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Abstract Type 1 diabetes (T1D) is perceived as an auto-

immune disease caused by T cell-mediated destruction of

the insulin-producing pancreatic b cells. However, the

number of inflammatory T cells in blood, as well as the

relative importance of each cell type is unclear. Forty-two

patients with T1D and 30 controls were enrolled. Circulating

primary CD4? or CD8? T cells were quantified with 5-color

flow cytometry. Serum IL-22 and IL-17 levels were exam-

ined by ELISA. Serum autoantibodies were measured by

radio-binding assays, using 35S-labeled glutamic acid

decarboxylase-65 (GAD65), protein tyrosine phosphatase-2

(IA-2), and zinc transporter 8 (ZnT8). Th17–Th22 and Tc1–

Tc17 were significantly elevated in patients with T1D

compared to control subjects, while there were no significant

differences in Th1 cells. The levels of these T cells in dif-

ferent stages of T1D were investigated. Th22 cells showed a

positive correlation with Th17 cells in T1D patients. How-

ever, we did not find any correlation between IL-17 and IL-

22 in sera. Autoantibodies were not significantly different

between patients with early T1D and those who have had it

for a longer duration. This study indicates that Th22 may

contribute to the pathogenesis of T1D. Blockade of Th22

cells might be of clinical profit in T1D patients.
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Introduction

Type 1 diabetes (T1D) occurs as a consequence of a

breakdown in immune regulation, resulting in the expan-

sion of autoreactive CD4? and CD8? T cells and

destruction of the insulin-producing b-cells [1]. Animal

models of autoimmune diabetes have indicated that IFN-c-

secreting Th1 cells are key players in the destruction of b
cells as activators of cytotoxic CD8? cells. More recently,

Th17 immunity has been demonstrated in the development

of autoimmune diabetes in NOD mice [2, 3] and humans

[4]. Th17 cells are inflammatory CD4? T cells that produce

IL-17 [5]. IL-17 has detrimental effects on human islet

cells via inflammatory responses [4]. It also mediates sig-

nificant and reproducible enhancement of IL-1b/IFN-c-

induced and TNF-a/IFN-c-induced apoptosis in human

islets [6]. Circulating IL-17(?) b-cell-specific autoreactive

CD4? T cells are a feature of type 1 diabetes diagnosis [6,

7]. Th22 cells differ from Th17 and Th1 cells in their

differentiation and function as they express low or unde-

tectable Th17 and the Th1-associated transcription factors

RORct and T-bet. Notably, the Aryl hydrocarbon receptor

(AHR) has been shown to be required for IL-22 production

[8, 9]. This subset of IL-22-producing cells may participate

in the pathology of inflammation, tumors, and autoimmune

diseases [10–13]. However, there is no data about Th22

cells in patients with T1D.

Recent evidence indicates that CD8? T cells express

functions that extend beyond Ag-specific cell cytotoxicity.

Type I CD8? cytotoxic T (Tc1) cells secrete IFN-c and kill

targets by either perforin or Fas-mediated mechanisms,

whereas type II CD8? cytotoxic T cells secrete IL-4, IL-5,

and IL-10, and kill targets predominantly through the

perforin pathway. Notably, a subset of CD8? T cells has

recently been identified that is characterized by the
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expression of the transcription factor retinoic acid-related

orphan receptor (ROR)ct and the production of IL-17 [14].

These cells have been termed Tc17 cells, despite being

remarkably noncytotoxic with little expression of gran-

zyme B, perforin, and Fas ligand [14, 15]. Tc17 cells have

been identified during various inflammatory conditions that

range from infection to cancer and autoimmunity [16–18].

In patients, CD8? T cells producing IL-17 can be identified

in chronic inflammatory lesions such as psoriatic lesions

[19] and multiple sclerosis plaques [18]. At present, plas-

ticity of the Tc17 lineage could be associated with transi-

tion to overt disease in this experimental model of T1D

[20].

