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Abstract

Regulatory T (Treg) cells help to maintain tolerance and prevent
the development of autoimmune diseases. Retinoic acid (RA) can
promote peripheral conversion of naive T cells into Foxp3* Treg
cells. Here, we show that RA can act as an adjuvant to induce anti-
gen-specific type 1 Treg (Trl) cells, which is augmented by co-
administration of IL-2. Immunization of mice with the model anti-
gen KLH in the presence of RA and IL-2 induces T cells that secrete
IL-10, but not IL-17 or IFN-y, and express LAG-3, CD49b and PD-1
but not Foxp3, a phenotype typical of Trl cells. Furthermore, immu-
nization of mice with the autoantigen MOG in the presence of RA
and IL-2 induces Trl cells, which suppress pathogenic Thl and
Th17 cells that mediate the development of experimental autoim-
mune encephalomyelitis (EAE), an autoimmune disease of the CNS.
Furthermore, immunization with a surrogate autoantigen, RA and
IL-2 prevents development of spontaneous autoimmune uveitis.
Our findings demonstrate that the induction of autoantigen-
specific Trl cells can prevent the development of autoimmunity.
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Introduction

Autoimmune diseases, such as multiple sclerosis (MS) and uveitis,
can develop following a breakdown in self-tolerance and activation
of autoantigen-reactive lymphocytes, which migrate to tissues of
autoantigen expression where they trigger inflammation. Current
and developing treatments against autoimmune diseases mainly

target the mediators of inflammation. These include antibodies and
other biological drugs that neutralize the inflammatory cytokines
TNF, IL-17 and IL-23, or block the function (CD52, CD20) or migra-
tion (VLA-4) of pathogenic lymphocytes [1-3]. While these treat-
ments reduce the symptoms of certain autoimmune diseases, they
can be associated with drug unresponsiveness and side effects due to
complete suppression of cytokines that play key roles in host defence
against infection. Alternatively, re-balancing the immune response in
favour of immune regulation may influence the development of
autoimmunity and may hold the key to safer and more effective treat-
ment approaches. Indeed, the development of autoantigen-specific
regulatory T (Treg) cells that specifically target and inhibit autoreac-
tive inflammatory lymphocytes without impairing other functions of
the immune system is considered the “Holy Grail” in the prevention
or treatment of autoimmune diseases [4,5]. However, isolating and
expanding autoantigen-specific Treg cells in vivo has proven to be
challenging and has restricted the development of effective Treg-
based therapy. Nevertheless, studies in animal models and humans
have shown that nasal or parenteral administration of peptides corre-
sponding to sequences from self-antigens either in solution, trapped
in nanoparticles or presented by tolerogenic dendritic cells (DC) can
attenuate autoimmune diseases through induction of tolerance and
Treg cells [6-10]. Conventional or natural Treg cells that develop in
the thymus constitutively express Foxp3, a lineage-defining tran-
scription factor [11]. Inducible Foxp3 ™ Treg cells can also develop in
the periphery following conversion from naive conventional Foxp3™
T cells, especially under the influence of TGF-f. Adaptive Treg or Trl
cells can also be generated in the periphery in response to antigen
stimulation [12,13]. These Treg cells do not express Foxp3 but
secrete the immunosuppressive cytokine IL-10 and are characterized
by surface expression of CD49b and LAG-3 [14].

Treg cells play a central role in the protection against autoim-
mune diseases by maintaining self-tolerance through continuous
inhibition of autoreactive immune cells in the periphery. They can
suppress the development of inflammation through a variety of
mechanisms including the secretion of the immunosuppressive

1 School of Biochemistry and Immunology, Trinity Biomedical Sciences Institute, Trinity College Dublin, Dublin 2, Ireland
2 Section of Immunity, Infection and Inflammation (Ocular Immunology), School of Medicine, Medical Sciences and Nutrition, Institute of Medical Sciences, University of

Aberdeen, Aberdeen, UK

w

School of Veterinary Medicine and Biomedical Sciences, University of Nebraska-Lincoln, Lincoln, NE, USA

4 Ocular Immunology Program, Centre for Ophthalmology and Visual Science, The University of Western Australia, Perth, WA, Australia

O

Centre for Experimental Immunology, Lions Eye Institute, Nedlands, WA, Australia
*Corresponding author. Tel: +35318963573; E-mail: kingston.mills@tcd.ie

© 2019 The Authors

EMBO reports 20: e4712112019 1 of 13


https://orcid.org/0000-0003-3646-8222
https://orcid.org/0000-0003-3646-8222
https://orcid.org/0000-0003-3646-8222

EMBO reports

cytokine IL-10, as well as their surface expression of the immune
checkpoint CTLA-4, PD-1 and LAG-3, which inhibit a broad range of
immune cells, including antigen presenting cells (APCs), B cells, NK
cells, CD4 and CD8 T cells [15].

