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Abstract

We explored in this study the status and potential role of IL-17-producing iNKT cells (iNKT17) in type 1 diabetes (T1D) by
analyzing these cells in patients with T1D, and in NOD mice, a mouse model for T1D. Our analysis in mice showed an
increase of iINKT17 cells in NOD vs control C57BL/6 mice, partly due to a better survival of these cells in the periphery. We
also found a higher frequency of these cells in autoimmune-targeted organs with the occurrence of diabetes, suggesting
their implication in the disease development. In humans, though absent in fresh PMBCs, iNKT17 cells are detected in vitro
with a higher frequency in T1D patients compared to control subjects in the presence of the proinflammatory cytokine IL-
1P, known to contribute to diabetes occurrence. These IL-1B-stimulated iNKT cells from T1D patients keep their potential to
produce IFN-y, a cytokine that drives islet B-cell destruction, but not IL-4, with a reverse picture observed in healthy
volunteers. On the whole, our results argue in favour of a potential role of IL-17-producing iNKT cells in T1D and suggest
that inflammation in T1D patients could induce a Th1/Th17 cytokine secretion profile in iNKT cells promoting disease
development.
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Introduction Upon TCR activation, conventional iNKT cells rapidly
produce high amounts of Thl and Th2 cytokines namely IFN-y

Invariant natural killer T (iNKT) cells constitute a peculiar and IL-4 respectively, that induce the activation of various
immune cells including macrophages, NK, T and B cells [4].
Recently, several groups have reported a new subset of uncon-

att Lo ventional iNKT cells with the ability to secrete pro inflammatory
receptor (I'CR) made of a Vol4-Jol8 rearranged o-chain in mice,  Th]7-related cytokines including interleukin-17 (IL-17) [5].
paired with a limited set of VB chain (VB8,VB7 or VB2). Human

iNKT cells express a TCR made of a unique Vo24-Ja18 chain
associated with the VP11 chain. These cells express surface
receptors belonging to the NK lineage such as NKI1.1 in mice
(CD161 in humans) and activating or inhibiting receptor (NKG2D
or Ly-49) [1].

Both human and murine iNKT cells differ from conventional T

population of T cells sharing phenotypical and functional
characteristics of natural killer (NK) and T’ lymphocytes [1]. They
are thymic-derived lymphocytes expressing a semi invariant T cell

Diabetes is a tissue-specific autoimmune pathology affecting the
pancreas, conducting to progressive destruction of insulin-produc-
ing beta-cells by autoreactive T lymphocytes infiltrate. Salivary
glands are also prone to auto-destruction leading to sialitis [6].

Murine models and diabetic patients show lower frequencies of
iNKT cells secreting IL-4 than non-diabetic subjects, suggesting a
! ‘ - X likely regulatory role of these cells in the development of the
cells as the TCR recognizes sclf and foreign lipid antigens disease [7,8]. Studies performed on the non-obese diabetic (NOD)
presented by the non-polymorphic MHC class I-like antigen
presenting molecule CD1d, present on macrophages, dendritic, a result of Th1 mediated destruction of pancreatic islet cells, have
and B cells [2]. revealed that activation of iNKT cells by o-GalCer ligand or

The most studied glycolipid antigen recognized by iNKT cells is thymic iINKT cell transfer prevents the onset of T1D [9]. Further
a-galactosylceramide (a-GalCer) that was initially extracted from a confirmation on the protective role of iNKT cells was obtained

> - ! using the Val4 transgenic mouse model expressing high level of
humans. and its stable association with soluble CD1d allowed the iNKT cells and large quantities of IL-4 [10]. Contrariwise,
generation of a-GalCer CDld-tetramers (tet) that constitutes a

powerful tool to track iNKT cells based on their TCR specificity
(3]

mouse model, that develops spontaneous autoimmune diabetes as

marine sponge. This antigen activates iNKT cells in mice and

deficiency of iNKT cells in NOD mice has been proved to
exacerbate the disease [11]. On the whole, these findings indicate
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an immunosuppressive role of conventional iINKT cells against
anti-islet autoreactive T cells.

In humans, few reports exist concerning a role of conventional
iINKT cells in T1D. The proposed link between iNKT cells and
T1D rests on studies of discordant twin pairs, which reported a
decreased frequency of iNKT cells in the peripheral blood of the
diseased twin, as well as a complete and selective loss of the ability
of iNKT cell clones to secrete IL-4 [7]. While these findings were
supported by two studies [12,13], it was contradicted by some
having found an equal or higher frequency of Va24-VB11 iNKT
cells in the peripheral blood of diabetic patients [14,15].

