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Abstract- Previous studies have reported that ligands of the aryl-hydrocarbon receptor (AhR) can influence the induction of different autoim- \
mune diseases by altering the development of IL-17+ CD4+ Th17 cells or Foxp3+ CD4+ Treg cells. CD8+ T cells are also involved in mediat-
ing or regulating autoimmune destruction, and are known to polarize into different subsets. However, the effects of AhR-ligands on CD8+ T
cell phenotypes and effector functions have not yet been investigated. In the present research, the effects of specific AhR-ligands, and the
ligand precursor, tryptophan, on CD8+ T cell mediated autoimmunity were investigated for the first time using the RIP-LCMV-GP transgenic
diabetes model. We find that, the co-injection of tryptophan, curcumin, or quercetin together with immunization with mature bone marrow-
derived dendritic cells carrying self-antigen, increased the incidence of diabetes induced in RIP-GP/P14 TCR transgenic mice. In contrast, co-
injection with the AhR-ligands FICZ and I3C failed to stimulate diabetes. The activation of diabetes following injection of tryptophan, curcumin,
or quercetin, correlated with their ability to increase IL-17+CD8+ (Tc17) and IFN-y+CD8+ (Tc1) cell populations, in vivo. Furthermore, in vitro
experiments showed that tryptophan, curcumin, or quercetin treatments directly promoted significantly increased Tc1 and Tc17 cell develop-
ment, whereas FICZ and I3C treatments directly promoted IL-10+CD8+ T cell development while having no significant effect on either Tc1 or
Tc17 subsets. These novel findings indicate that some AhR-ligands can increase CD8+ T cell-mediated autoimmune responses by skewing T
cell polarization towards effector subsets.
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Introduction antigen-specific CD8+ Treg cells in the recovery phase and sup-

Accumulating evidence has shown that different AhR-ligands can
alter CD4+ T cell polarization, with consequent effects on autoim-
mune responses [1,2]. However, the effects of these ligands on
polarized effector functions of CD8+ T cells have not yet been re-
ported, and potential effects on CD8+ T cell-mediated autoimmune
responses remain to be investigated.

CD8+ T cell are known to play critical roles in the development and
progression of multiple autoimmune diseases [3]. Multiple sclerosis
(MS), characterized by demyelination and chronic inflammation in
the central nervous system, is thought to be mediated by CD4+ Th
cells and macrophages, but is also characterized by CD8+ T cells
reactive against self-antigens [4]. A recent study showed that a high
production of IL-17 from both CD4+ and CD8+ cells is found in ac-
tive MS patients [5]. Furthermore, in experimental autoimmune
encephalomyelitis (EAE), a mouse model of MS, results have
shown that CD8+ T cells can play an active role in disease induc-
tion [6,7]. However, other studies have also shown participation of

pression of ongoing EAE [8,9].

Type-1-diabetes (T1D) is another autoimmune condition with a
clear role of auto-reactive CD8+ T cells in the induction of disease.
T1D, characterized by destruction of pancreatic islet B-cells, was
found to be associated with CD8+ CTL (also referred to as Tc cells)
reactive against B-cell antigens [10]. CD8+ T cells reactive against
insulin B chain were shown to be responsible for f-cell destruction
in T1D islet transplant patients [11]. CD8+ T cells have been shown
to infiltrate islets in recently diagnosed T1D patients [12] and both
CD4+ and CD8+ peripheral blood lymphocytes from newly diag-
nosed T1D patients secrete elevated levels of IL-17 [13]. In the
NOD mouse model of T1D, CD8+ and CD4+ T cells are required for
diabetes, and diabetogenic islet antigen-specific CD8+ and CD4+ T
cell clones have been identified [14].

CD4+ Th cells have the ability to develop into polarized subsets,

including Th1, Th2, Th17 and Treg, depending on the cytokines in
the surrounding environment, such as TGF-B, IL-12, IL-4, IL-6, and
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IL-23 [15]. CD8+ T cells are also known to differentiate into different
effector subsets [16]. Type 1 CD8+ cytotoxic T cells (Tc1) are char-
acterized by the secretion of high amounts of both IFN-y and IL-2.
Type 2 CD8+ cytotoxic T cells (Tc2) are capable of secreting other
cytokines, such as IL-4, IL-5 and IL-10. Natural and induced sup-
pressive CD8+ cells have been described previously [17,18]. Natu-
ral CD8+ Treg were found in both human and mice and express
both CD25 and Foxp3 [19]. Adaptive CD8+ Treg can express a
variety of markers and effector molecules including Foxp3, CD25,
CD28, CTLA-4, GITR, CD122, IL-10 and TGF-B [18].

Recently, the plasticity of CD8+ T cell subsets and their differentia-
tion into other cytokine-producing phenotypes has begun to be in-
vestigated. CD8+ T cells producing IL-17 (Tc17), were produced in
the same polarizing conditions used to produce Th17 cells, in vivo
and in vitro [20]. STAT-3 and ROR-yt transcription factors were
demonstrated to be important for the production of Tc17 cells [21]. It
was reported that the Tc17 cells expressed reduced granzyme-B
and perforin, compared to Tc1 cells, and had reduced ability to
mediate cell lyses, in vitro. The stability of Tc17 and Tc1 subsets
was also tested by transferring both sub-populations into hemagglu-
tinin transgenic (Tg) mice. Production of IL-17 by Tc17 cells was
stable; however these cells acquired additional production of IFN-y
and lead to immune pathology [20]. This suggests that IL-17 secret-
ing Tc17 cells generated, in vitro may convert to IFN-y-producing
cells in certain inflammatory cytokine environments. In another
study investigating an adoptive-transfer model of diabetes, Tc17
cells were demonstrated to express perforin and granzyme B and to
have cytolytic activity, and after exposure to IL-23 these cells could
induce diabetes upon transfer into target antigen Tg mice [22].