Environmental factors can have a powerful influence on susceptibil-
ity to autoimmune diseases, and these can operate through modulation
of T-cell function. Retinoic acid (RA), the active metabolite of vitamin
A, is a key regulator of CD4 T-cell homeostasis, particularly in the gut,
where maintenance of self-tolerance is essential to homeostasis [16].
RA is an important cofactor for the induction of extra-thymic Treg cells;
it greatly enhances Treg cell conversion induced by TCR activation and
TGF-B in vitro and facilitates the differentiation of inducible Treg cells
following oral administration of antigens [17-19]. Moreover, RA plays
a critical role in maintaining natural Treg cells in inflammatory condi-
tions [20,21]. RA can also modulate other immune cells, such as DCs
and yo T cells, and has been assessed as a potential treatment for
autoimmune disease [22,23], while inhibitors of RA are effective in a
model of cancer [24].

Recent studies have shown that treatment with low-dose IL-2
induces the expansion of Treg cells without inducing the activation
of effector T cells. This approach has shown high efficacy in mouse
models of type 1 diabetes, food allergy and Alzheimer’s disease [25—
27]. These studies, coupled with encouraging effects of low-dose IL-
2 in clinical trials for type 1 diabetes, systemic lupus erythematosus
and chronic graft-vs.-host disease, suggest that IL-2 may be a
promising first-line treatment against autoimmunity [28-33].

In this study, we examined the hypothesis that RA and IL-2 could
act as adjuvants to promote the induction of autoantigen-specific
Treg cells in vivo and that this could attenuate the development of
autoimmune disease. We found that immunization of mice with
foreign or self-antigens in combination with RA and IL-2 induced
Trl-type antigen-specific T cells that express the immune check-
points LAG-3, PD-1 and CTLA-4, but not Foxp3, and produce the
anti-inflammatory cytokine IL-10. Furthermore, in vivo expansion of
these antigen-specific Tr1 cells impaired the induction and migration
of Thl and Th17 cells that mediate inflammation in experimental
autoimmune encephalomyelitis (EAE), experimental autoimmune
uveitis (EAU) and spontaneous uveitis models.

Results and Discussion
RA and IL-2 act as adjuvants for induction of Trl cells in vivo

RA plays a role in maintenance of tolerance and can enhance TGF-f-
induced conversion of naive T cells into Treg cells in vitro [19,24].
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Treg cells express the receptor for IL-2 and it has been shown that
treatment with low-dose IL-2 can expand Foxp3 ™ Treg cells in vitro
and in vivo and that these Treg cells suppress inflammatory
responses [34]. Here, we assessed the capacity of RA to act as an
adjuvant to induce antigen-specific Treg cells in vivo in response to
immunization of mice with the model foreign antigen KLH and if this
could be augmented by addition of IL-2. Flow cytometric analysis
(gating strategy shown in Fig EV1) revealed that immunization of
mice with KLH and RA promoted induction of a population of
CD49b* LAG-3" CD4 T cells that was further enhanced by co-
administration of IL-2 (Fig 1A and B). In contrast, immunization
with KLH alone or KLH and IL-2 did not expand CD49b" LAG-3"
CD4 T cells in vivo (Fig 1A and B). The frequency and absolute
number of Foxp3™ T cells were not enhanced by any immunization
protocol examined (Fig 1A and B). Co-expression of CD49b and
LAG-3, without Foxp3, on CD4 T cells is consistent with the induc-
tion of Trl-type Treg cells [14]. Assessment of other markers
expressed by Trl cells revealed that the induced Tr cells expressed
CTLA-4, PD-1, CD226 and ICOS, as well as CD25 (Fig 1C).