During these last years, our group and others have published
several articles regarding the characterisation and mechanisms of
action of the new iINKT17 cell subset in health and in response to
bacteria [5,16,17]; however few studies analysed their role in
autoimmunity. These INKT17 cells differ from conventional
iINKT cells in that they are NK1.1 negative in mice and express
markers related to the Th17 lineage, such as IL-1 receptor, CCR6
and the retinoic acid receptor-related orphan receptor vt (RORYt);
thus constituting a distinct non-conventional population of iNK'T
cells so-called RORyt" iNKT or iNKT17 cells [5]. They are
thought to belong to a divergent lineage that develops in the
thymus and further migrates to localise mainly in peripheral lymph
nodes (PLNs) where they mediate early innate-like immune
responses [16].

As IL-17 response has been linked to various autoimmune
diseases, we explored the contribution of iNKT17 in T1D. Our
results show that iNK'T'17 cells are altered in NOD mice and T1D
patients, and we propose, based on cytokine production analysis,
that a modified cytokine balance of iNKT cells under inflamma-
tory condition in T1D patients contributes to the development of
the disease.

Results

Increased iNKT17 cell population in the periphery of NOD
mice compared to C57BL/6 mice

To investigate the role of INKT17 cells in T1D, we compared
the frequency and absolute number of these cells in 12-wk-old
NOD and C57BL/6 mice. C57BL/6 mice were used as control
because they neither develop diabetes nor other autoimmune
diseases. iINKT17 cells were analyzed in the spleen, axillary,
maxillary, and pancreatic lymph nodes (LNs). Axillary LNs were
used as control and are representative of peripheral lymph nodes
(PLNs) since we showed in previous studies that PLNs are enriched
in iINKT17 cells [5]. Maxillary and pancreatic LNs were used
because they drain the salivary glands and the pancreas
respectively and both organs are prone to progressive autoimmune
destruction in NOD mice. IL-17 production by iNKT cells was
detected after stimulation with phorbolmyrisistyl acetate (PMA)
and ionomycin and CDI1d-a-GalCer tetramer (tet) staining. As
shown in figure 1, we found an increased frequency of tet” IL-17-
producing cells (tet'TL-17") in NOD mice compared to C57BL/6
mice in all organs tested. This difference was also observed in
terms of absolute number (Fig. 1). Because the expression of the
transcription factor RORyt defines IL-17-producing cells, we
wanted to confirm our results by comparing RORYt expression in
tet” cells in both strains of mice. We found that tet RORyt" cells
have an increased frequency and absolute number in NOD mice
compared to C57BL/6 mice (Fig. S1).

Analysis of congenic mice expressing NOD-related MHC H-287
on C57BL/6 background did not show an increase in RORyt"
iNKT cells (data not shown) indicating that additional NOD genes
control increased RORyt" iNKT cell numbers. Analysis of
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nonobese resistant (NOR) mice, in which H-287 is expressed on
a genetic background 88% to NOD mice, would allow under-
standing if other genes non involved in disease development
control RORyt" iNKT cell number and if increased RORyt"
iNKT cell number could occur without diabetes. With this regard,
our analysis of BALB/c mice, that do not develop diabetes, show
an increased thymic RORyt" iNKT cell population (data not
shown) indicating that increased RORyt" iNKT cells is not
exclusive to NOD mice and thus not correlated to diabetes.

Increased iNKT17 cell population in the thymus and
periphery of young NOD mice

To determine if the increase of iINKT17 cells in NOD mice
occurs at early ages before diabetes and in the thymus as well, we
compared the frequency and absolute number of these cells in the
thymus of 6-wk-old NOD and C57BL/6 mice. As shown in
figure 2A, we found an increased frequency and absolute number
of thymic tet' RORYt" cells in NOD mice compared to C57BL/6
mice. An increase of IL-17-producing iNKT cells was also
observed in NOD mice (data not shown). In these mice, we also
observed an increase of iINKT17 cells in the periphery as
exemplified by an increase in the frequency and absolute number
of tet'TL-17" and tet ' RORyt" cells in axillary LNs (Fig. 2B). The
same results were observed in the spleen, maxillary, and
pancreatic LNs (data not shown). We also observed an increase
of tet" cells co-expressing CCR6 and CD103, shown in previous
studies to define RORYyt" IL-17-producing iNKT cells [5], in
NOD mice compared to C57BL/6 mice (Fig. 2B). Our results thus
indicate that the increased iNK'T'17 cell population in NOD mice
resembles phenotypically the one observed in C57BL/6 mice. We
also performed a functional and phenotypical comparative analysis
using 4-wk-old mice and already observed an increase in the
iNKT17 cell population (data not shown). Overall, these results
indicate that the increase in iNKT17 cell population observed in
NOD mice occurs very early in the thymus as well as in peripheral
organs, before the onset of diabetes.