In this study, 5-color flow cytometry was used to iden-

tify and quantify Th1, Th17, Th22, Tc1, and Tc17 cells

among circulating primary CD4? or CD8? T cells isolated

from individuals at different stages of T1D. We also

investigated their correlations in T1D. The prevalence of

autoantibodies was also analyzed.

Materials and methods

Patients

A total of 42 patients with T1D were enrolled in the study.

This group consisted of 24 females and 18 males, with

mean ± SD disease duration of 7.26 ± 6.69 years. The

mean age of the patients was 23.63 ± 12.00 years. The

diagnosis was based on the criteria of World Health

Organization and American Diabetes Association. 30 age-

and gender-matched healthy volunteers were recruited as

controls. There were 14 females and 16 males, ranging

from 25.43 ± 2.19 years. All of the control subjects were

free of a history of T1D or autoimmune diseases. All

subjects gave informed consent, and the study was

approved by the relevant ethics committees.

Islet autoantibody determination

Serum autoantibodies were measured by radio-binding

assays, using 35S-labeled glutamic acid decarboxylase-65

(GAD65), protein tyrosine phosphatase-2 (IA-2), and zinc

transporter 8 (ZnT8). As previously described [21], anti-

body levels were expressed as a relative immunoprecipi-

tation index, which is defined as (sample - negative

control)/(positive control - negative control). The cut-off

for positivity for GADA, IA2A, and ZnT8A was defined as

a value above 0.015, 0.048, and 0.018, respectively, based

on the 99th percentile of 102, 315, and 218 healthy control

subjects (non-diabetic individuals without known autoim-

mune disease and no family history of diabetes).

Intracellular staining

Human peripheral blood mononuclear cells (PBMCs) were

isolated by LymphoprepTM (Nycomed, Pharma AS, Oslo,

Norway) gradients according to the manufacturer’s proto-

col. PBMCs were stimulated with PMA (25 ng/ml) and

ionomycin (1 lg/ml) (Sigma-Aldrich) for 5 h. GolgiStop

(BD Biosciences, San Jose, CA, USA) was added for at

least the last 4 h of T cell activation of PBMCs, and then

PBMCs were stained for surface Ags using anti-CD3 APC-

eFluor� 780(eBioscience, San Diego, USA) and Anti-

CD8a FITC (eBioscience, San Diego, USA), at room

temperature for 30 min, respectively. After washing, cells

were fixed and permeabilized using the Cytofix/Cytoperm

Plus Fixation and Permeabilization Kit (BD Biosciences).

Intracellular IFN-c, IL-17, and IL-22 were stained with

anti-IFN-c-PerCP-Cy5.5 (eBioscience, San Diego, CA,

USA), anti-Human IL-17A PE (eBioscience, San Diego,

CA, USA), and anti-IL-22-eFluor� 660 (eBioscience, San

Diego, CA, USA). Appropriate isotype controls were used

to determine specific binding for each fluorescent channel:

IgG1-PerCP-Cy5.5 (eBioscience, San Diego, CA, USA),

IgG1-PE (eBioscience, San Diego, CA, USA), and IgG-

eFluor� 660 (eBioscience, San Diego, CA, USA).

Enzyme-Linked ImmunoSorbent Assay (ELISA)

The concentrations of sera IL-17 and IL-22 from patients

and healthy controls were determined using ELISA kits,

according to manufacturers’ instructions (eBioscience, San

Diego, USA).

Statistical Analysis

GraphPad PRISM 5.0 Software was used for statistical

analysis (GraphPad Software, Inc., San Diego, CA, USA).

Values were expressed as mean ± SD according to their

distribution. Student’s unpaired t test was performed over

all statistically significant changes between two groups.

Correlations between variables were determined by Pear-

son’s correlation coefficient. P \ 0.05 was considered to

be statistically significant.