Assessment of the antigen specificity and cytokine production of
the induced T cells showed that immunization of mice with KLH, RA
and IL-2 induced KLH-specific T cells in the spleens that produced
large amounts of IL-10, but did not produce IFN-y or IL-17 (Fig 1D). In
contrast, immunization with KLH combined with the TLR2 agonist
LP1569 and the STING agonist cyclic di-GMP (c-di-GMP), an adjuvant
combination that we have used to promote effector T-cell responses
in a vaccine for an infectious disease [35], strongly promoted
antigen-specific IFN-y and IL-17 production, with low concentrations
of IL-10 (Fig 1D). Immunization with KLH alone, KLH and RA or KLH
and IL-2 induced antigen-specific IL-10 production, but this was signifi-
cantly stronger in mice immunized with KLH, RA and IL-2 (Fig 1D).
Furthermore, immunization with KLH alone also induced IFN-v,
whereas IFN-y was not induced by immunization with KLH, RA and
IL-2. LAG3" Foxp3~ CD4 T cells from mice immunized with KLH, RA
and IL-2 proliferated and expressed high levels of CTLA-4 in response
to re-stimulation with KLH (Fig EV2). These findings demonstrate that
immunization of mice with a foreign antigen with RA and IL-2 as adju-
vants promotes induction of antigen-specific Tr1 cells that secrete the
anti-inflammatory cytokine IL-10 and express the immune checkpoints
CTLA-4, PD-1 and LAG-3.

Mice immunized with MOG, RA and IL-2 are resistant to the
induction of EAE

Having shown that immunization with a model antigen in the pres-
ence of RA and IL-2 induces the development of antigen-specific Trl

Figure 1. Immunization with antigen, RA and IL-2 induces antigen-specific IL-10-secreting LAG-3* CD4 T cells.

A Exvivo flow cytometry on LN cells of mice 7 days after two s.c. immunizations (14 days apart) with PBS + DMSO (Veh), KLH + DMSO (KLH), KLH + IL-2, KLH + RA,
KLH + RA + IL-2. Results are representative FACS plots of LAG3"CD4* or CD25*Foxp3* cells after gating on live single CD3*CD4*CD49b*Foxp3~ and live single

CD3*CD4" lymphocytes, respectively.

B Mean absolute numbers of LAG-3*CD49b*Foxp3~ or CD25"Foxp3* CD4 T cells in LNs as described in (A). Bars are mean + SEM (n = 3, 4 or 5). *P < 0.05 by one-way

ANOVA with Tukey post hoc test.

C Expression of Trl markers PD-1, CD226, ICOS, CD25 and CTLA-4 on CD49b* LAG-3" Foxp3 CD4" T cells or on CD49b~CD4" T cells.

D IL-10, IL-17 and IFN-y production by ELISA on supernatants of spleen cells from mice immunized with PBS + DMSO (Veh), KLH + DMSO (KLH), KLH + RA, KLH + IL-2,
KLH + RA + IL-2 or KLH + LP-GMP (LP1569 + c-di-GMP) and cultured for 5 days with increasing concentrations of KLH. Bars are mean + SEM (n = 4 or 5).
**p < 0,01, ***P < 0.001, KLH + IL-2 + RA vs. KLH, ##P < 0.01, #*#P < 0.001 KLH + IL-2 + RAvs. KLH + RA, TP < 0.001 KLH + IL-2 + RA vs. KLH + IL-2 by two-way

ANOVA and Tukey post hoc test.
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Figure 2. Induction of Trl cells by immunization of mice with MOG, RA and IL-2 protects against the development of EAE.
A Flow cytometry on LN cells of mice 7 days after two s.c. immunizations (14 days apart) with PBS + DMSO (Veh), MOG + DMSO (MOG), MOG + RA + IL-2. Cells were

gated on live single CD3" lymphocytes. FMO: Fluorescence Minus One.

B Mean percentages of IL-10%, LAG-3*, PD1* or Foxp3* CD25* CD4 T cells as described in A. Cells were gated on live single CD3* lymphocytes (top left panel) or on live
single CD3" CD4* lymphocytes. Bars are mean + SEM (n = 5). *P < 0.05, ***P < 0.001 by one-way ANOVA and Tukey post hoc test.

C EAE clinical scores in mice immunized s.c. with MOG + RA, MOG + IL-2, MOG + RA + IL-2, or PBS + DMSO (Veh), 21 and 7 days before induction of EAE. Results are
mean + SEM (n = 12, except for MOG + IL-2, where n = 6; combined from two experiments). *P < 0.05, **P < 0.01, ***P < 0.001, MOG + IL-2 + RA vs. Veh,
#p < 0.05, ##p < 0.01, #**p < 0.001, MOG + IL-2 + RAvs. MOG + RA, TP < 0.05, T'/P < 0.01, T7'P < 0.001, MOG + IL-2 + RA vs. MOG + IL-2 by two-way ANOVA and

Tukey post hoc test.

D Representative FACS plots of MOG-dextramer® CD4 T cells in LNs of naive mice or 3 days after induction of EAE. Cells were gated as single live F4/80~ CD8~ B220~

CD4" CD44".

E Mean percentages of MOG-dextramer* CD4 T cells in LNs 3 days after induction of EAE. Cells were gated as single live F4/80~ CD8~ B220~ CD4* CD44". Bars are

mean + SEM (n = 5 or 6). *P < 0.05 by unpaired two-tailed t-test.