Better survival of peripheral iINKT17 cells in NOD mice
We next decided to investigate the origin of the increased
iINKT17 cell population in NOD mice. To determine if this
increase was due to a proliferative advantage, we compared the
expression of Ki67, a nuclear cell proliferation-associated-Ag
expressed in all active stages of the cell cycle, in thymic and
peripheral iNK'T'17 cells. We found no difference in the expression
of Ki67 in thymic tet' RORYyt" cells from NOD and C57BL/6
mice (Fig. 3A, upper panel). Also, no difference in Ki67 expression
was observed when we compared axillary LNs from both strains of
mice (Fig. 3B, upper panel). This was also the case when spleen,
maxillary, or pancreatic LNs were tested (data not shown). This
indicates that the increase of iNKT17 cells in NOD mice is not
due to a proliferative advantage of these cells. We next tested the
expression of annexin V, a phosphatidylserine expressed on
apoptotic cells, on iNKT17 cells to assess whether the increased
number of iNKT17 cells could be related to a better survival in the
NOD mice. As shown in figure 3A (middle and lower panels), the
frequency of annexin V' cells among thymic tet'RORyt" or
tet'CCR6'CD103" cells was comparable in NOD mice and in
C57BL/6 mice. The frequency of annexin V* cells among axillary
LN iNKT17 cells was however lower in the NOD mice (Fig. 3B,
middle and lower panels). The same results were observed for
spleen, maxillary, and pancreatic LNs (data not shown). We also
analyzed the frequency of annexin V™ cells in non-iNKT17 iNKT
cells (Fig. 3B, middle and lower panels) and found that they do not
benefit from the protection from apoptosis, as INKT17 cells do in
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Figure 1. iINKT17 cells are increased in NOD mice compared with C57BL/6 mice. Axillary (Ax), maxillary (Max), and pancreatic (p) lymph
nodes (LNs), and spleen cells from 12-wk-old C57BL/6 or NOD female mice were stimulated with PMA/lonomycin in the presence of BFA for 4 hours.
Cells were then stained with CD1d-tetramers (tet) and antibodies directed against B220 and IL-17A (IL-17). Representative dot and histogram plots are
shown and numbers represent percentages. The frequency (upper histograms) and the absolute number (lower histograms) of IL-17* cells among
tet* cells are shown. Data are presented as mean = SD and are from 5 experiments where 3 to 4 mice per group were used in each experiment. *p<
0.05, using non-parametric Mann-Whitney U test to determine significance.

doi:10.1371/journal.pone.0096151.g001

NOD mice, leading to a greater frequency of iINKT17 cells
observed in NOD mice compared to C57BL/6 mice. Overall,
these results show a better survival of iNKT17 cells in the
periphery of NOD mice that could explain in part their increased
number, in addition to a higher thymic production, and a greater
export to the periphery.

iNKT17 cells infiltrating the pancreas and salivary glands
of NOD mice are increased in diabetic mice

To determine whether iINKT17 cells status varies with the
occurrence of diabetes, we analysed iINKT cells in age-matched
diabetic and non-diabetic female NOD mice. We found similar
frequencies of tet” or tet"CD4" iNKT cells in diabetic NOD mice
compared to non-diabetic ones (Fig. 4A, and S2 for representative
dot plots). Interestingly, we found a slightly higher frequency of
tet'TL-17" cells in the pancreas and salivary glands of diabetic
NOD mice (Fig. 4B, upper panel) but not in the pancreatic and
maxillary LNs, draining the pancreas and salivary glands,
respectively. Also, no difference was observed in the spleen and
axillary LNs. The increase in the frequency of iNK'T'17 cells in the
pancreas and salivary glands was confirmed by the analysis of
tet'RORYt" cells (data not shown). Interestingly, we did not
observe any increase in the frequency of tet'TFN-y" cells in the
pancreas and salivary glands or in any other organ tested in the
diabetic NOD mice (Fig. 4B, lower panel, and S2 for represen-
tative dot plots). We also compared the frequency of CD4",
CD8*/NK*, and y8" cells and their capacity to produce IL.-17 and
IFN-y and no difference was detected (Fig. S2). Overall, these
results show an increase in the frequency of iNKT'17 cells in the
target organs of the autoimmune process in diabetic mice,
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suggesting that these cells might be involved in the development
of the disease.

