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Summary

Programmed cell death-1 (PD-1) is a co-stimulatory molecule that
inhibits T cell proliferation. We aimed to clarify PD-1 expression in
CD4" T cells and the association between PD-1 expression and the
7785C/T polymorphism of PDCDI, with a focus on the two subtypes of
type 1 diabetes, type 1A diabetes (T1AD) and fulminant type 1 diabetes
(FT1D), in the Japanese population. We examined 22 patients with
T1AD, 15 with FT1D, 19 with type 2 diabetes (T2D) and 29 healthy
control (HC) subjects. Fluorescence-activated cell sorting (FACS) and
real-time PCR were utilized to analyse PD-1 expression quantitatively.
Genotyping of 7785C/T in PDCDI1 was performed using the TagMan
method in a total of 63 subjects (21 with T1AD, 15 with FT1D and 27
HC). FACS revealed a significant reduction in PD-1 expression in CD4"
T cells in patients with T1IAD (mean: 42 vs. 6:0% in FT1D, P = 0-0450;
vs. 5:8% in T2D, P = 0-0098; vs. 6:0% in HC, P =0-0018). PD-1 mRNA
expression in CD4" T cells was also significantly lower in patients with
T1AD than in the HC subjects. Of the 63 subjects, PD-1 expression was
significantly lower in individuals with the 7785C/C genotype than in those
with the C/T and T/T genotypes (mean: 4-1 vs. 5-:9%, P =0-0016). Our
results indicate that lower PD-1 expression in CD4" T-cells might
contribute to the development of TIAD through T cell activation.
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Introduction

Type 1 diabetes results from absolute insulin deficiency.
According to the classifications of the American Diabetes
Association, the World Health Organization and the Japa-
nese Diabetes Society, type 1 diabetes is divided into two
subcategories: autoimmune type 1 (type 1A) diabetes and
idiopathic type 1 (type 1B) diabetes [1-3]. There are sev-
eral lines of evidence indicating that T cell-dependent
autoimmunity plays a critical role in destructing insulin-
producing pancreatic beta cells in TIAD [4,5]. For exam-
ple, T lymphocyte infiltration has been observed in pan-
creatic tissue upon autopsy of patients with TIAD [6,7].
Additionally, islet reactive T cells have been detected in
the peripheral blood of patients with TIAD [8,9].

FT1D is a subtype of type 1 diabetes characterized by
markedly rapid disease progression within an average of
several days and almost complete insulin deficiency
resulting from the destruction of pancreatic beta cells
[10,11]. This variant accounts for approximately 20% of

acute onset type 1 diabetes cases in Japan [10]. Macro-
phages and T cells are detected as the main components
of the infiltrates in the islets as well as in exocrine pan-
creas, but islet-related autoantibodies are usually negative
[12,13].

Programmed cell death-1 (PD-1) is a member of the
B7-CD28 family and is one of the core co-stimulatory mol-
ecules, like cytotoxic T lymphocyte antigen-4 (CTLA-4),
delivering critical inhibitory signals regulating the T cell
response and maintaining peripheral tolerance. PD-1
expression can be induced not only in T cells but also in
immunocytes, CTLA-4
restricted only to T cells, suggesting that PD-1 plays a
broader role in immune suppression [14,15]. Moreover, it
has been suggested that PD-1 inhibits T cell activation
more potently than CTLA-4 in analyses of the expression
levels of T cell transcription by CD3/CD28/PD-1- or CD3/
CD28/CTLA-4-coated beads stimulation [16]. Therefore,
inhibiting the PD-1 pathway would result in excessive T
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Table 1. Clinical characteristics

Low PD-1 expression in TTAD

Type 1A

Fulminant type 1 Type 2

Healthy control

) ) . ) P-value
diabetes (T1AD) diabetes (FT1D) diabetes (T2D) subjects (HC)

n 22 15 19 29
Gender (male/female) 5/17 8/7 12/7 12/17 n.s.*
Age (years) 42 (18-77) 55 (27-72) 62 (44-71) 43 (25-63) 0-0003**
Disease duration (years) 7-8 (1-5-33-0) 57 (0-4-9-3) 8:0 (0-1-32-0) n.d. n.s.*
HbAlc (%) 79 (5-8-9-7) 74 (6:6-9:5) 94 (6:4-13-9) n.d. 0-0459**
Serum C-peptide (ng/ml) 0-01 (<0-01-2-18) 0-04 (<0-01-0-06) n.d. n.d. n.s.**
GAD/IA-2 antibody positive (%) 100/18-2 (n=6) 6-67/0 0/n.d. n.d./n.d.