Results

We analyzed the frequency of Th and Tc cells based on

cytokine patterns by intracellular staining. Th and Tc cells

were defined as CD3?CD8- T cells and CD3?CD8? T

cell, respectively. Recent study showed the role of IL-17

immunity in pathogenesis of human T1D [4]. Thus, we

detected the levels of Th17 cells in our patients. Remark-

ably, the percentage of Th17 (IL-17?) subsets from T1D
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patients was significantly increased when compared to

controls (5.62 ± 1.82 vs. 0.66 ± 0.32, P \ 0.0001)

(Fig. 1a, b). The duration of T1D in patients was divided

into three groups (\5 years, 5–10 years, and [10 years).

There were no differences in these 3 groups in Th17 cells

(Fig. 1c). We found no significant difference in the

upregulation of Th1 (IFN-c?IL-17-) cells among patients

of different T1D durations and the healthy controls

(Fig. 1c). However, the total percentage of Th1 cells was

slightly decreased in diabetic patients (17.38 ± 5.29 vs.

20.16 ± 6.33, P = 0.0413) (Fig. 1b).

In the CD8? T cell subsets, both the Tc1 (IFN-c?IL-

17-) and Tc17(IL-17?) cells were significantly increased

in T1D patients compared with healthy controls

(16.49 ± 4.67 vs. 12.70 ± 5.41, P = 0.0034, 2.44 ± 0.82

vs. 1.61 ± 0.55, P \ 0.0001) (Fig. 2a, b). The level of Tc1

cells did not change during the disease progress (Fig. 2c).

The percentages of Tc17 cells were higher in patients who

had T1D for less than 5 years. The level of Tc17 cells

decreased in patients who had T1D for more than 5 years

(P = 0.03). They were not significantly elevated after

10 years (Fig. 2c).

Fig. 1 The percentages of Th1 and Th17 cells in peripheral blood of

patients with T1D. Peripheral blood mononuclear cells (PMBCs)

from T1D patients (n = 42) and healthy controls (n = 30) were

stained with labeled antibodies as described in Methods. a Represen-

tative dot plots of CD3?CD8-IFN-c?IL-17- and CD3?CD8-IL-17?

cells in different groups of samples. At least about 20,000 events were

analyzed for each sample. b CD3?CD8-IFN-c?IL-17- and

CD3?CD8-IL-17? cells were compared between T1D patients and

healthy controls. c The percentages of circulating Th1 and Th17 cells

from T1D in different durations. Each data point represents an

individual subject. The bars indicate the mean values. * P \ 0.05,

*** P \ 0.001
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The percentages of Th22 cells (IL-22?IL-17-) were

increased in T1D patients compared to healthy controls

(1.08 ± 0.66 vs. 0.49 ± 0.26, P \ 0.0001) (Fig. 3a, b).

The highest percentages of Th22 cells were found in

patients who had T1D for less than 5 years. The percent-

ages were significantly reduced for patients with T1D

between 5 and 10 years (P = 0.0167). Th22 cell percent-

ages were then sustained in patients who had T1D for more

than 10 years (Fig. 3c).

In T1D patients, a significant positive correlation was

found between Th22 cells and Th17 cells (R = 0.46,

P = 0.002) (Fig. 4c). However, the percentages of Th1

cells failed to show a significant correlation with the per-

centage of Th17 and Th22 cells, and level of Tc1 failed to

show a statistical correlation with the level of Tc17

(Fig. 4a, b, d).

To determine whether this correlation reflected the

cytokine levels in serum, we analyzed the level of serum

IL-17 and IL-22. Although we found that IL-17 and

IL-22 were significantly increased in T1D patients

(27.49 ± 12.87 vs. 19.29 ± 16.39, P = 0.0239, 101.57 ±

68.32 vs. 72.43 ± 46.77, P = 0.0426) (Fig. 5a, b), there

was no significant correlation between those cytokines

(Fig. 5c).