iNKT17 cells are not detectable in T1D patients

It has been shown in one study that iNKT17 cells are not
detected in human PBMCs [18]. Based on our results in the NOD
mouse model showing increased iNK'T'17 cells in the pancreas and
salivary glands of diabetic mice, we analysed the frequency of these
cells in patients with T1D, assuming that they might be present in
an autoimmune condition such as T1D. iNK'T cells were detected
using CD1d-o-GalCer tetramers (tet) and no difference in their
frequency, or their CD4 expression, was observed when compared
to control groups (healthy volunteers and T2D patients) (Fig. 5A
and S3A for representative dot plots). We found that IL-17" cells
among tet" cells, determined after PMA/lonomycin stimulation,
are absent (Fig. 5B, upper panel, and S3A for representative dot
plots). IL-17" cells are also absent in control HV and T2D
patients. These results were confirmed using ROR7t as a surrogate
marker to identify INKT17 cells (data not shown). On the
contrary, INKT cells from HV, T1D, and T2D patients comprise
IFN-y and IL-4 producing cells and no difference in cytokine
production was observed between the three groups (Fig. 5B,
middle and lower panels). We also compared cytokine production
(IL-17, TFN-y, and I1.-4) by CD3"cells between the three groups
and found no difference (Fig. S3B). Nearly half of T1D patients
were tested twice or three times over a period of at least one year
and there was no significant difference in tet" cell frequencies and
cytokine production capabilities, indicating the reproducibility of
our assay and confirming previous studies showing their stability
over time in a given individual [14].
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Figure 2. Increased iNKT17 cell population in the thymus and periphery of young NOD mice. A, Thymic cells from 6-wk-old C57BL/6 or
NOD female mice were stained with CD1d- tetramers (tet) and then subjected to intracellular staining using anti-RORyt antibodies. The frequency and
absolute number of RORyt" cells among tet" cells are shown. Data are presented as mean + SD and are from 4 experiments where 3 to 4 mice per
group were used in each experiment. B, Axillary LN cells (representative of maxillary, pancreatic LN and spleen) from 6-wk-old C57BL/6 or NOD female
mice were subjected to surface or intracellular staining. The frequency and absolute number of IL-17%, RORyt", and CD103*CCR6" cells among tet”
cells are shown. Data are presented as mean = SD and are from 4 experiments where 3 to 4 mice per group were used in each experiment. *p<<0.05,

using non-parametric Mann-Whitney U test to determine significance.
doi:10.1371/journal.pone.0096151.9g002

iNKT cells expand in vitro in the presence of the Th17-
related cytokine IL-1

We reasoned that iNKT17 cells are rare and that we might be
able to detect them after expansion i vitro or after conversion from
iINKT cells in the presence of appropriate inflammatory cytokines.
Human iNKT cells from healthy volunteers were shown to expand
in the presence of a-GalCer and IL-2, and IL-7 or IL-15 could
substitute for IL-2 or potentiate its response [19,20,21]. We thus
tested whether IL-7 or IL-15 could promote a proliferative
response of INKT cells from diabetic patients in the presence of a-
GalCer and IL-2. We found that IL-7 and IL-15 induced the
proliferation of iNKT cells from diabetic patients as assessed by tet

PLOS ONE | www.plosone.org

staining after 10 days of culture (Fig. S4A). The combination of
both cytokines did not increase this response (data not shown).
Analysis of the fold increase in iINKT cell number (after 10 days of
culture/at the start of the culture) indicated that iNKT cells from
diabetic patients and healthy volunteers responded equally to IL-7
and IL-15 (Fig. S4B). Because our ultimate goal through these
amplification assays was to unravel iNKT17 cells, we tested the
effect of the Thl7-related cytokines IL-1p and IL-23, in the
presence of IL-2, on the proliferation capabilities of iINK'T cells.
Interestingly, we found that IL-1B, alone, induces the best
proliferation of iNK'T cell when compared to the conventional
cytokines IL-7 and IL-15 (Fig. S4B). Paired analysis indicated that
IL-1 induced in most cases a stronger proliferation than the other
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Figure 3. iINKT17 cells show a better survival in the periphery of NOD mice. Thymic (A) and axillary LN cells (B) from 6-wk-old C57BL/6 or
NOD female mice were surface stained with CD1d-tetramers (tet) and Annexin V and subjected to intracellular staining with anti-RORyt and anti-Ki67
antibodies. Shown is the frequency of Ki67* (upper panel) or annexin V" cells (middle panel) among tet"RORyt" iNKT cells and annexin V* cells among
tet” CCR6'CD103" iNKT cells (lower panel). Representative dot and histogram plots are shown for axillary LN and numbers represent percentages.
Data are presented as mean = SD and are from 4 experiments where 3 to 6 mice per group were used in each experiment. *p<<0.05, using non-

parametric Mann-Whitney U test to determine significance.
doi:10.1371/journal.pone.0096151.9003

cytokines tested (Fig. S4C). These results were observed for INKT
cells from healthy volunteers and diabetic patients as well (Fig.
S4C). Comparison of the fold increase in cell number between HV
and T1D patients indicated that iINK'T cells from both groups
respond equally well to IL-1PB and IL-23 (Fig. S4B). Overall, these
results show that iINKT cells from T1D patients are able to expand
i wvitro. This expansion occurs not only in the presence of the
homeostatic cytokines IL-7 and IL-15, but also in the presence of
pro-inflammatory cytokines, mostly IL-1f.