Few studies have examined the effects of AhR-ligands on CD8+ T
cell polarization. 3, 7, 8-tetrachlorodibenzo-p-dioxin (TCDD), a high-
ly potent ligand for AhR, was reported to increase the suppressive
activity of CD25+CD4+Treg and CD25+CD8+Treg populations [23].
The effect on Treg activity was mediated by AhR in both CD4+ and
CD8+ subsets and was characterized by expression of CD25, CTLA
-4, CD28 and GITR, as well as transcription of IL-10 and TGF-f
genes. These findings suggest that signaling of AhR in CD8+ T
cells can influence their polarization towards a regulatory pheno-
type.

However, AhR-dependent effects of dioxin and other ligands have
been demonstrated in non-T cells, including dendritic cells (DC) and
macrophages [24]. AhR-ligands have been reported to either sup-
press or enhance DC maturation and function [25,26] (Abu-Rezq &
Millar, manuscript in preparation), and were found to promote IDO
expression and Treg development [27,28]. Thus, indirect effects of
AhR-ligands on cells such as DC can alter production of inflamma-
tory or regulatory cytokines and other regulatory enzymes that
might also alter differentiation of regulatory or effector CD8+ T cell
subsets [29].

We have investigated direct and indirect effects of AhR-ligands on
the differentiation of CD8+ T cells to different subsets and on the
induction of autoimmunity using the RIP-GP/P14 TCR double Tg
mouse model of diabetes. These mice express lymphocytic chori-
omeningitis virus (LCMV) glycoprotein (GP) in the pancreatic p-cells
and express a TCR specific for the immuno-dominant epitope of
LCMV-GP (gp33-41) on CD8+ T cells [30]. We find that co-
administration of the AhR-ligands quercetin, curcumin, or the ligand
precursor tryptophan, but not FICZ or I13C, together with LPS-pre-
treated and self-antigen pulsed bone marrow-derived dendritic cells

(BMDC) resulted in enhanced autoimmune diabetes. The ligands
that enhanced diabetes also increased Tc1 and Tc17 responses, in
vitro and in vivo, while ligands that failed to stimulate diabetes were
less able to increase Tc1 and Tc17 populations, but did increase
the IL-10+CD8+ population. Our findings demonstrate novel effects
of AhR-ligands on Tc1, Tc17 and IL-10+CD8+ T cell responses that
can influence induction of autoimmunity in response to DC vaccina-
tion.

Materials and Methods
Animals

RIP-GP/P14 TCR is a double transgenic mouse model of autoim-
mune diabetes bred from previously described RIP-GP and P14
TCR strains on the C57BI/6J background for more than 10 genera-
tions [30,31]. Adult RIP-GP/P14 TCR mice were used for in vivo
and in vitro experiments. C57BI/6J mice were used for BMDC prep-
arations. All experiments using mice were performed according to
the Animals (Scientific Procedures) Act (1986) under an approved
UK Home Office License.

Chemicals and Antibodies

6-formylindolo (3, 2-b) carbazole (FICZ) was purchased from Enzo
Life Science (UK). Indole-3-carbinol (I3C), curcumin, quercetin,
tryptophan, neutral buffered formalin solution (NBF), ethoxy-
resorufin, salicylamide, tween-20, 2-ME, streptozotocin (STZ), LPS
(E.coli serotype 026:B6), PMA, ionomycin, brefeldin A, and
monensin were purchased from Sigma (Poole UK). All antibodies
were purchased from eBioscience (UK). Anti-CD11c-microbeads
were purchased from Miltenyi (Germany). Tetra-methyl-benzidine
(TMB) was purchased from Alpha Labs. WST-1 viability reagent
was purchased from Roche. Peptide gp33-41 (KAVYNNFATM) was
synthesized by Sigma-Genosys. Blood glucose level was measured
by using an Accu-Chek Advantage glucose meter with Accu-Chek
Advantage |l test strips (Roche). Saponin was purchased from
Fluka (Switzerland). RPMI, HBSS, L-glutamine, penicillin, strepto-
mycin, and FBS were purchased from GIBCO, Invitrogen (UK).

CD11c-depleted Spleen Cell Stimulation with AhR-ligand Pre-
treated BMDC

Total spleen cells from RIP-GP/P14 TCR Tg mice were depleted of
CD11c+ cells using anti-CD11c-microbeads followed by Auto-
MACS separation. Cell separation was carried on according to the
manufacturer’s instructions (Miltenyi). Murine BMDC were prepared
as described previously [32]. On day 6 of development, BMDC were
stimulated overnight with the following AhR-ligands; 100nM FICZ,
10nM I3C, 100uM tryptophan, 10pM curcumin, or 10uM quercetin.
Treated BMDC (3x104 cells per well) were mixed with CD11c-
depleted spleen cells (2x105 cells per well) and stimulated with 30-
100ng/ml LPS and 1x10-° M gp33-41 peptide for 4 days at 37°C,
5% COz, 95% humidity. On day 4, the media was removed, fresh
media was added, and the cultures rested for 2 days. Primed T
cells were then re-stimulated for 4hrs with 25ng/ml PMA and 25ng/
ml ionomycin in the presence of 1ug/ml brefeldin A and 5uM
monensin.

