaride (LPS). PHA and LPS responses were

Table 2. Frequency and levels of cellular immune responses to islet cell
antigens in patients with type 1, anti-GAD™ type 2, Anti-
GAD~ type 2, and healthy controls

Antigen

Subject group GAD Insulin BSA
Type 1

Frequency 6/12 (50)2b 5/12 (42)»¢ 3/12 (25)

Level 1.47+0.3524 1.32+£0.38¢ 1.21+0.48
Anti-GAD™ type 2

Frequency 6/22 27)f 3/22 (14) 3/22 (14)

Level 1.36+0.504 1.15+0.26 1.16+0.28
Anti-GAD™ type 2

Frequency 4/31 (13) 3/31 (10) 4/31 (13)

Level 1.11+0.35 0.99+0.32 1.01+0.30
Control

Frequency 0/30 (0) 0/30 (0) 0/30 (0)

Level 1.06+0.07 0.96+0.09 1.02+0.09

Data are the mean=+SD of stimulation indices.

Frequency values within paren-

theses represent the percentage of positive individuals for the indicated antigen.
a2 P<0.05 vs. anti-GAD™ type 2; * P<0.0005 vs. control; ¢ P<0.005 vs. control;
d p<0.05 vs. control; ¢ P<0.01 vs. anti-GAD™ type 2; f P<0.01 vs. control.
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measured after 4 days.

The procedure for recombinant GAD65 produc-
tion has been described previously [29]. N-termi-
nally modified GADG6S, lacking N-terminal amino
acids (2 to 45 inclusive), was used as a stimulant be-
cause of its stability in solution, whereas affinity-
purified full-length GADG65 tends to precipitate out
of solution. Tetrazolium salt reduction assay (MTT
assay) was performed to measure cell proliferation,
which is known to reproducibly and accurately
quantitate cell number and favorably compare with
[*H] thymidine assay [30]. Briefly, incubated cells
described as above were loaded with 15 gl of MTT
(3-[4,5-dimethylthiazol-2yl]-2,5-diphenyl tetrazolium
bromide) and incubated for a further 4h. One
hundred gl acidified beta-isopropanol was then
added to the medium and the solution was left for 1 h
at room temperature for color development, before
being read by ELISA reader (570 nm filter).

Cellular proliferation was expressed as the stimu-
lation index (SI), equal to mean counts incorporated
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Fig. 1.

in the presence of antigen divided by mean counts
incorporated in the absence of antigen. A positive
cellular immune response was defined as an SI ex-
ceeding the mean plus 4 SD of healthy control
responses for test antigens (1.4 for GAD, insulin, and
BSA stimulation).

Statistical analysis

Analysis of differences between groups was per-
formed using analysis of variance (ANOVA) with
Scheffe’s F test. Chi-squared analysis, with Yates’
correction when appropriate, and Fisher’s exact test
were used to determine the statistical significance of
differences between group frequencies. Relation-
ships between humoral and cellular immune
responses were evaluated by Spearman correlation.
A level of P<0.05 was accepted as statistically sig-
nificant.
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(1A). Proliferation of PBMC in response to GAD in healthy controls and in patients with type 1 diabetes, anti-

GAD™ type 2 diabetes, and anti-GAD™ type 2 diabetes. Dashed lines represent thresholds for positive reactivity. Solid
bars indicate group means. The mean SI to GAD in type 1 diabetes was significantly higher than in anti-GAD~ type 2
diabetes or healthy controls (1.47+0.35 vs. 1.11£0.35; P<0.05, and 1.06+0.07; P<0.05, respectively). The mean SI
to GAD in anti-GAD™ type 2 diabetes was significantly higher than in healthy controls (1.36+0.50 vs. 1.06+0.07;

P<0.05).