IL-1-expanded iNKT cells produce IL-17 and have a higher
frequency in T1D patients

To evaluate IL-17 production by expanded iNKT cells,
stimulated cells with PMA/Ionomycin were subjected to intracel-
lular staining to identify I1.-17 producers among tet" cells. We
found that only IL-1B-expanded iNKT cells produce IL-17
(Fig. 6A for representative dot plots, and 6B, left panel). A
previous report indicated that human iINKT cells require the
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concomitant presence of TGF-f, IL-1p and IL-23 to produce IL-
17 [18]. Our results show that IL-1f alone is sufficient, although
we do not exclude the presence of TGF-B in culture media.
Importantly, we found that expanded iNKT cells from TI1D
patients comprise a higher frequency of iNKT17 cells compared to
HV (Fig. 6B, left panel). These increased iNKT17 cells are not
likely to be connected to glucose homeostasis or insulin treatment,
as it 1s not observed in T2D patients (data not shown), but likely to
the inflammation associated with T1D. This result suggests that
even though iINKT17 cells are not detected in human PBMCs,
they can be functionally induced under pro-inflammatory
environment. Additionally, we found that some IL-1B-induced
iNKT17 cells co-produce IFN-vy, arguing in favour of conversion
of iNKT cells secreting IFN-y into iNK'T'17 cells and suggesting
that iNKT cells from T1D patients are likely to be more prone to
be converted to IL-17-producing cells in the presence of
appropriate inflammatoty cytokines. Furthermore, IL-1p-expand-
ed INKT cells from T1D patients keep their capacity to produce
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non-parametric Mann-Whitney U test to determine significance.
doi:10.1371/journal.pone.0096151.9g004

IFN-y but not IL-4 (Fig. 6B, middle and right panels). This is
contrary to what observed for HV where iNKT cells keep their
ability to produce IL-4 but not IFN-y (Fig. 6B, middle and right
panels). This outcome indicates that IL-1B favours a Th1/Thl7
cytokine secretion profile of iNKT cells in T1D patients.

Opverall, our results show an altered cytokine balance of INKT
cells under inflammatory condition in T1D patients that could
contribute to the development of this disease.

Discussion

In this present study, we analysed iNK'T'17 cells in autoimmune
NOD mice and in patients with T1D and found that iNKT17 cells
are increased in the pancreas and salivary glands of diabetic NOD
mice and in patients with T1D, suggesting that these cells could be
involved in the development of the disease.

Our study is in accordance with a study by Simoni et al.
showing an increase of IL-17-secreting iNK'T cells in the thymus,
spleen, inguinal and peripheral LNs of NOD mice as compared
with C57BL/6 mice following stimulation with PMA/Ionomycin
[22]. Furthermore, our study showed that this increase of iINK'T'17
cells is not the result of higher proliferation but could be due to an
increased survival in the periphery that might explain in part their
increased number in NOD mice. It has been shown that
autoimmune inflammation in NOD mice begins at around 4
weeks of age with peri-insulitis and infiltration of macrophages and
dendritic cells; and monocytes from NOD mice and T1D patients
have been reported to spontaneously secrete pro-inflammatory
cytokines that drive Th17 cells [23,24,25]. Our own studies have
shown that iINKT17 cells respond to the pro-inflammatory
cytokines IL-1 and IL-23 in the peripheral lymph nodes of B6
mice [16]. We could thus hypothesize that the increased survival of
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iNKT17 cells in NOD mice is the result of strain-related pro-
inflammatory environment.

Analysis of the frequency of INKT17 cells between diabetic and
non-diabetic NOD mice indicates a higher frequency of these cells
in the pancreas of diabetic ones, which is a target of autoimmune
destruction indicating that these iNK'T17 cells might be involved
in the pathogenesis of T1D. These cells are unlikely to be involved
in the initiation of the disease given the fact that diabetes has been
reported in iINKT cell deficient CD1d KO mice [11], although
they may be implicated in disease severity. The implication of
these cells in the development of the disease has been shown in a
study by Simoni et al. through transfer studies where co-
transferring NK1.1© CD4  iNKT cells, mainly containing
iINKT17 cells and obtained from Val4 transgenic NOD mice,
with diabetogenic BDC2.5 T cells into NOD/SCID (severe
combined immunodeficiency NOD) mouse model exacerbates
T1D [22]. IL-17 produced by transferred cells is likely to be at the
origin of the pathogenic effect of transferred cells since the
presence of anti-IL-17 antibodies abrogated this pathogenic effect
[22].

Another argument in favour of the importance of IL-17 in
diabetes are studies from Emamaullee et al. who reported that
anti-IL-17 treatment of 10-wk-old NOD mice reduced diabetes
frequency [26]. In vitro data showed that IL-17 can synergise with
cytokines such as IL-1p and IFN-y to induce iNOS expression and
subsequent NO production in pancreatic islets of NOD mice [27].
Thus, IL-17 production by iNKT17 cells observed in the pancreas
of diabetic NOD mice may contribute to the occurrence of T1D
by synergizing with other locally produced cytokines, such as IFN-
Y, to induce high expression of NO in B-cells resulting in their
destruction.