F Mean fluorescence intensity (MFI) of CD49b, ICOS and PD-1 by MOG-dextramer® CD4 T cells in LNs 3 days after induction of EAE. Cells were gated as single live F4/
80 CD8™ B220 CD4* CD44* dextramer®. Bars are mean + SEM (n = 5 or 6). *P < 0.05, **P < 0.01 by unpaired two-tailed t-test.

G MOG-specific IL-17 and IFN-y production by spleen cells from day 7 of EAE, quantified in supernatants by ELISA after 5 d culture with increasing concentrations of
MOG. Bars are mean + SEM (n = 3 or 4). *P < 0.05, **P < 0.01 and ***P < 0.001 by two-ANOVA and Tukey post hoc test.

cells that produce IL-10 but not inflammatory cytokines, we exam-
ined the possibility that RA and IL-2 could also act as Trl-inducing
adjuvants for an autoantigen and thereby prevent the induction of
autoimmune disease. We first demonstrated that immunization of
mice with the myelin peptide MOG;;_s5 (MOG) in the presence of
RA and IL-2 induced CD4 T cells that secreted IL-10 (Fig 2A and B).
The CD4 T cells generated in the presence of MOG, RA and IL-2
expressed LAG-3 and PD-1, markers of Trl cells (Fig 2B). Interest-
ingly, the frequency of Foxp3*CD25" Treg cells was unchanged
(Fig 2B). Immunization with MOG only did not induce Trl cells
(Fig 2B). Immunization of mice with MOG in the presence of RA or
IL-2, 21 and 7 days before induction of EAE, delayed the onset of
disease (Fig 2C). However, the best protection was observed in mice
immunized with a combination of MOG, RA and IL-2; these mice
had mild or no clinical signs of EAE and those that did had delayed
disease onset when compared with mice immunized with MOG and
RA or MOG and IL-2 (Fig 2C). In contrast, immunization of mice
with MOG, RA (Fig EV3A) or IL-2 (Fig EV3B) only did not prevent
the development of EAE.

MOG-dextramer staining of LN cells 3 days after induction of
EAE revealed a significantly increased proportion of MOG-specific
CD4 T cells in mice immunized with MOG, RA and IL-2 when
compared with vehicle-immunized control or naive mice (Fig 2D
and E). These cells had a higher expression of CD49b, ICOS and PD-
1, markers of Trl cells (Fig 2F). Seven days after the induction of
EAE, spleen cells from vehicle-treated mice secreted IL-17 and IFN-y
following ex vivo stimulation with MOG (Fig 2G). In contrast, spleen
cells from mice immunized with MOG and RA, MOG and IL-2 or
with MOG, RA and IL-2 produced significantly lower concentrations
of MOG-specific IL-17 and IFN-y.

The development of EAE is dependent on migration of encephali-
togenic T cells into the CNS. Therefore, we assessed the effect of
inducing MOG-specific Trl cells on the migration of pathogenic T
cells. CD4 T cells in the spleens of mice immunized with MOG, RA
and IL-2 had significantly reduced cell surface expression of CD11a,
an integrin involved in the migration of T cells into the CNS (Fig 3A
and B). Consistent with this, flow cytometric analysis of the spinal
cords on day 12 of EAE showed that mice immunized with MOG,
RA and IL-2 had significantly reduced numbers of infiltrating
lymphocytes in the CNS (Fig 3C and D). Furthermore, the frequency
and absolute numbers of IL-17- and IFN-y-secreting CD4 T cells

© 2019 The Authors

infiltrating the CNS were significantly lower in mice immunized
with MOG, RA and IL-2 when compared with mice immunized with
vehicle only (Fig 3E and F). Interestingly, we found an increased
expression of LAG-3 CD4 T cells in the CNS of mice immunized with
MOG, RA and IL-2 (Fig 3G). Moreover, we found a highly signifi-
cant inverse correlation between the frequency of LAG-3-expressing
CD4 T cells and the frequency of IL-17- or IFN-y-expressing CD4 T
cells in the spinal cords of the mice (Fig 3H). Our findings suggest
that immunization of mice with MOG, RA and IL-2 induces a popu-
lation of Trl-like T cells that suppress the induction and migration
of pathogenic Th1 and Th17 cells that mediate EAE.