(1B). Proliferative responses to GAD in patients with anti-GAD™ type 2 diabetes with (O) alleles susceptible

to type 1 diabetes (HLA-DRB1*0405 and 0901) (S) and without (®) alleles susceptible to type 1 diabetes (Non-S).
The mean SI in response to GAD was significantly higher in anti-GAD™ type 2 diabetes with alleles susceptible to type
1 diabetes than in patients without those alleles (1.55+0.60 vs. 1.12+0.16; P<0.05).
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Results
PBMC proliferative response to islet cell antigens

Proliferative responses of PBMC to various anti-
gens are shown in Table 2. The mean SI to GAD in
type 1 diabetes was significantly higher than in anti-
GAD~ type 2 diabetes or healthy controls. Fur-
thermore, the mean SI to GAD in anti-GAD™ type 2
diabetes was significantly higher than in healthy con-
trols. No differences in proliferative response to
GAD were observed between type 1 diabetes and
anti-GAD™* type 2 diabetes. The proliferative
response to insulin was higher in type 1 diabetes than
in anti-GAD~ type 2 diabetes or healthy controls. In
contrast, no differences in proliferative response to
BSA were observed between groups. We found an

enhanced proliferative response to GAD (SI>>1.4) in
6 of 12 type 1 diabetes (P<0.0005 vs. controls) and in
6 of 22 anti-GAD™ type 2 diabetes (£<0.01 vs. con-
trols). An enhanced cellular response to insulin was
observed in 5 of 12 type 1 diabetes (P<<0.005 vs.
controls). No PBMC of patients with anti-GAD*
type 2 diabetes responded to more than two anti-
gens.

The distribution of the SI in response to GAD in
patients with type 1 diabetes, anti-GAD* type 2 dia-
betes, and anti-GAD~ type 2 diabetes together with
those in healthy controls is shown in Fig. 1A. The
distribution of the SI in response to GAD among
patients with anti-GAD™ type 2 diabetes is compared
between patients with and without alleles susceptible
to type 1 diabetes (DRB1*0405 and 0901) in Fig.
1B. The mean SI in response to GAD was sig-

Table 3. Clinical profiles of patients with anti-GAD™ type 2 diabetes

Disease

Patient Age Age at onset duration 1 sCPR  Current GAD Ab GAD Ab re HLA-DRBI SI
number (years) (years) (kg/m?) (nmol/l) treatment ((9)) ()} genotype
(years)

Responder 1 52 37 15 22 0.03 Insulin 1.1 21 0405/0802 2.88

2 79 52 27 18 0.1 Insulin 1.6 0 0803/0901 2.02

3 38 34 4 21 0.03 Insulin 56 5.4 0901/0901 1.95

4 70 67 3 15 0.1 Insulin 179.6 53.3 0405/0901 1.94

5 60 50 10 23 0.7 Insulin 2.9 34 0901/1501 1.83

6 68 64 4 25 0.03 Insulin 1514 4660 0405/0901 1.65

Nonresponder 7 51 28 23 21 1.1 SU 2.5 0 0101/1502 1.39

8 62 51 11 27 1 SU 2 0 0406/0901 1.37

78 52 26 22 0.13 Insulin 1.8 0.7 1302/1502 1.32

10 63 41 22 21 0.37 SU 3.5 0 1302/1405 1.23

11 66 40 26 19 0.33 Insulin 2.3 0 0803/1501 1.22

12 58 49 9 22 0.37 Insulin 1.9 0 0802/1302 1.18

13 66 45 21 21.5 0.5 SU 2 0 0403/0408 1.18

14 65 44 21 21 0.03 Insulin 1.3 0 0406/1403 1.16

15 60 43 17 20.5 0.23 SU 5 0 1101/1401 1.13

16 59 41 18 16 0.6 SU 1.4 0 0901/0901 1.06

17 64 59 5 19 0.33 SU 1.1 7.6 0405/1302 1.06

18 60 47 13 19 0.53 SU 13.3 0 0802/1202 1.03
19 33 30 3 26 0.3 Insulin 16 9.1 0405/1302 1