Median (range). *P-values were calculated by Fisher’s exact probability test. Bonferroni’s correction of multiple comparison was made to the

level of significance (P < 0-05/6). **P-values were calculated by Kruskal-Wallis test. GAD = glutamic acid decarboxylase; HbAlc = glycated hae-

moglobin; IA-2 = insulinoma-associated antigen-2; n.d. = not determined; n.s. = not significant.

cell proliferation, failure of tolerance and autoimmune
activation.

The role of PD-1 in human autoimmune diseases, such
as T1AD, has been studied using animal models. PD-1
deficiency was shown to accelerate the onset and fre-
quency of T1AD in non-obese diabetic (NOD) mice [17].
Destructive insulitis was observed in these mice, character-
ized by increased infiltration of CD4" and CD8" T lym-
phocytes into the islets compared with wild-type NOD
mice. PD-1 deficiency in antigen-specific CD4" T cells in
NOD mice resulted in increased T-cell numbers in the
spleen, pancreatic lymph nodes and pancreas, and induced
T1AD [18]. However, little has been reported on the role
of the PD-1 pathway in patients with type 1 diabetes.

The contribution of human leucocyte antigen (HLA)
genes, particularly class II DR and DQ genes, to suscepti-
bility to T1AD is well known [19]. Regarding non-HLA
genes, variable-number tandem repeats in the insulin
gene, CTLA-4 and PTPN22, are also well known. Recently,
several reports have demonstrated that polymorphisms in
the PD-1 gene, PDCDI, are associated with T1AD
[20-27]. We previously identified four sequence variants
in PDCDI (834D/I, 7625C/T, 7785C/T and 8185[TGC],)
and clarified the contribution of PDCDI to genetic sus-
ceptibility to T1AD in the Japanese population [22]. Of
these variants, the 7785C/T (PD-1-5: rs2227981) polymor-
phism was shown repeatedly to exhibit a protective effect
against the development of TIAD [21,23,24,26,27].

Based on these findings, the present study was per-
formed to clarify PD-1 expression in CD4" T cells in
patients with T1AD, FT1D and T2D as well as healthy
controls (HC), with special reference to 7785C/T poly-
morphism in PDCDI.

Methods

Study population and design

We studied 22 patients with TIAD, 15 with FT1D, 19 with
T2D and 29 HC (Table 1). Patients with GAD and/or IA-2

antibodies and insulin dependency were diagnosed with
type 1A diabetes [1]. Fulminant type 1 diabetes was diag-
nosed according to the established criteria [28]. There was
a significant difference in age between each of the four
groups and in HbAlc between subjects with T1AD, FT1D
and T2D. All patients with type 1A and fulminant type 1
diabetes were controlled appropriately with multiple daily
insulin injections and did not exhibit acidosis at the begin-
ning of the study. HbAlc values (%) were expressed as the
National ~ Glycohemoglobin  Standardization Program
(NGSP) value [29].

This study was approved by the ethics committee of
Osaka Medical College. All patients and HC provided
written informed consent.

Fluorescence activated cell sorter (FACS) analysis

Peripheral blood mononuclear cells (PBMCs) were
obtained from fresh whole blood via density gradient cen-
trifugation (Lymphoprep; Axis-Shield PoC AS, Oslo, Nor-
way), then washed twice in phosphate-buffered saline
(PBS) via density gradient centrifugation and subjected
immediately to cellular staining without blood cell
preservation.

A total of 1 X 10° PBMCs per tube were aliquoted and
incubated with 20 pl of each test antibody or the respective
isotype control. The cells were stained with the following
antibodies: phycoerythrin (PE) anti-CD279 (PD-1) (clone
MIH4) and peridinin chlorophyll protein (PerCP) anti-
CD4 (clone SK3) (BD Bioscience, San Jose, CA, CA). The
following isotype control antibodies were used: PE mouse
immunoglobulin (Ig)Gl, k (clone MOPC-31) and PerCP
mouse 1gGl, ¥ (clone MOPC-31) (BD Biosciences). After
surface staining for 30 min at 4 °C in the dark, the cells
were washed twice with PBS. The stained cells were subse-
quently analysed by FACS (BD FACSAria™). Each sample
had gates set separately according to isotype controls for
PD-1 in our study. In all samples, gates were set so that neg-
ative controls stained uniformly <0-5% as false positive
cells (Fig. 1c). A sample from a single healthy subject was
used as a control every time to confirm the accuracy. At
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Fig. 1. Fluorescence activated cell sorter (FACS) analysis of programmed cell death-1 (PD-1) in peripheral CD4™ T cells. Representative plots

showing one healthy control sample gated on lymphocytes (a) showing CD4 (b) and staining for PD-1 (d) as well as the isotype control (c).

least 10,000 events were acquired for each sample. The fre-
quency of CD4"PD-1" T cells was calculated as a percent-
age of the total CD4 " T cell population.