Trl cells generated with RA and IL-2 suppress encephalitogenic
CD4 T cells

We assessed the capacity of Tr1 cells induced by immunization with
MOG, RA and IL-2 to suppress pathogenic Thl and Th17 cells
in vitro and in vivo. We expanded T cells from the LNs of mice
immunized with MOG, RA and IL-2 by culture with antigen in the
presence of RA and IL-2. This short-term MOG-specific CD4 T-cell
line expressed the memory marker CD44 as well as LAG-3, PD-1,
CD226, ICOS and CD25, while expression of the naive T-cell marker
CD62L was decreased (Fig EV4A-C). Interestingly, cells from mice
immunized with MOG alone and cultured in vitro with MOG or
MOG, RA and IL-2 did not exhibit the same level of expression of
CD49b, ICOS and PD-1 (Fig EV4C). This demonstrates that immu-
nization with MOG, RA and IL-2 is required to generate Trl cells,
which can be expanded in vitro by re-stimulation with MOG in the
presence of RA and IL-2. These MOG-specific Treg cells suppressed
antigen-induced IL-17 and IFN-y production by Th1/Th17 cell from
mice with EAE in a dose-dependent manner (Fig 4A).

We next provided definitive evidence that Tr1 cells mediated the
protective effect of immunization with MOG, RA and IL-2 on the
development of EAE. We transferred lymphocytes from naive mice
(control) or T cells from CD45.1" mice immunized with MOG, RA
and IL-2 and amplified in vitro with MOG, RA and IL-2 into naive
CD45.2" recipient mice 1 day before inducing EAE. Amplifying the
cells in vitro with antigen not only enhanced the number of T cells
for transfer but also ensured that the majority of these cells were
antigen-specific Trl cells. Mice that received the Trl cells had a
delayed onset of EAE associated with a reduction in the severity of
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Figure 3. Suppressed pathogenic Th17 responses correlate with LAG-3* CD4 T cells.

A Representative FACS plots of CD11a* CD4 T cells in the spleen on day 7 of EAE in mice immunized with MOG, RA and IL-2 or PBS + DMSO (Veh) only. Cells were
gated as single live CD45* CD3* CD4*.

B Mean absolute numbers of CD11a* CD4 T cells in the spleen on day 7 of EAE in mice immunized with MOG, RA and IL-2 or PBS + DMSO (Veh). Bars are mean + SEM
(n = 4 or5). *P < 0.05 by unpaired two-tailed t-test.

C Representative FACS plots of CD45" T cells in the spinal cords of mice on day 12 of EAE. Cells were gated as single live CD45",

D Mean absolute numbers of infiltrating CD45" cells in the spinal cords of mice on day 12 of EAE. Bars are mean + SEM (n = 5 or 6). *P < 0.05 by unpaired two-tailed
t-test.

E Representative FACS plots of infiltrating IL-17* and IFN-y* CD4 T cells in the spinal cords on day 12 of EAE. Cells were gated as single live CD45* CD3* CD4".

F  Mean absolute numbers of infiltrating IL-17" and IFN-y* CD4 T cells in the spinal cords on day 12 of EAE. Bars are mean + SEM (n = 5 or 6). *P < 0.05 by unpaired
two-tailed t-test.

G Representative histogram of LAG-3 expression on CD4 T cells in the spinal cords on day 12 of EAE. Cells were gated as single live CD45* CD3* CD4".

H Inverse correlation between LAG-3 and IL-17 and IFN-y expression on CD4 T cells in the spinal cords on day 12 of EAE. *P < 0.001 by unpaired two-tailed t-test.
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Figure 4. MOG-specific Trl cells suppress pathogenic Thl and Th17 cells.

Induced Trl cells prevent autoimmunity  Mathilde Raverdeau et al

A IL-17 and IFN-y production by ELISA on supernatants of spleen cells from mice with EAE (EAE) co-cultured for 3 days with MOG-specific Trl cells (from mice
immunized twice with MOG, RA and IL-2 and amplified in vitro with MOG, RA and IL-2 for 8 days) or control T cells from LNs of mice injected with PBS + DMSO
(Veh). Bars are mean + SD of one experiment. *P < 0.05, **P < 0.01 and ***P < 0.001 by unpaired two-tailed t-test.

@

EAE clinical scores of mice transferred 1 day before induction of EAE with MOG-specific Trl cells amplified in vitro with MOG, RA and IL-2. Results are mean + SEM

(n = 4 or6). *P < 0.05 and **P < 0.01 by two-way ANOVA with Bonferroni post hoc test.

O T m g 0O

Representative FACS plots of IL-17* and IFN-y* CD4 T cells in the spinal cords on day 20 of EAE. Cells were gated as live single CD45.2*CD3*CD4" cells.