20 69 45 24 23 0.17 Insulin 1.3 0 0410/1302 0.97

21 84 67 17 20 0.43 SU 33 20.3 0901/0901 0.95

22 72 57 15 19.5 0.63 SU 6 4 0901/1101 0.94

Responder, patient with a positive cellular response to GAD; sCPR, fasting plasma C-peptide concentration; SU, sulfonylurea;
GAD Ab, original level of antibodies to GAD; GAD Ab re, reexamined level of antibodies to GAD (1998); SI, stimulation index

in response to GAD.
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nificantly higher in anti-GAD™ type 2 diabetes with
alleles susceptible to type 1 diabetes than in patients
without those alleles (1.55%+0.60 vs. 1.12+0.16;
P<0.05). Proliferative response to PHA and LPS
(both positive controls) showed no differences be-
tween groups.

Profile of anti-GAD™ type 2 diabetes

Clinical profiles of patients with anti-GAD* type 2
diabetes are shown in Table 3. All six patients whose
PBMC responded to GAD had alleles susceptible to
type 1 diabetes (DRB1%0405 and 0901). In addition,
all but one patient with a positive cellular response to
GAD had developed insulin deficiency (£<0.01 vs.
cases with a negative response to GAD). All patients
with anti-GAD™ type 2 diabetes without alleles sus-
ceptible to type 1 diabetes were negative for anti-
GAD in 1998. No significant relationship was seen
between humoral and cellular immune response to
GAD (P=0.285, Fig. 2).
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Fig. 2. Relationship between levels of anti-GAD and stimu-
lation indices in response to GAD antigen in patients
with anti-GAD* type 2 diabetes with (O) and
without (@) alleles susceptible to type 1 diabetes.
The lines represent thresholds for positive reactivity.
No significant relationship was seen between humoral

and cellular immune response to GAD (P=0.285).

Discussion

Several previous reports have described cellular
immune response to islet cell antigens such as GAD,
insulin, BSA, and others in patients with type 1 dia-
betes. To our knowledge, no reports have addressed
cellular immune response to islet cell antigens in type
2 diabetes, especially in patients with anti-GAD.
Autoimmune destruction of islet cells is mediated
predominantly through autoreactive T cells, and
measurement of cellular immune response against
islet cell autoantigens may be more informative than
determining the level of autoantibodies to these anti-
gens, even though anti-GAD have been identified as a
useful predictive marker for subsequent development
of insulin deficiency in patients with type 2 diabetes.
Accordingly, we first evaluated cellular immune
response to GAD in anti-GAD™ type 2 diabetes,
finding it to be increased in anti-GAD™ type 2 dia-
betes as well as type 1 diabetes, especially in patients
with alleles susceptible to type 1 diabetes (DRBI1
*0405 and 0901).

Brooks-Worrell et al. investigated whether type 2
diabetes positive for islet autoantibodies have PBMC
responses to islet proteins [31]. They reported that
anti-GAD™ type 2 diabetes also demonstrated PBMC
responses to islet proteins, but overall magnitude of
the responses to blot sections was significantly less in
anti-GAD™ type 2 diabetes compared with that of
type 1 diabetes. In our study, PBMC of patients
with anti-GAD™ type 2 diabetes responded to GAD,
one of the major antigens in islet proteins, but not to
insulin and BSA. The magnitude of the responses to
GAD was similar in anti-GAD™ type 2 diabetes
compared with type 1 diabetes, which might be due
to long duration after onset of type 1 diabetes
(3.7%1.6 years) compared with the subjects (within
1 year after onset) in their report.

Interestingly, all six patients whose PBMC
responded to GAD had alleles susceptible to type 1
diabetes. In addition, all but one of them with
positive response to GAD had developed insulin
deficiency. One non-insulin deficient anti-GAD™*
type 2 diabetes with enhanced response to GAD had
a unique history. He had been treated with low-dose
insulin in the early stage of illness, which may have
protected him from development of insulin deficiency
as previously reported [32]. Another speculation
might be that this patient had a dominantly acting
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protective allele (DRB1*1501) in addition to the sus-
ceptible allele.