Spleen Cell Stimulation in the Presence of Different AhR-
ligands

CD11c-depleted spleen cells (2x105 cells per well) were co-cultured
with immature BMDC (3x10# cells per well) in 96-well plate and the
following AhR-ligands; 100nM FICZ, 10nM 13C, 100uM tryptophan,
1M curcumin, or 1uM quercetin. The cultures were additionally
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stimulated with 30-100ng/ml LPS and 1x10-° M gp33-41 peptide for
4 days at 37°C, 5% COz, 95% humidity. On day 4, the media was
removed, fresh media added, and the cultures rested for 2 days.
Primed T cells were then re-stimulated for 4hrs with 25ng/ml PMA
and 25ng/ml ionomycin in the presence of 1ug/ml brefeldin A and
5uM monensin.

Flow Cytometry

Re-stimulated T cells were stained with anti-CD8-APC or anti-CD8-
PE antibody in FACS buffer (PBS, 2% FBS-heat inactivated, 0.1%
NaNs) for 30min at 4°C. Cells were washed with FACS buffer, then
fixed and permeabilized with Foxp3 fixation/permeabilization buffer
(eBioscience) for 15min at room temperature. After incubation time,
cells were washed with PERM/Wash buffer (FACS buffer, 0.1%
saponin), centrifuged, and supernatants were discarded. Cells were
stained with anti-IL-17-PE, anti-IFN-y-AlexaFluor-647 or anti-IL-10-
PE in PERM/Wash buffer and incubated at room temperature for
20min (all antibodies were used at 1:1000 dilutions of 1 mg/ml).
Cells were washed and re-suspended in 100ul NBF, and fluores-
cence data acquired using a FACSArray Flow Cytometer (BD Bio-
science) and obtained data were analyzed using FlowJo software
(Tree Star, USA).

EROD Assay

Cytochrome P450 induction, measured by CYP1A1-assoicated
ethoxy-resorufin-O-de-ethylase (EROD) assay, was performed
according to a previously established method [33]. Briefly, total
spleen cells from RIP-GP/P14 TCR Tg mice were prepared from
control and AhR-ligand-treated mice. Spleen cells at 2x105 cells per
well were transferred to a 96-well plate and incubated with 500uM
ethoxy-resorufin and 150mM salicylamide at 37°C, 5% COz, 95%
humidity for 2 hours, and the EROD activity was measured spectro-
fluorimetrically using excitation 530nm and emission 590nm, at
various time points.

Induction of Diabetes Autoimmune Disease in RIP-GP/P14 TCR
Tg Mice

Method 1: BMDC on day 5 were incubated overnight with 200ng/ml
LPS and AhR-ligands. The following day, BMDC were centrifuged
at 400xg for 5min, supernatants were discarded, and pellets were
re-suspended in HBSS at 1x107cell/ml, cells were pulsed with 1x10-
7'M gp33-41 peptide and incubated for 90min at 37°C, 5% CO.,
95% humidity. Mice received 300l of AhR-ligand-treated BMDC
(3x108 cells s.c.) as described in figure legends. BMDC treatments
and injections were repeated every other day for a total of 3 injec-
tions.

Method 2: BMDC on day 5 were matured with 200ng/ml LPS over-
night. The following day, BMDC were centrifuged at 400xg for 5min,
supernatants were discarded, and pellets were re-suspended in
HBSS at 1x107cell/ml and pulsed with 1x10-" M gp33-41 peptide. All
mice received 300pl of 3x108 BMDC s.c. with a second i.p injection
with either 200ul HBSS as a control or different AhR-ligands as
described in figure legends. BMDC treatments and injections were
repeated every other day for a total of 3 injections.

In both methods, pre-glucose measurements were taken to confirm
healthy, non-diabetic animals (glucose between 5-12mM). Blood
glucose level was measured by sampling one drop of blood from
the lateral tail vein, starting on day 7 following the first injection, and
continued every other day until the diabetic endpoint of the experi-
ments. Mice with blood glucose levels higher than 15mM were

scored as diabetic. Diabetic mice were sacrificed after 3 readings
greater than 15mM were confirmed.

Statistics

Significant differences between experimental groups with normal
distribution were determined using ANOVA by using GraphPad
Prism 4 software and all error bars show SEM. Significant differ-
ences between Kaplan-Meier incidence curves were determined by
the log-rank test.

Results

Development of Tc1, Tc17, and IL-10+CD8+ T Cells in Re-
sponse to AhR-ligands-pre-treated BMDC, in vitro

In order to investigate the development of different CD8+ T cell
subsets, in vitro, we used the stimulation of CD11c-depleted spleen
cells from P14 TCR Tg mice, activated with epitope peptide gp33-
41, LPS and additional BMDC, which was previously determined to
give a BMDC-dependent increase in IFN-y-producing Th1 cells.
BMDC were additionally pre-treated with different AhR-ligands to
assess their ability to alter the differentiation of different CD8+ sub-
sets.