RNA isolation and quantitative real-time PCR

PBMCs were separated using lymphocyte separation
medium (Lymphoprep) and washed twice in PBS via den-
sity gradient centrifugation. CD4" T cells were isolated
from PBMCs using anti-CD4 monoclonal antibody mag-
netic beads (BD IMag™ Human CD4 T Lymphocyte
Enrichment Set DM; BD Biosciences). Using FACS, the
purity of the magnetic beads-isolated CD4" T cells was
greater than 97-6%. Total RNA was extracted from CD4"
T cells using the RNeasy MiniKit (QIAGEN, Tokyo,
Japan), and first-strand cDNA was synthesized using the
SuperScript VILO ¢cDNA Synthesis Kit (Life Technologies
Corporation, Carlsbad, CA, USA). We quantified PD-1

mRNA expression via the TagMan real-time PCR method
(StepOnePlus™; Applied Biosystems, Foster City, CA,
USA). Each specimen was analysed in duplicate. We used
TaqMan® gene expression assays (Assay ID no.
Hs01550088_m1 and Assay ID no. Hs99999901_sl;
Applied Biosystems) to confirm the quantification of
PDCDI and 18S expression. The gene expression level
was reported as the relative ratio of PDCDI expression to
that of the internal control (18S gene).

Genotyping for the 7785C/T polymorphism

We extracted DNA from PBMCs from the patients and
the healthy controls using the Blood and Cell Culture
DNA Midi Kit (QIAGEN). Genotyping for the 7785C/T
polymorphism was performed in 63 subjects (21 patients
with T1AD, 15 with FT1D and 27 HC) using the TagMan
method with the StepOnePlus Real-Time PCR System
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(Applied Biosystems) and TagMan®

Assays.

SNP Genotyping

Statistical analysis

Fisher’s exact probability test was performed for gender
comparison. Bonferroni’s correction of multiple compari-
son was made to the level of significance (P < 0-05/6).
Kruskal-Wallis  tests were performed for multiple
comparisons in age, disease duration, HbAlc and serum
C-peptide.

Differences in PD-1 protein and mRNA expression in
peripheral CD4" T cells were assessed using the two-
tailed unpaired Student’s t-test and the Mann—Whitney
U-test, respectively. The significance of the differences in
the distribution of alleles and genotypes between the
patients with T1AD or FT1D and HC was determined
using Fisher’s exact probability test. P-values of less than
0-05 were considered significant.

Results

PD-1 expression in CD4" T cells

Figure 1a—d shows a representative FACS result on the fre-
quency of CD4"PD-17 T cells in HC. Figure 2 shows that
there was a significant reduction in the frequency of
CD4"PD-1" T cells in patients with T1AD (mean: 4-2%)
compared with patients with FT1D (mean: 6-0%, P = 0-045),
patients with T2D (mean 5-8%, P = 0-0098) and the HC
(mean: 6:0%, P = 0-0018).
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Fig. 2. Programmed cell death-1 (PD-1) expression in peripheral
CD4™" T cells as determined by fluorescence activated cell sorter
(FACS). The data represent PD-1 expression in CD4" T cells from
patients with type 1A diabetes (T1AD, circles), fulminant type 1
diabetes (FT1D, squares) or type 2 diabetes (T2D, upward-facing
triangles) or healthy control subjects (HC, downward-facing
triangles). The bars represent the mean.

Low PD-1 expression in TTAD

There were no significant correlations between the fre-
quency of PD-1 expression and various clinical character-
istics, including age, disease duration, HbAlc levels and
serum C-peptide levels (data not shown). In patients with
T1AD, there was also no significant correlation between
the frequency of PD-1 expression and their duration of
diabetes (data not shown).

PD-1 mRNA expression in CD4" T cells

There was a significant reduction in PD-1 mRNA levels
in patients with TIAD (median: 0-584) compared to HC
(median: 1-877, P = 0-0023), but not to those with FT1D
(median: 0-6096, n.s.) (Fig. 3).

Frequency of the 7785C/T genotype and allele

We then analysed the association between each genotype
and PD-1 expression in CD4" T cells. Of the 63 subjects
whose 7785C/T genotype in PDCDI was examined, the
frequency of CD4"PD-1" T cells was significantly lower
in subjects with the C/C genotype than in those with the
C/T and T/T genotypes (mean: 4-1 versus 5-9%,
P=0-0016) (Fig. 4).