We have previously reported that a combination of
an immunologic marker (anti-GAD) and a genetic
marker (HLA-DRBI1) has exceptional prognostic
value for anti-GAD™ type 2 diabetes. Moreover,
cellular immune response to GAD may be predictive
for development of insulin deficiency in anti-GAD*
type 2 diabetes. This marker may be useful in
selecting patients for immunotherapy aimed at
preventing autoimmune destruction of insulin pro-
ducing islet beta cells [33, 34].

Anti-GAD™ type 2 diabetes responded only to
GAD, while type 1 diabetes responded to insulin as
well as GAD. This finding is compatible with previ-
ous data, although there exists the difference between
cellular and humoral autoimmunity and cellular im-
munity was reported to be predominant [35], sug-
gesting that patients who are positive for two or more
antibodies (such as anti-GAD, insulin autoanti-
bodies, and IA-2 autoantibodies) are at higher risk
for development of type 1 diabetes [17, 36-38].

We used a nonradioactive MTT assay to determine
cellular response to islet cell antigens. SI values
above the cutoff were somewhat lower than the con-
ventional proliferation assay using radioactive [*H]
thymidine, while the MTT assay is advantageous be-
cause it produces stable data and is nonradioactive,
giving results that compare favorably with those of
[*H] thymidine assays [30].

In the present study, a stable recombinant human
GADG6S5 of nearly full-length was used to stimulate
PBMC. We plan to evaluate PBMC proliferative
response to GAD peptide according to HLA in the
future.

Surprisingly, all anti-GAD* type 2 diabetes
without alleles susceptible to type 1 diabetes had
become negative for anti-GAD instead of maintain-
ing persistent levels in patients with alleles susceptible
to type 1 diabetes. The low-grade nature of the im-
mune response to GAD may lead to beta cell preser-
vation in anti-GAD™ type 2 diabetes without suscep-
tible alleles.

Instead of an inverse correlation of levels of anti-
-GAD and proliferative responses to GAD antigen as

observed in first-degree relatives of type 1 diabetes by
Harrison et al. [35], we found no correlation between
levels of anti-GAD and SI to GAD antigen in anti-
GAD™ type 2 diabetes.

Enhanced proliferative responses to GAD were
observed even in some anti-GAD™ type 2 diabetes,
which suggests either that the cellular immune
response is a more sensitive marker than autoanti-
bodies test or that these previously positive patients
turned negative for anti-GAD instead of experiencing
ongoing autoimmune islet cell destruction. Prolifer-
ative responses to islet cell antigens have been
reported even in control subjects. We found no
proliferative responses in controls, possibly because
of population differences. Autoimmune diabetes is
less prevalent in Japan than in Western countries
[39].

Vaarala et al. have reported that the median SI to
beta-lactoglobulin did not differ significantly accord-
ing to HLA-DQBI risk alleles in type 1 diabetes [40].
In contrast, our data clearly demonstrated an en-
hanced cellular immune response to GAD in anti-
GAD™ type 2 diabetes with certain HLA-DRBI al-
leles. The reason for the difference is unclear, but it
may involve differences in clinical features of dia-
betes, HLA type, or islet cell antigens used for
stimulation.

Unfortunately our study was cross-sectional in
nature, and prospective longitudinal studies will be
needed to clarify our observations. However, to our
knowledge, they represent the first characterization
of cellular immune response to islet cell antigens,
especially GAD, in anti-GAD™ type 2 diabetes. Re-
cently a new classification of diabetes mellitus has
been proposed by the American Diabetes Association
[41], and it will be interesting to evaluate HLA type
and cellular immune responses to islet cell antigens in
subclassification of autoimmune diabetes mellitus.

In conclusion, we observed a significantly greater
proliferative response to GAD in patients with anti-
GADT type 2 diabetes, especially those with alleles
susceptible to type 1 diabetes. Cell responses appear
to be a promising predictive marker for later de-
velopment of insulin deficiency in anti-GAD™ type 2
diabetes.
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