Cultures of P14 TCR T cells incubated in the presence of BMDC
and gp33-41 peptide and LPS alone generated few IFN-y+CD8+
Tc1-type cells ([Fig-1A] ‘Control’ i.e. BMDC+LPS). Including BMDC
that had been pre-treated with the AhR-ligands FICZ or 13C, had no
significant effect on the Tc1 response [Fig-1A], [Fig-1D]. However,
including BMDC that had been pre-treated with tryptophan, curcu-
min, or quercetin significantly (*** p<0.001) increased the induction
of IFN-y+CD8+ T cells compared to Control [Fig-1A], [Fig-1D]. The
effect of BMDC treated with different AhR-ligands on stimulation of
a Tc17 phenotype was also examined. The exposure of BMDC to
FICZ or 13C did not alter the development of IL-17+CD8+ T cells,
compared to control [Fig-1B], [Fig-1E]. However, including BMDC
that had been pre-treated with tryptophan, curcumin, or quercetin
significantly (** p<0.01) increased the induction of IL-17+CD8+ T
cells compared to control [Fig-1B], [Fig-1E]. Also, the effect of the
ligands on the production of IL-10+CD8+ T cells was investigated.
Cultures of control BMDC with P14 TCR T cells generated few IL-
10-expressing cells ([Fig-1C] ‘Control’ i.e. BMDC+LPS’). FICZ or
I3C-pre-treated BMDC caused a significant (*** p<0.001) increase
in IL-10+CD8+T cells [Fig-1C], [Fig-1F]. Tryptophan, curcumin, or
quercetin pre-treatment had no significant effect on IL-10 expres-
sion [Fig-1C], [Fig-1F]. Overall these results suggest that some AhR
-ligands have effects on BMDC that enhance Tc1 and Tc17 devel-
opment, while other AhR-ligands (FICZ and 13C) promote potential-
ly regulatory IL-10+CD8+ T cells without affecting Tc1 and Tc17
development.

Efficacy of BMDC Immunization is not Increased by pre-
treatment with AhR-ligands

Since we and others have found that AhR-ligands can promote pro-
inflammatory cytokine production from BMDC [26], and with the
results shown in [Fig-1], we hypothesized that BMDC exposed to
some of the AhR-ligands might be more immuno-stimulatory and be
able to activate auto-reactive T cells, resulting in autoimmunity. To
test whether AhR-ligand-treated BMDC could promote activation of
autoimmune diabetes in RIP-GP/ P14 TCR Tg mice, we immunized
mice with self-antigen peptide-loaded BMDC stimulated with LPS
and different AhR-ligands. The incidence of diabetes in the control
group was low, indicating that LPS-matured BMDC carrying self-
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antigen is poor stimulators of autoimmunity [Fig-2A]. Pre-treatment
of BMDC with FICZ or I3C did not significantly increase the inci-
dence of diabetes [Fig-2A]. The incidence of diabetes after injection
of curcumin or tryptophan pre-treated BMDC was not significantly

different than control [Fig-2B]. Thus, although AhR-ligands pre-
treatment of BMDC can alter their ability to cause effector CD8+ T
cells polarization, in vitro, this effect did not significantly contribute
to enhanced autoimmune effects, in vivo.
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Fig. 1- Pre-treatment of BMDC with Different AhR-ligands Enhances the Development of Tc1 and Tc17, or IL-10+CD8+ Subsets, in vitro.
Immature BMDC were pre-treated overnight with AhR-ligands (FICZ (100nM), I3C (10nM), tryptophan (100uM), curcumin (10uM), or quercetin
(10uM)), then washed and mixed with CD11c-depleted spleen cells from RIP-GP/P14 TCR Tg mice. Co-cultures were stimulated with 1x10-9 M
gp33-41 peptide and LPS for 4 days. Following rest in fresh media and re-stimulation, samples were stained for CD8+ and cytokine-positive
populations. (1A) Flow cytometry dot plots of cultures double stained for IFN-y and CD8. (1B) Dot plots of cultures double stained for IL-17 and
CD8. (1C) Dot plots of cultures double stained for IL-10 and CD8. (1D) Mean production of Tc1 cells. Significant differences were observed
after tryptophan, curcumin, or qurecetin treatment compared to control (*** p<0.001). (1E) Mean production of Tc17 cells. Tryptophan, curcu-
min, and quercetin significantly (** p<0.01) increased the Tc17 population. (1F) Mean production of IL-10+CD8+ T cells. FICZ and 13C both
significantly (*** p<0.001) increased the population compared to control. Representative cytometry data from 2 separate experiments are shown
(n=4). Mean value were plotted and significant differences were determined by ANOVA.

Direct Exposure of CD8+ Spleen Cells to Some AhR-ligands
Induces Tc1, Te17, and IL-10+CD8+ T Cells, in vitro

The ability of the AhR-ligands to directly stimulate T cell subset
development, in vitro, was then examined. To promote differentia-
tion of T cells, CD11c-depleted spleen cells from P14 TCR Tg mice
were stimulated in the presence of control BMDC and different AhR
-ligands together with LPS and gp33-41 peptide. Following rest in
fresh media and re-stimulation, cytokine-positive CD8+ populations
were identified [Fig-3].