Fig. 2 The percentages of Tc1 and Tc17 cells in peripheral blood of

patients with T1D. Peripheral blood mononuclear cells (PMBCs)

from T1D patients (n = 42) and healthy controls (n = 30) were

stained with labeled antibodies as described in Methods. a Represen-

tative dot plots of CD3?CD8?IFN-c?IL-17- and CD3?CD8?IL-17?

cells in different groups of samples. At least about 20,000 events were

analyzed for each sample. b CD3?CD8?IFN-c?IL-17- and

CD3?CD8?IL-17? cells were compared between T1D patients and

healthy controls. c The percentages of circulating Tc1 and Tc17 cells

from T1D in different durations. Each data point represents an

individual subject. The bars indicate the mean values. * P \ 0.05,

** P \ 0.01, *** P \ 0.001
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ZnT8A, IA2A, and GADA were detected in 42 patients.

There was no significant difference in the levels of these

three antibodies between patients who had earlier stages of

T1D (\5 years) and those who had T1D for over 5 years

(16.67 vs. 29.17, 66.67 vs. 54.17, 16.67 vs. 33.33,

P [ 0.05) (Fig. 6a). At the same time, we analyzed the

levels of autoantibodies in subjects who were positive for

ZnT8A, IA2A, or GADA. We found that the levels of

ZnT8 and IA2A were lower, while the level of GADA was

higher for T1D[5 years (compared with the patients with

T1D \5 years). However, no significant differences were

observed between these two groups (P [ 0.05) (Fig. 6b).

Discussion

T1D is perceived as an autoimmune disease caused by T

cell-mediated destruction of the insulin-producing pancre-

atic cells. Our data are strengthened by the utilization of

5-color flow cytometry to simultaneously examine both

cell surface marker expression and intracellular cytokine

expression in various circulating T cell subsets. We suggest

a functional disequilibrium of T cell subsets in T1D which

may contribute to the inflammatory process and disease

pathogenesis.

In recent years, the idea that T1D is mainly driven by the

Th1 subset has been questioned. A new T cell subset, Th17

cells, the main cells producing IL-17, are increased in

many models of autoimmunity and are often considered to

be the principal driver of inflammation [4]. More recently,

a unique IL-22-producing CD4? T-helper subset has been

identified in human blood [8, 22]. In similarity to the Th17

subset, cells with this cytokine profile have been named as

the Th22 subset. They represent a distinct human T cell

compared with Th1, Th2, and Th17 cells [22]. It is also

difficult to generalize whether Th22 cells are anti-inflam-

matory or pro-inflammatory. IL-22 can play either a pro-

tective or a pathogenic role in chronic inflammatory

diseases depending on the nature of the affected tissue and

the local cytokine milieu. The production of IL-22 by

activated immune cells is reflected in the enhanced pres-

ence of this cytokine in various chronic inflammatory

diseases, especially in those associated with a dominant

role in the major IL-22-producing Th cell populations

(Th22 and Th17) [23]. Chen H et al. showed lower levels

of IL-22 in serum of patients with T2DM in comparison to

Fig. 3 The percentages of Th22 cells in peripheral blood of patients

with T1D. Peripheral blood mononuclear cells (PMBCs) from T1D

patients (n = 42) and healthy controls (n = 30) were stained with

labeled antibodies as described in Methods. a Representative dot plots

of CD3?CD8-IL-22?IL-17- cells in different groups of samples. At

least about 20,000 events were analyzed for each sample.

b CD3?CD8-IL-22?IL-17- cells were compared between T1D

patients and healthy controls. c The percentages of circulating Th22

cells from T1D in different durations. Each data point represents an

individual subject. The bars indicate the mean values. * P \ 0.05,

*** P \ 0.001
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the healthy controls [24]. Previous studies suggested that

Th22 cells may play important roles in certain autoimmune

diseases [11, 25]. To study whether these T cell subsets

were involved in the development of T1D, the level of

these cells in the peripheral blood of patients with T1D and

healthy controls were examined. We found that Th17 and

Th22 levels were obviously increased, especially in

patients with early stages of T1D (\5 years). They then

Fig. 4 a Correlation between Th1 cells and Th17 cells in T1D patients. b Correlation between Th1 cells and Th22 cells in T1D patients.