April 2014 | Volume 9 | Issue 4 | e96151



iNKT17 Cells in Type 1 Diabetes

50
2 40
[}
o
'
1 . & 30
" E
) °® "anm R - 20
g 0.1 eee Nese am_um A =]
Ny o, g m a4 ® 10
Qo ®ee® am A
A
X 001 eeq0® . 0 St  mmlS AAAAAAAL
¢ " 100
0.001 % 80 -
HV T1D T2D ° *
(n=23) (n=22) (n=9) § 60 :
T a0 e . *
E .:o’.. "nl a" AAAA
E 20 o....o.g.. .l... A A
1000 3 A (D R
n
o 0
o}
+o 100 o .‘o .l.- AA 50
a o.:..o "un Aaan
® u Sugm
&) ’.:‘ .‘fc. 2L 40
3 10 ° l. A Q
© n A +, 30
° e
1 ¥ 20
- A
HV T1D T2D 2 ° -
(n=23) (n=22) (n=9) 10 :® S A
HV T1D T2D
(n=23) (n=18) (n=9)

Figure 5. iNKT17 cells are not detected in patients with type 1 diabetes. Fresh human PBMCs are stained with CD1d-tetramers (tet), anti-
CD3, and anti-CD4 mAbs, and, in parallel, stimulated with PMA/lonomycin. Four hours later, cells were subjected to intracellular staining to assess IL-
17, IFN-y, or IL-4 production. A, Shown is the frequency of tet™ cells and tet"CD4" cells observed in patients with type 1 diabetes (T1D), control
Healthy volunteers (HV), or patients with type 2 diabetes (T2D). B, Shown is the frequency of IL-17*, IFN-y", and IL-4" cells among tet* cells in T1D
patients, HV and T2D patients. Numbers represent percentages. Each symbol represents one individual and horizontal bars indicate mean = SD. n:

number of subjects tested.
doi:10.1371/journal.pone.0096151.9g005

Even though our findings suggest a role of iNKT17 cells in the
pathogenesis of T1D, IL-17 1s also secreted by other immune cells
such as Th17 and yd T cells. The role of Th17 cells in T1D
remains imprecise. In fact, the induction of the disease in NOD
SCID mice after transfer of i vitro polarized Th17 cells anti-islet T
cells was abolished by anti-IL-17 treatment in one study but not in
two others [28,29,30]. Regarding ¥ T cells, it has been shown
that IL-17-secreting y8 T cells have no effect in the incidence of
T1D upon co-transfer into NOD SCID mice [31]. Another study
by Markle et al. showed a pathogenic role of IL-17 produced by v
T cells [32]. In our study, we did not observe a difference in the
frequency of IL-17-producing af CD4" and y8 T cells when
comparing the pancreas and the salivary glands of diabetic and
non-diabetic female NOD mice.

We also analysed iNKT17 cells in human T1D patients and
found a higher frequency of these cells in T1D patients compared
to HV when expanded in presence of IL-1B. The origin of the
increased frequency of iNKT17 cells in T1D patients is unknown,

PLOS ONE | www.plosone.org

but it has been shown that patients with T1D have increased
monocytic activity and biomarkers of inflammation including IL-
1B [25]. In view of that, inflammation associated with T1D might
be at the origin of iNKT17 cells increase. Along with this line,
monocytes isolated from patients with T1D spontaneously secrete
the pro-inflammatory cytokines IL-1 and IL-6, which are known
to induce and expand Thl7 cells [24]. Morcover, these  vivo-
activated monocytes induce more IL-17-secreting cells from
memory T cells compared with monocytes from healthy control
subjects [24]. Importantly, it was reported that the frequency of
IL-17-secreting CD4* T cells in lymphocytes from established
T1D patients was increased compared to healthy controls [22]. No
increase in IL-17-secreting CD4" T cells in new-onset T1D
patients was observed in this study. However, the relevance of IL-
17-secreting CGD4" T cells in new-onset T1D patients was shown
in three subsequent studies [33,34,35]. In one of these studies, I1L-
17-secreting CD4" T cells specific for B-cell antigens are present in
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Figure 6. IL-17-producing iNKT cells are detected after expansion of iNKT cells in presence of proinflammatory cytokines. A, PBMCs

from healthy volunteers (HV) and patients with type 1 diabetes (T1D) were c
additional cytokines (IL-7, IL-15, or IL-1p). After 10 days of culture, expanded

ultured for 10 days as in figure S4 in the presence of IL-2, o-GalCer, and
cells were stimulated with PMA and lonomycin in the presence of BFA

and the expression of IL-17, IFN-y, and IL-4 was evaluated after intracellular staining. Shown are representative dot plots obtained from a T1D patient
of IL-17 detection along with IFN-y and IL-4. Numbers represent percentages. B, The frequency of IL-17*, IFN-y*, and IL-4" cells among tet" cells for
each subject is shown. Each symbol represents one individual and horizontal bars indicate mean. NS: not significant. n: number of subject tested. *p<

0.05, using non-parametric Mann-Whitney U test to determine significance.
doi:10.1371/journal.pone.0096151.g006

the circulation and IL-17A transcripts are elevated in the
pancreatic islets near to diagnosis of T1D [33].