Mean absolute numbers of IL-17* CD4 T cells in the spinal cords on day 20 of EAE. Results are mean + SEM (n = 6). *P < 0.05 by unpaired two-tailed t-test.
Representative FACS plots of CTLA-4* CD4 T cells in the spleens of mice with EAE. Cells were gated as live single CD45.1*CD3*CD4".

Mean percentages of CTLA-4" CD4 T cells in the spleens of mice with EAE. Results are mean + SEM (n = 6). **P < 0.01 by unpaired two-tailed t-test.

EAE clinical scores of WT and IL-10~/~ mice immunized s.c. with MOG + RA + IL-2, or PBS + DMSO (veh), 7 and 21 days before induction of EAE. Results are

mean + SEM (n = 6 or 7). ***P < 0.001, WT MOG + IL-2 + RA vs. WT Veh, ##p < 0.01, #*#p < 0,001, IL-10”~ MOG + IL-2 + RA vs. IL-10~/~ Veh by two-way ANOVA

and Tukey post hoc test.

clinical signs when compared to mice that received control cells
(Fig 4B). Flow cytometric analysis of the spinal cords of the mice on
day 20 of EAE showed that mice injected with Tr1 cells had a signifi-
cant reduction in IL-17"CD4 " CD45.2" T cells (Fig 4C and D). Inter-
estingly, the spleens of those mice contained a significant number of
donor CD4%CD45.1" T cells that expressed high levels of CTLA-4
(Fig 4E and F). These findings demonstrate that MOG-specific Trl
cells induced by immunization of mice with MOG, RA and IL-2
suppress encephalitogenic T cells that mediate EAE. Since the Treg
cells induced by immunization with MOG, RA and IL-2 secrete
IL-10, we examined the possibility that this cytokine mediated
protection in the EAE model. Consistent with the data in Fig 2C,
immunization with MOG, RA and IL-2 attenuated the induction of
EAE in wild-type mice (Fig 4G). Attenuation of EAE was also
observed in IL-107/~, suggesting that the Treg-induced protection
was independent of IL-10. To assess the antigen specificity of
suppression by the Trl cells and the possibility of bystander
suppression of EAE, we immunized mice with OVAj;,; 339 peptide
(OVA) or MOG together with RA and IL-2 before induction of EAE.
While immunization with MOG, RA and IL-2 attenuated the
symptoms of EAE, the disease developed fully in mice immunized
with OVA, RA and IL-2, with disease scores similar to those seen in
non-immunized control mice (Fig EVS). These data demonstrate
that the protection is antigen-specific.

Generation of Trl cells protects against development of induced
or spontaneous uveitis

Having shown that Trl cells induced by immunization with MOG,
RA and IL-2 can inhibit the development of EAE by suppressing
encephalitogenic T-cell activity, we assessed whether this immu-
nization approach could confer protection in another autoimmune
disease, uveitis, using a distinct autoantigen. Immunization of mice
with the autoantigen IRBP; ,, (IRBP) together with RA and IL-2 (21
and 7 days prior to immunization) significantly delayed the onset of
EAU and strongly reduced retinal inflammation (vasculitis and vitre-
ous haze) when compared with mice immunized with IRBP alone or
vehicle control mice (Fig 5A and B).

We next assessed if the same immunization approach could
protect against uveitis that developed spontaneously. We used the
double transgenic TCR-HEL mice, which start developing signs of
uveitis resembling the human features of posterior uveitis by post-
natal day (pn) 21 as previously described [36]. Mice immunized
with HEL, RA and IL-2 on pn 18 only (1x) or on pn 18 and pn 25
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(2x) were completely protected against the development of sponta-
neous autoimmune uveitis (Fig 5C and D). This dramatic reduction
in clinical signs of uveitis was associated with a reduced number of
IL-17-producing CD4 T cells in the retina and increased IL-10
production by LAG3™ Foxp3~ T cells in the spleen as assessed by
flow cytometry (Fig SE and F).

Collectively, our findings demonstrate that immunization with
an antigen and RA in combination with IL-2 as adjuvants can
protect against development of autoimmune diseases through the
induction of antigen-specific Tr1 cells that suppress the function of
pathogenic Thl and Th17 cells. Our demonstration that the induced
Tr1 cells can suppress retinal inflammation in the double transgenic
TCR-HEL mice where autoimmune uveitis develops without the
need for immunization with autoantigen, suggests that attenuation
of autoimmunity is not due to unresponsiveness to the self-antigens.
Furthermore, our demonstration that transfer of T cells from mice
immunized with MOG, RA and IL-2 reduced the severity of EAE in
recipient mice suggests that the attenuation of autoimmune disease
is mediated by Trl cells. Finally, co-culture experiments confirmed
that induced Trl cells actively suppress pathogenic T cells that
mediate autoimmunity.