As shown previously in [Fig-1], culture of P14 TCR T cells incubat-
ed in the presence of BMDC and gp33-41 peptide and LPS alone

generated few IFN-y+CD8+ Tc1-type cells ([Fig-3A] ‘Control i.e.
BMDC+LPS’). Including the AhR-ligands FICZ or 13C during T cell
stimulation, had no significant effect of the Tc1 response [Fig-3A],
[Fig-3D]. However, including tryptophan, curcumin, or quercetin in
the cultures significantly (*** p<0.001) increased the induction of
IFN-y+ CD8+ T cells compared to the control [Fig-3A], [Fig-3D].
Similarly, culture of P14 TCR T cells incubated in the presence of
BMDC and gp33-41 peptide and LPS alone generated few IL-
17+CD8+ Tc17-type cells ([Fig-3B] ‘Control i.e. BMDC+LPS’). In-
cluding the AhR-ligands FICZ or I3C did not alter the development
of IL-17+CD8+ T cells, compared to control [Fig-3B], [Fig-3E]. How-
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ever, including tryptophan, curcumin, or quercetin significantly (**
p<0.01) increased the induction of IL-17+CD8+ T cells compared to
the control [Fig-3B], [Fig-3E]. In contrast, inclusion of FICZ or I13C
during T cell stimulation caused a significant (** p<0.01, * p<0.05,
respectively) increase in IL-10+CD8+ T cells compared to the con-
trol [Fig-3C], [Fig-3F]. However, adding tryptophan, curcumin, or
quercetin to the culture had no significant effect on IL-10 expression
[Fig-3C], [Fig-3F]. Overall these results suggest that some of the
AhR-ligands (tryptophan, curcumin, and quercetin) directly enhance
Tc1 and Tc17 differentiation, while FICZ and 13C can skew differen-
tiation towards an IL-10+CD8+ T cells phenotype rather than Tc1
and Tc17 subsets.
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Fig. 2- RIP-GP/P14 TCR Tg mice Injected with AhR-ligands Pre-
treated BMDC have no Significant Effect on the Incidence of Diabe-
tes
Immature BMDC were pre-treated overnight with 200ng/ml LPS and
AhR-ligands (FICZ (100nM), 13C (10nM), curcumin (10uM), or tryp-
tophan (100uM)) or HBSS buffer alone, then washed and pulsed
with 1x107 M gp33-41 peptide. RIP-GP/P14 TCR Tg mice were
then injected three times, every other day, with the different BMDC
preparations. (2A) The incidence of diabetes in the control group
was 8.3%, and the incidence of diabetes using FICZ or 13C pre-
treated BMDC was not significantly different. (2B) The incidence of
diabetes using tryptophan pre-treated BMDC increased to 25%
while injection of curcumin pre-treated BMDC gave 0% incidence.
Data are from 3 experiments with n=12 mice. Differences between

Kaplan-Meier incidence curves were determined by log-rank test.

Efficacy of BMDC Immunization is Increased by co-
administration of Tryptophan, Quercetin or Curcumin

To determine whether a direct effect of the AhR-ligands on T cells
would alter the ability of LPS-matured BMDC to stimulate autoim-
mune responses, we co-administered AhR-ligands during BMDC
immunization of Tg mice. BMDC were matured with LPS alone
overnight, pulsed with the peptide gp33-41 the next day, and then
administered s.c. to RIP-GP/P14 TCR Tg mice, along with a second
i.p injection of AhR-ligands. As shown in [Fig-4A], co-administration
of BMDC with either FICZ or 13C did not significantly increase the
incidence of diabetes compare to control buffer co-injection. In con-
trast, co-administration of BMDC with tryptophan resulted in a sig-
nificantly (p<0.01) increased incidence of diabetes [Fig-4B]. Similar-
ly, co-administration of curcumin also resulted in an increase in the
incidence of diabetes; however this did not achieve statistical signif-
icance [Fig-4C]. Co-administration of BMDC with quercetin resulted
in a significantly (p<0.01) increased incidence of diabetes, similar to
tryptophan [Fig-4D]. These results suggest that FICZ and 13C are
unable to increase a diabetogenic immune response induced by
LPS-matured, self-antigen-pulsed BMDC, while co-injection with
tryptophan, curcumin and quercetin can enhance development of
diabetes. These effects are also in agreement with previous results
which showed that co-injection of the AhR-ligands tryptophan, cur-
cumin, or quercetin increased the incidence of diabetes induced by
multiple low dose streptozotocins.

Induction of Cytochrome P450 Expression, By specific AhR-
ligands, in vivo

Next, we confirmed that all the AhR-ligands used were capable of
activating the AhR transcription factor in P14 TCR Tg mice. Cyto-
chrome P450 1A1, controlled by AhR-dependent dioxin-response
element, can be fluorometrically measured using the EROD assay
[33]. Injection of P14 TCR Tg mice with FICZ, 13C, tryptophan, cur-
cumin, or quercetin on day 0 lead to a strong increase in cyto-
chrome P450-1A1-dependent EROD activity on day 2 in isolated
spleen cells, compared to buffer injection alone [Fig-5A], [Fig-
5D].Therefore, these compounds are effective in TCR Tg mice at
activating AhR-dependent gene expression.