Of the 63 subjects, the 7785C/C, C/T and T/T geno-
types were present in 33 subjects (52-4%), 21 subjects
(33-0%) and nine subjects (14-3%), respectively. Of the 21
subjects with T1AD, these genotypes were present in 13
(61:9%), 6 (28-:6%) and 2 subjects (9-5%), respectively. Of
the 15 subjects with FTID, they were present in 7
(46:7%), 6 (40-0%) and 2 subjects (13-3%), respectively.
Of the 27 HC, they were present in 13 (48:2%), 9
(33:3%) and 5 subjects (18-5%), respectively. No signifi-
cant differences in the allele and genotype frequencies of
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Fig. 3. Programmed cell death-1 (PD-1) mRNA expression in
peripheral CD4™ T cells. PD-1 mRNA expression was quantified in
CD4™" T cells from patients with type 1A diabetes (T1AD, circles) or
fulminant type 1 diabetes (FT1D, squares) or healthy control subjects
(HC, downward-facing triangles). The bars represent the median.
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Fig. 4. The association between the 7785 C/T polymorphism and
programmed cell death-1 (PD-1) expression in CD4" T cells (%)
among total subjects. PD-1 expression in CD4™ T cells was
determined in subjects with the 7785 C/C genotype (circles) and C/
T and T/T genotypes (squares). The bars represent the mean.

the 7785C/T polymorphism were observed among the
patients with TIAD, FT1D and HC (Supporting informa-
tion, Table S1).

Discussion

The present study revealed that the frequency of
CD4"PD-1" T cells was significantly lower in patients
with TIAD compared to patients with FT1D, T2D and
HC. The frequency of CD4"PD-1" T cells was signifi-
cantly lower in patients with the C/C genotype than in
those with the C/T and T/T genotypes.

Low PD-1 expression in patients with T1AD might
increase T cell proliferation and activation, leading to the
destruction of beta cells, as shown in mouse models
[17,18], providing a possible common mechanism underly-
ing human autoimmune diseases. For example, PD-1
expression on CD4" T cells in peripheral blood was signif-
icantly lower in patients with rheumatoid arthritis and sys-
temic lupus erythematosus [30,31]. In multiple sclerosis
patients, increased expression of PD-1 was associated with
disease remission  [32]. Various autoimmune diseases
occurred in PD-1 knockout mice (PDCD1”~ mice) as a
result of their genetic background. C57BL/PDCDI”~ mice,
BALB/c PDCDI”~ mice and NOD-PDCDI™~ mice develop
lupus-like glomerulonephritis and arthritis, dilated cardio-
myopathy and T1AD, respectively [17,33,34].

The 7785C/T polymorphism is located in exon 5, and the
phenotype of this synonymous (Ala268Ala) polymorphism
would be associated with alteration in the level of PDCDI
expression via linkage disequilibrium with other PDCDI
polymorphisms that may lead to an alteration in gene tran-
scription  [35,36]. Although the 7785C/T polymorphism
could play some role in the development of T1AD
[21,23,24,26,27], it is unclear whether the allelic variation of

7785C/T contributes to the function of PD-1 in TI1AD. In
this study, when all 63 subjects were taken into account, the
frequency of CD4"PD-1" T cells was decreased significantly
in subjects carrying the 7785C/C genotype, but not so when
only patients with TIAD were analysed (data not shown).
Further studies are warranted to clarify the association
between decreased PD-1 expression in patients with T1IAD
and PDCDI. Gene-gene interactions, such as those between
PDCDI and class II HLA genes, or interactions between
7785C/T and the other PD-1 polymorphisms (834D/I,
7625C/T and 8185[TGC],) should be evaluated by stratify-
ing the patients included in our study.

PD-1 and CTLA-4, both of which act as inhibitory mole-
cules in T cell proliferation, might be associated with the
differences in the aetiology between T1AD and FT1D. In
the present study, low expression of PD-1 was shown to be
associated with T1AD. Previously, we reported that CTLA-4
expression was significantly lower in patients with FT1D,
but not with TIAD [37]. The role of PD-1 and CTLA-4 in
the pathogenesis of type 1 diabetes needs further evaluation.

This study has a limitation. Disease duration was differ-
ent among patients with TIAD in our study. We did not
perform longitudinal analysis; however, there was no sig-
nificant correlation between the duration of diabetes and
the frequency of PD-1 expression in patients with T1AD.

In conclusion, PD-1 expression in peripheral CD4" T
cells was decreased in Japanese patients with TIAD com-
pared with patients with FT1D, T2D and HC. Lower PD-
1 expression in CD4" T cells might contribute to the
development of T1AD.
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