In addition to genetic factors, environmental influences, includ-
ing the microbiome and exposure to helminth pathogens, can influ-
ence the development of autoimmunity by enhancing immune
regulation [37,38]. In this study, we have exploited a natural
metabolite of vitamin A, found in many foods, and a host protein,
the cytokine IL-2, together with a self-antigen for expanding the pool
of Tr1 cells from the natural repertoire in vivo. We show for the first
time that RA and IL-2 in combination with an antigen selectively
promotes antigen-specific IL-10-producing Trl cells that suppress
pathogenic Thl and Th17 cells. Furthermore, we demonstrate that
this immunization approach is effective in preventing the develop-
ment of autoimmunity in models of MS and uveitis. It has previ-
ously been reported that chronic treatment of mice with RA protects
against DSS-induced colitis in mice by promoting IL-22 production
by v6 T cells and ILC2 [22] and attenuates collagen-induced arthritis
through induction of Foxp3™ Treg cells [39]. In the present study,
rather than treating mice with RA, we used it as an adjuvant,
together with IL-2 that binds to a receptor expressed on most Treg
cells, and an autoantigen to promote induction of autoantigen-
specific Treg cells. These Treg cells were not conventional Foxp3*
Treg cells, but expressed PD-1, ICOS, LAG-3, CTLA-4 and CD49b,
markers of Tr1 cells and also secreted IL-10, though the mechanism
of protection was not mediated by IL-10. However, IL-10-secreting
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Figure 5.
Trl can also suppress T-cell responses by killing APCs [40]. Further- Induction of a tolerogenic environment in the host through the
more, antigen-specific induced Treg cells can suppress naive T cells induction of antigen-specific Treg cells has considerable potential in
with identical antigen specificity, independently of IL-10, by remov- the treatment of autoimmune diseases. Indeed, adoptive cell therapy
ing MHC class II-peptide complexes from the surface of APCs [41]. with Treg cells is already showing promising results in early clinical
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Figure 5. Induction of Trl cells by immunization of mice with autoantigen, RA and IL-2 protects against EAU and spontaneous uveitis.

A Retinal inflammatory scores of mice immunized s.c. with PBS + DMSO (Veh), IRBP + DMSO (IRBP) or IRBP + RA + IL-2 21 and 7 days before induction of EAU by s.c.
injection of IRBP emulsified in CFA. Bars are mean + SEM (n = 6), *P < 0.05 and ***P < 0.001, IRBP + IL-2 + RA vs. Veh, *##P < 0,001 IRBP + IL-2 + RA vs. IRBP by

two-way ANOVA with Tukey post hoc test.

B Representative fundus images of each group of mice 35 days after induction of EAU. Arrowheads indicate area with retinal vasculitis and the asterisk indicates a

region of vitreous haze, where the image appears blurred.

C Retinal inflammation scores in HEL-TCR transgenic mice s.c. injected with PBS + DMSO (Veh) or HEL + RA + IL-2 on pn 18 (1x) or on pn 18 and 25 (2x). Results are
mean + SEM (n = 3,4 or 5). *P < 0.05 and ***P < 0.001, HEL + IL-2 + RA 1x vs. Veh, ##P < 0.01 HEL + IL-2 + RA 2x vs. Veh by two-way ANOVA with Tukey post hoc

test.

D Representative photographs of each group of retinal fundus of HEL-TCR transgenic mice at pn 35. Arrowheads indicate representative areas with retinal vasculitis.
E Representative FACS plots of IL-17* CD4 or IL-10* CD4 T cells in the retina on day 36 of HEL-TCR transgenic mice. Cells were gated on live single CD3*CD4" and

CD3"CD4*LAG-3"Foxp3 ™, respectively.

F  Mean absolute number of IL-17* CD4 T cells in the retina (upper panels) or mean percentages of IL-10* LAG-3* Foxp3~ CD4 T cells in the spleens of HEL-TCR
transgenic mice with vasculitis (lower panels). Results are mean + SEM (n = 3, 4 or 5). **P < 0.01 and ***P < 0.001 by one-way ANOVA with Bonferroni post hoc test.

studies in type I diabetes and Crohn’s disease patients [42-44].
However, ex vivo protocols for expansion of Foxp3 ™ Treg cells have
proven challenging and the stability and long-term survival of these
cells can be compromised after transfer. Approaches to induce and
expand antigen-specific Trl1, including direct in vivo administration
of peptides from self-antigens [45-48], have progressed to clinical
trials [10,49]. Interestingly the method of administration, such as
auto-antigens trapped in nanoparticles or presented by tolerogenic
DCs, influences the efficacy of Treg-mediated suppression [8-10].
Our findings suggest that the addition of Treg cell-inducing adju-
vants, such as IL-2 and RA, to autoantigen-loaded nanoparticles or
APCs could further improve the efficacy of Treg cell-inducing
approaches for treatment of autoimmune diseases. In addition, our
findings shed new light on the role of autoantigen-specific Treg cells
in suppressing pathogenic T cells and demonstrate that shifting the
T-cell balance in favour of immune regulation can prevent the
development of autoimmune diseases.