Administration of Different AhR-ligands Alters CD8+ T cell
Subsets, in vivo

To assess the direct of effects of AhR-ligands on Tc1 and Tc17
populations, in vivo, RIP-GP/P14 TCR Tg mice were injected with
different AhR-ligands and two days later, total spleen cells were re-
stimulated and stained for IL-17+CD8+ and IFN-y+CD8+ cells. Mice
injected with FICZ, 13C, tryptophan, curcumin or quercetin showed
increased populations of IFN-y+CD8+ T cells compared to control
mice that received buffer alone [Fig-6A]. However, tryptophan, cur-
cumin and quercetin increased the Tc1 population significantly
more than FICZ and I3C (p<0.001). Injection of FICZ and I3C in-
creased significantly the Tc17 population [Fig-6B]. However, the
AhR-ligands tryptophan, curcumin, and quercetin, were found to
significantly (p<0.001) increase IL-17+CD8+ T cells compared to
control, and either FICZ or 13C injections [Fig-6B]. These results
demonstrate that tryptophan, curcumin, and quercetin, can promote
enhanced effector T cell development (Tc1 and Tc17), whereas
FICZ and 13C have also promote Tc1 and Tc17 cells, in vivo, but to
a lesser degree.
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Fig. 3- Some AhR-ligands Directly Enhance Development of Tc1 and Tc17 Populations, but have Differing Abilities to promote an IL-10+CD8+
subset, in vitro.
Spleen cells from RIP-GP/P14 TCR Tg mice were depleted of CD11c+ cells and stimulated with untreated BMDC, 1x10-° gp33-41 peptide, and
LPS for 4 days in the presence of different AhR-ligands (FICZ (100nM), 13C (10nM), tryptophan (100uM), curcumin (1uM), or quercetin (1uM)).
Following rest in fresh media and re-stimulation, samples were stained for CD8+ and cytokine-positive populations. (3A) Flow cytometry dot
plots of cultures double stained for IFN-y and CD8. (3B) Dot plots of cultures double stained for IL-17 and CD8. (3C) Dot plots of cultures dou-
ble stained for IL-10 and CD8. (3D) Mean production of Tc1 cells. Significant differences were observed after tryptophan, curcumin, or qurecetin
treatment compared to control (*** p<0.001). (3E) Mean production of Tc17 cells. Tryptophan, curcumin, and quercetin significantly (** p<0.01)
increased the Tc17 population. (3F) Mean production of IL-10+CD8+ T cells. FICZ and 13C both significantly (** p<0.01, *p<0.05, respectively)

increased the population compared to control. Representative cytometry data from 2 separate experiments are shown (n=4). Mean value were

plotted and significant differences were determined by ANOVA.

Discussion

In the present study, the effects of different AhR-ligands on the
induction of autoimmune diabetes in the RIP-GP/P14 TCR Tg
mouse model were investigated for the first time. Our results show
that some AhR-ligands can increase the occurrence of diabetes
during immunization with BMDC carrying self-Ag. We have shown
that co-administration of self-antigen-pulsed-BMDC with tryptophan,
curcumin, or quercetin increased the incidence of diabetes, and the
results were correlated with an increase in IL-17+CD8+ Tc17 cells
and IFN-y+CD8+ Tc1 cell populations, in vivo. On the other hand,
other AhR-ligands including FICZ and 13C, were not able to in-
crease the incidence of diabetes and these AhR-ligands had a re-
duced ability to generate Tc17 and Tc1 populations, and had the
additional ability to increase the induction of IL-10+CD8+ T cells, in

vivo. Therefore, the main difference between the two groups of
ligands associated with activation of diabetes is the extent to which
they skew towards Tc1/Tc17 cell development rather than towards
IL-10+CD8+ T cells.

Th17 cells have been widely suggested to be involved in autoim-
mune diseases [34]. IL-17A is known to enhance other inflammato-
ry cytokines and chemokines and promote recruitment of neutro-
phils and other immune cells. Neutralization or deficiency of IL-17
has been shown to protect against some models of autoimmunity
[34]. The requirement for TGF-B in both Th17 and Treg develop-
ment is thought to indicate a reciprocal relationship between these
two subsets, whose balance determines the extent of immune acti-
vation or tolerance. Previously, we have reported that suppression
or enhancement of streptozotocin-induced diabetes depended on
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the development of Treg or Th17 responses, and these responses
were modulated by co-administration of AhR-ligands. Similar find-
ings were reported for the AhR-ligands TCDD and FICZ, which had
different abilities to promote Treg or Th17 responses and conse-

quent effects on EAE [1,2]. The main sources of IL-17 have been
presumed to be Th17 cells, as well as y&-T cells and innate immune
cell types [35,36]. However, CD8+ T cells can also develop into an
IL-17 producing Tc17 phenotype.