Besides, we also found that IL-1B-induced iNKT17 cells
maintain their capacity to secrete IFN-y which is the main
cytokine that drives islet B-cell destruction. We could thus
hypothesise that IL-17 and IFN-y synergy to cause exacerbation
of pancreatic B-cells destruction in T1D. It is important to note
that IL-17 receptor up-regulation by the pro-inflammatory
cytokines IL-1p and IFN-y has been reported to make human
B-cells highly susceptible to death through apoptosis by combina-
tion of IL-17, IL-1B, and IFN-y [30]. Along this line, a recent
study has demonstrated that double deficiency of IL-17 and IFN-y
signaling suppresses the development of diabetes in the NOD
mouse [36].

Altogether, our study shows that iINKT17 cells could be
implicated in the pathogenesis of T1D and suggests that an
altered cytokine balance of iINKT cells under inflammatory
condition in T1D patients could contribute to the development
of this disease. Further studies are needed to better understand
their precise function in T1D, and their implication in other
autoimmune diseases.

PLOS ONE | www.plosone.org

Materials and Methods

Ethics statement

Experimental studies were in accordance with the Hopital
Cochin St Vincent de Paul Institutional Animal Care and Use
Guidelines. All experimental protocols in this study were approved
by the University Paris V, Descartes, ethics committee. All efforts
were made to minimize mice suffering.

Hoépital Cochin St Vincent de Paul ethical committee approval
was received for the human studies and informed written consent
was obtained from all patients.

Mice

C57BL/6 mice were purchased from Janvier. NOD mice were
purchased from The Jackson Laboratory. All mice were main-
tained under specific pathogen-free conditions at the Hépital
Cochin St Vincent de Paul animal facility.

Diabetes diagnosis

Mice were tested every day for diabetes. Overt diabetes was
defined as two positive urine glucose tests, confirmed by a
glycemia>300 mg/dl. Glukotest and Heamoglukotest kits were
purchased from Roche.
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Patients

T1D was defined as positivity for islet cell antibodies, anti-GAD,
anti-insulin, or anti-IA2 antibodies at diabetes diagnosis. Long-
standing T1D patients (n=22, 14 males and 8 females, aged
44+10 years (range 25-63)), had been treated with insulin for 2—
41 years at the time of study (mean T1D duration, 14*12 years).
Control subjects were healthy blood donors (n =23, 12 males and
11 females, aged 39%10 years (range 25-65), and type 2 diabetic
patients (n =9, 5 males and 4 females, aged 59+ 12 years (range
49-64)) on insulin treatment.

Antibodies

Fluorochrome conjugates of antibodies against human V11
(C21; Beckman Coulter), IFN-y (4S.B3; Biolegend), CD4 (SK3;
BD Biosciences), CD3 (HIT3a), CD8 (RPA-TS8), IL-17
(64DEC17), and IL-4 (8D4-8), all from eBioscience, were used.
Fluorochrome conjugates of antibodies against mouse CD24 (M1/
69; Biolegend), B220 (RA3-6B2), CCR6 (140706), and IL-17
(TC11-18H10), all from BD Biosciences, CD4 (RM4-5), CD103
(2E7), Ki-67 (SolA15), IFN-y (XMG1.2) and RORyt (AFK]JS-9),

all from eBioscience, were used.

Extraction of pancreatic and salivary gland infiltrating
lymphocytes

Each pancreas and salivary gland was directly and individually
incubated in RPMI 1640 containing collagenase type VIII (Sigma-
Aldrich) and Dnase I (Sigma-Aldrich), and cell suspensions were
obtained as described previously [53].

Flow cytometry

Cell suspensions were obtained from thymus, spleen, and lymph
nodes (LNs) of C57BL/6 or NOD mice. PBMCs were obtained
from whole blood by centrifugation over Ficoll (Amersham
Pharmacia Biotech) gradient. Staining with CDId-a-GalCer
tetramers for mice or human cells was as follows. Cells were
incubated with 1 pg/ml unlabeled streptavidin (Pierce Chemical
Co.) for 15 min at room temperature, followed by incubation with
CD1d-o-GalCer tetramers for 30 mn at 37°C. Other monoclonal
antibodies (mAbs) were then added for further 30 min incubation
on ice. Cells were then washed with staining buffer (PBS, 0.1%
BSA; Sigma-Aldrich) and 0.01% sodium azide (Sigma-Aldrich)
and analyzed by flow cytometry using FACSort and DIVA
software (Becton Dickinson). For studies involving intracellular
cytokines, cells were first stained with tetramers, then permeabi-
lized with Fixation/Permeabilization solution (eBioscience), and
washed with Permeabilization buffer (eBioscience). Appropriate
mAbs were then added for 30 min before two further washes with
permeabilization buffer. Annexin V Apoptosis Detection Kit with
7-AAD was used according to the manufacturer’s instructions.