c Correlation between Th17 cells and Th22 cells in T1D patients. d Correlation between Tc1 cells and Tc17 cells in T1D patients

Fig. 5 a Concentration of IL-

17 in serum from T1D patients

(n = 37) and healthy controls

(n = 28). b Concentration of

IL-22 in serum from T1D

patients (n = 37) and healthy

controls IL-22 (n = 28).

c Correlation between IL-17 and

IL-22 in T1D patients (n = 37).

* P \ 0.05
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retained or decreased slightly with progression of the dis-

ease. It is possible that the autoimmune attack weakness

after a longer duration.

CD8? T effector cells take center stage in the destruc-

tion of pancreatic beta cells and contribute to sustaining

islet inflammation [26]. To our knowledge, this is the first

study to demonstrate the presence and evaluate function of

Tc1 and Tc17 cells in T1D. The role of these cells remains

unclear. However, their presence was demonstrated in a

mouse model of multiple sclerosis [15] and in autoimmune

encephalomyelitis in humans [27]. Tc17 cells display a

greatly suppressed cytotoxic function and share some key

features with the Th17 subset [14, 15, 28]. We may spec-

ulate that Tc17 cooperate with Th17 and have similar

functions in inflammatory conditions, including T1D and

other autoimmune diseases [15, 28], infection [15, 29], and

antitumor immunity [30].

In this study, there was a positive correlation between

Th22 cells and Th17 cells in patients with T1D, suggesting

that differentiation of Th22 and Th17 cells may be driven

in an isotropic manner in T1D. IL-17 and IL-22 have

overlaps regarding their cellular sources, biochemical

structure, signaling cascades in target cells, and function

[31]. IL-23 is essential for human Th17 differentiation [32]

and IL-23 treatment can induce IL-22 production [33].

Recent study has demonstrated that IL-23 gene expression

is upregulated in T1D [34]. In addition, IL-6 is not only

required for IL-17 induction from naı̈ve T cells [35, 36] but

also can promote the expression of IL-22 [33]. These might

contribute to the positive correlation between Th22 cells

and Th17 cells in our study. However, we did not find any

significant correlation between IL-17 and IL-22 in the sera.

The potential correlations between Th22 cells and Th17

cells need further research.

T1D is characterized by the presence of a series of

autoantibodies targeting islet molecules, including insulin,

GAD65, IA-2, and ZnT8 [37]. New-onset patients treated

with insulin develop high levels of insulin antibodies. So

IAAs were not detected in our study. Islet autoantibodies

have a number of distinguishing characteristics. IAAs often

are (but not always) the first autoantibody to appear in

children followed from birth [38]; and at onset of diabetes,

their levels are inversely related to age of diabetes onset

[39, 40]. GADAs change the least with age of onset.

ZnT8As are rapidly lost after diabetes onset [41], and

IA2As are very specific, identifying a particularly high

diabetes risk of prospectively followed nondiabetic chil-

dren [42]. We did not observe significant differences

between patients who have had T1D for less than 5 years

and those who have had T1D for more than 5 years within

the small number of patients analyzed. However, given

these unique properties for each of the islet autoantibodies,

it is perhaps not surprising that patients had a differential

effect upon the measured antibodies.

In conclusion, we observed the change of circulating

Th17, Th22, Th1, Tc1, and Tc17 cells from individuals in

different stages of T1D. Our data demonstrated that the

elevated Th22 cells correlated with Th17 cells in T1D

Fig. 6 a The positive rates of ZnT8A, GADA, and IA2A in total T1D patients. b The levels of autoantibodies in different durations among the

autoantibody-positive subjects
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patients. Th22 may contribute to the pathogenesis of T1D.

Blockade of Th22 cells might be of clinical profit in T1D

patients.
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