>

100+
-5 BMDC+HBSS

75 —¥-BMDC#+FICZ
—&— BMDC+I3C

50+

254

% Incidence of Diabetes

o4 F—EHEHE— -
L) L] L) L) L] L Al '
0 3 6 9 12 15 18 21 24
Days

O

1004
-0- BMDC+HBSS

754 —&— BMDC+Curcumin

50+

% Incidence of Diabetes

04

Ll L) L] L) Ll LJ L Ll L)
0 3 6 9 12 15 18 21 24
Days

100+
g -O-BMDC+HBSS
3 75 —& BMDC#+Tryptophan
[a)
s
) 50"
o
c
@
2 254
£
S i
L) ) | L} 1) L} L) L) ] L)
0 3 6 9 12 15 18 21 24
Days
100+
g | -o-BvDC#HBSS
2 75 —&— BMDC+Quercetin
[a}
s
) 50"
o
c
<
s 25+
£
S i
1} 1) L) 1) L L Ll L L)
0 3 6 9 12 15 18 21 24
Days

Fig. 4- Co-administration of Some AhR-Ligands and LPS-Matured BMDC Increases the Incidence of Diabetes
RIP-GP / P14 TCR Tg mice were injected s.c. three times every other day with LPS-matured BMDC pulsed with gp33-41 peptide, and a second
i.p. injection with either HBSS or one of the following AhR-ligands: FICZ (2nmol/kg), I3C (2nmol/kg), tryptophan (20umol/kg), curcumin (2umol/
kg), or quercetin (2umol/kg). (4A) The incidence of diabetes in the control group was 0%, and the incidence of diabetes with co-injection of
FICZ or 13C was not significantly different. (4B) The incidence of diabetes with tryptophan co-injection increased significantly (p<0.05) to 67%.
(4C) Co-injection of curcumin increased the incidence to 33%. (4D) Quercetin co-injection significantly (p<0.05) increased the incidence of dia-
betes to 67%. Data from 2 experiments with n=6 mice per group are shown. Differences between Kaplan-Meier incidence curves were deter-

mined by log-rank test.

The role of IL-17 secretion from CD8+ T cells in autoimmune condi-
tions has not yet been investigated. One would expect that IL-17
secreted from CD8+ cells would have the same effect on inflamma-
tion and cell recruitment as Th17 cells. In conditions involving MHC
class I-restricted self-antigen exposure, initial stimulation of CD8+ T
cells in a TGF-B and IL-6 rich environment may produce Tc17 cells
that promote autoimmunity. Self-antigen and TCR Tg models of
CD8+ T cell-mediated diabetes have shown that Tc1-type CTL
responses, involving perforin and IFN-y, are important for autoim-
mune fB-cell destruction [37,38]. However, recent characterization of
Tc17 CD8+ cell phenotype and function has shown that this subset
can express perforin and granzyme B, have cytolytic activity, and
mediate autoimmune destruction [22]. Tc17 cells, like Th17 cells,
can acquire expression of IFN-y, and lead to additional immune
pathology [20,39]. The cytokine IL-23 may be decisive in allowing
Th17 and Tc17 cells to acquire IFN-y production and for executing
a pathogenic autoimmune function. The combined effects of Tc17
cells with IFN-y-secretion on recruitment of cells and maintaining

inflammation, together with unmasking of B-cell self antigens, may
provide the necessary conditions for complete immune-mediated (-
cell destruction.

A previous study investigating the effects of TCDD on CD8+ T cell
polarization showed induction of both CD25+CD4+ Treg and
CD25+CD8+ Treg population with the ability to suppress allogeneic
immune responses [23]. Both Treg subsets were characterized by
high expression of CD25, CTLA-4, CD28 and GITR, and the ability
to secrete IL-10 and TGF-B cytokines. Our study has revealed mul-
tiple effects of different AhR-ligands on CD8+ T cell populations and
the consequences for autoimmune destruction. The effects of FICZ
and 13C included expansion of an IL-10+CD8+ T cell population, in
vivo, together with a small increase in Tc1 and Tc17 cells, which
failed to enhance induction of diabetes [Fig-4]. However, trypto-
phan, curcumin, and quercetin, strongly enhanced Tc1 and Tc17
cells without increasing IL-10+CD8+ cells, and their co-
administration with BMDC vaccination, increased diabetes. This
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suggests that FICZ and 13C may resemble TCDD in promoting sup-
pressive T cell functions, but highlights the different abilities of

some AhR-ligands to influence effector CD8+ T cell subset differen-
tiation.
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Fig. 5- Injection of AhR-ligands Induces Expression of Cytochrome P450, in Spleen Cells
RIP-GP/P14 TCR Tg mice were injected with different AhR-ligands and two days later total spleen cells were assayed for EROD activity over
time. Control mice received HBSS alone. (5A) FICZ (2nmol/kg) increased significantly EROD activity as compared to control group (p<0.0001).
13C (2nmol/kg) increased significantly EROD activity as compared to control group (p<0.0001). (5B) Curcumin (2umol/kg) increased significant-
ly EROD activity as compared to control group (p<0.0001). (5C) Tryptophan (20umol/kg) increased significantly EROD activity as compared to
control group (p<0.0001). (5D) Quercetin (2umol/kg) (p<0.0001). Representative data from 2 separate experiments with n=4 mice per group are
shown. Mean value were plotted and significant differences were determined by ANOVA.