Cell culture

Human donor PBMCs (2x10°/ml) were cultured in complete
RPMI 1640 medium (GibcoBRL) and 10% FCS for 10 days in the
presence of a-GalCer along with rhIL-2 (10 ng/ml) in addition to
the following cytokines added individually or in combination:
rhIL-7 (10 ng/ml), rhIL-15 (10 ng/ml), rhIL-1f (5 ng/ml), rhIL-
23 (10 ng/ml) (all from PeproTech).

Stimulation of cytokine production

Mice cells or PBMCs were cultured in the presence of 10ng/ml
of phorbol-myristateacetate (PMA), 0.5 ug/ml of ionomycin, and
5 pg/ml of Brefeldin A (all from Sigma-Aldrich) for 4 hours before
intracellular staining.
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Statistical analysis
Non-parametric Mann-Whitney U test for statistical analysis
was used.

Supporting Information

Figure S1 RORyt" iNKT cells are increased in NOD
mice compared with C57BL/6 mice. Axillary (ax), maxillary
(max), and pancreatic (p) LNs, and spleen cells from 12-wk-old
C57BL/6 or NOD female mice were stained with CDIld-
tetramers (tet) and antibodies directed against the transcription
factor RORyt. The frequency and the absolute number of
RORyt" cells among tet* cells (left), and representative histogram
plots (right) are shown. Numbers represent percentages. Data are
presented as mean = SD and are from 5 experiments where 3 to 4
mice per group were used in each experiment. *p<<0.05, using
non-parametric Mann-Whitney U test to determine significance.

(TIF)

Figure S2 Unaltered cytokine production of CD4", NK'/
CD8", and y3" cells of diabetic NOD mice. A, Axillary (ax),
maxillary (max), and pancreatic (p) LNs, and spleen cells from
same aged diabetic or control non diabetic NOD female mice (20-
to 22-wk-old) were stimulated with PMA/Ionomycin in the
presence of BFA for 4 hours. Cells were then surface stained with
CD1d-tetramers and antibodies directed against B220, CD4, and
TCRYS, followed by intracellular staining to detect IL-17A (IL-17)
and IFN-y. Shown are representative dot plots and gating
strategies to determine cell population frequencies and cytokine
production. Numbers represent percentages. B, Shown is the
frequency of CD4*, CD8"/NK", and y8" cells and the frequency
of TL-17" and IFN-y* cells among these cells. Data are presented
as mean = SD and are from 4 experiments where 4 to 5 mice per
group were used in each experiment.

(TIF)

Figure S3 Unaltered cytokine production of CD3" cells
in patients with type 1 diabetes. A, I'resh human PBMCs
were stained with CD1d-tetramers (tet) and anti-CD3 antibodies
after being stimulated with PMA/Ionomycin. Cells were then
subjected to intracellular staining to assess IL-17, IFN-y, or IL-4
production. Shown are representative dot plots of tet-staining and
IL-17, IFN-y, and IL-4 production among tet" or CD3*tet” cells
from a patient with type 1 diabetes (T'1D). B, Shown is the
frequency of IL-17*, IFN-y*, and IL-4* cells among CD3"tet™
cells in Healthy volunteers (HV), T1D patients, and patients with
type 2 diabetes (T'2D). Each symbol represents one individual and
horizontal bars indicate mean * SD. n: number of subjects tested.

(TTF)

Figure S4 iNKT cells expand in vitro in the presence of
the proinflammatory cytokine IL-1f. A, Human PBMCs
from healthy volunteers (HV) or type 1 diabetes (T1D) were
cultured for 10 days in the presence of IL-2, a-GalCer and the
mentioned cytokine. Proliferation of iINKT cells (gated as
tet'CD3" cells) is evaluated. Representative dot plots of CD1d
tetramer staining from a T1D patient before (D0) and after
expansion (D10) under the mentioned conditions are shown.
Numbers represent percentages. B, Fold increase of iNKT cell
number for each subject tested (after 10 days of culture/at the start
of the culture) is shown. Each symbol represents one individual
and horizontal bars with numbers indicate mean. NS: not
significant. n: number of subjects tested. G, Shown are paired
comparison between tet" cell numbers observed after 10 days of
culture with the mentioned cytokines.

(TIF)
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