Several studies have reported contact-dependent suppressive func-
tions of, in vitro generated adaptive CD8+ Treg cells. However,
naturally-occurring Foxp3+CD8+ T cells isolated ex vivo, were de-
scribed to have a lower suppressive capacity compared to CD4+
nTreg [40] and their role in maintaining tolerance, in vivo, has not
yet been demonstrated. In contrast, expansion of inducible
Foxp3+CD25+CD8+ Treg cells, for example by anti-CD3 treatment,
has been reported to enhance tolerance in diabetes patients [41].
Antigen-specific CD8+ T cells have been described, that can sup-
press and reverse diabetes in NOD mice [42]. These cells ex-
pressed CD122 and suppression of diabetes required, a significant
suppression in antigen presentation by APC, which could be medi-
ated by different mechanisms including; suppression of the level of
IFN-y secreted, enhancing the expression of IDO, and killing APC
via perforin. Other suppressive CD8+ T cell populations expressing
CD122 have also been described. A study was made to investigate
the role of CD8+CD122+ Treg in EAE. Results showed that deplet-
ing CD8+CD122+ Treg cells from C57BI/6J mice by the injection of
anti-CD122 mAb, in vivo, caused persistent EAE disease and de-
creased the production of IL-10 significantly, while injecting these

mice with CD8+CD122+ cells increased the production of IL-10
significantly and reduced the EAE symptoms [9]. The differentiation
of CD8+ T cells to a suppressive phenotype can be achieved by
stimulation with IL-4 and IL-12, in vitro [43]. The suppressive func-
tion of this subset appears to be due to a contact-dependent mech-
anism, as well as their ability to secrete IL-10. During our studies, in
addition to observing altered IL-10+CD8+ development during treat-
ment with some AhR-ligands, in vitro, we also noticed a decrease in
Foxp3+ expression in P14 TCR CD8+ T cells during exposure to
the AhR-ligands that enhanced diabetes (data not shown). It will be
of interest to investigate whether Foxp3+ P14 TCR T cells or IL-10+
P14 T cells would be able to suppress diabetes in response to im-
munogenic BMDC or peptide vaccination in future studies.

Enhancement of self-reactive CD8+ cytotoxic T cell activation is an
important component of cancer treatment [44]. CD8+ T cells can
differentiate into Tc1, which may fight tumors by IFN-y-dependant
mechanisms. CD8+ T cells skewed to produce IL-17 were able to
mediate anti-tumor responses, but also converted to IFN-y-
producers, in vivo [45]. In vitro generated Tc17 cells were reported
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to secrete IL-17A, IL-17F, TNF-q, IL-21 and IL-22 and it was shown
that transferring OVA-specific Tc17 cells into OVA+ tumor-bearing
mice could control tumor growth in early and late stage of melano-
ma [46]. The Tc17 cells also secreted multiple chemokines causing
recruitment of Th1 and Tc1 cells which helped in tumor regression,
and IL-17-dependant recruitment of neutrophils further enhanced
control of tumor growth [46]. These findings suggest that properties
of both Tc17 and Tc1 cells have desirable effects on anti-tumor

immunity. However IL-17+CD8+ T cells in hepato-carcinoma pa-
tients were found to accumulate in tumors and were associated with
disease progression [47] and IL-17 has been reported to promote
angiogenesis and tumor development [48,49]. Therefore, while
stimulating self-reactive Tc17 cell expansion by administration of
AhR-ligands may be beneficial for inducing anti-tumor immunity,
caution is needed to avoid tumor promoting effects, as well as in-
ducing potentially damaging autoimmune side effects.

A Control
0% | T 4% ]0% | 10%| 0%
0% , 96% !,0%

B 410.2% 5%)10.4%

2 iz
Bies 5t
10 f | 3%

1 H o { A {
IL-17 | 10° l0.1% Q 95%) {0.1% ' 87%

FICZ 13C

 90%) 0% ‘ gz:@J 0%

13%]10.3% 14%10.9% 24%|12%

Tryptophan Curcumin Quercetin
8%|10% —16%)| 0% | 18%[[0% | 17%|
. |
S SR

5':;;;'; I ;
S
82%.10% 5 83%

25%|10% | 31%)

84%|10%

0.7% 0 74%|12% 0 71%) 0% 69%

10 10 10 10 10

CcDs8
20+ .

e P
® . -
3 L]

o = 157 —y
>3
= ®
o 2 10- LR
o ® .
X -»
~ o
z 54 :o
=X
c Ll L} Ll L} L) L}
» () O & o
<& \é’ i) & & P
C (;°° < & S &

351
2 30- -t
o
g § 254 * —'—.:
25 20- .t
2 o
® 15-
-a 15 s e
- 9— 10 L
5 4
R 54 2%
c L) L] L L L L
o A% O 'S & &
D & & ¢ & & &
«,:\Q S &

Fig. 6- The Effects of AhR-ligands on T cell Subset Populations, in vivo

RIP-GP/P14 TCR Tg mice were injected with different AhR-ligands and two days later, total spleen cells were re-stimulated with PMA/
ionomycin and monensin for 4 hours and then stained for CD8 and intracellular IL-17 or IFN-y. (6A) Flow cytometry dot plots of cultures double
stained for IFN-y and CD8. (6B) Flow cytometry dot plots of cultures double stained for IL-17 and CD8 (6C) Population of IFN-y+CD8+ Tc1
cells. Tryptophan, curcumin, and quercetin significantly (p<0.001) increased the population of Tc1 compared to the control or FICZ or 13C injec-
tions. (6D) Population of IL-17+CD8+ Tc17 cells. Tryptophan, curcumin, and quercetin significantly (p<0.001) increased the Tc17 population
compared to the control or FICZ or 13C injections. Data shown are representative of 2 experiments, n=4 mice per group. Data for individual
mice in each group and the mean value is shown and significant differences were determined by ANOVA.
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