Material and Methods
Mice

C57BL/6 mice (8-10 week old females) were housed in the Compar-
ative Medicine Unit of Trinity College Dublin, or the Medical
Research Facility at the University of Aberdeen. IL10™/~ mice were
provided by the Comparative Medicine Unit of Trinity College
Dublin. TCR-HEL double transgenic mice were provided by Medical
Research Facility at the University of Aberdeen [36]. All animals
were bred under SPF conditions and maintained according to the
regulations of the European Union. All EAU experiments were
performed according to the regulations of the Animal License Act
(UK) and to the Association for Research in Vision and Ophthalmol-
ogy statement for The Use of Animals in Ophthalmic and Vision
Research. All other experiments were performed under licence from
the Health Products Regulatory Authority in Ireland and with
approval from the Trinity College Dublin Animal Research Ethics
Committee. All animals were randomly allocated into experimental
groups 1 week before starting each experiment.

EAE

EAE was induced in C57BL/6 wild-type or IL-107/~ mice by
immunization s.c. with 100 pg of MOG emulsified in CFA
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containing 4 mg/ml (0.4 mg/mouse) heat killed Mycobacterium
tuberculosis (Chondrex) and i.p. injection of pertussis toxin
(250 ng, Kaketsuken) on days 0 and 2. Mice were weighed and
monitored for signs of EAE daily. The disease severity was
assessed as follows: 0, no clinical sign; 1, limp tail; 2, ataxic
gait; 3, hind limb weakness; 4, hind limb paralysis; 5, tetraplegia/
moribund.

EAU and spontaneous autoimmune uveitis

For EAU model, mice were immunized s.c. with 500 pg of IRBP
emulsified in CFA containing additional 3.5 mg/ml M. tuberculosis
H37Ra (Difco) and were also injected i.p. with pertussis toxin (1 pg,
Health Protection Agency). Spontaneous autoimmune uveitis devel-
oped in TCR-HEL double transgenic mice at pn 21 with the peak at
pn 28 as previously described [36]. Clinical images of the retinal
fundus were acquired using an endoscopic imaging system as
described previously [50].

Induction of antigen-specific Treg cells

C57BL/6 mice were injected s.c. with PBS, KLH (1 pg, Calbiochem),
MOG (100 pg, GenScript), IRBP (100 pg, New England Peptide),
OVA (100 pg, Sigma-Aldrich) together with DMSO (Sigma-Aldrich),
RA (375 pg, Enzo), IL-2 (2,500 IU, Immunotools) or LP1569 (50 pg,
EMC Microcollections) and c-di-GMP (10 pg, Invivogen). Mice were
immunized twice, 21 and 7 days before induction of EAE or EAU.
TCR-HEL double transgenic mice were injected s.c. with PBS and
DMSO or HEL (100 pg, Sigma-Aldrich) with RA and IL-2 on day pn
18 or on day pn 18 and pn 25.

Isolation of mononuclear cells from the spinal cord and retina

For spinal cord cell isolation, mice were euthanized and perfused
with phosphate-buffered saline (PBS), and their spinal cords were
isolated. Mononuclear cells were isolated using a tissue lyser
(Qiagen) and stimulated for 2-4 h with PMA (10 ng/ml, Sigma-
Aldrich) and ionomycin (1 pg/ml, Sigma-Aldrich) in the presence
of brefeldin A (5 pg/ml, Sigma-Aldrich), and then stained for
intracellular cytokines and analysed by FACS. For analysis of
eye-infiltrating cells, retinal tissue was separated from the
choroid and vitreous and digested for 40 min at 37°C with
mixture of Liberase (10 pg/ml, Roche) and DNase I (10 pg/ml,
Roche). Cells were stimulated for 5h with PMA (50 ng/ml),
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ionomycin (1 uM) and GolgiSTOP (BD Bioscience) and then
stained for intracellular cytokines and analysed by FACS.

Flow cytometry

For IL-10 detection in LNs cells of mice immunized twice with
MOG, RA and IL-2, the cells were stimulated with PMA (50 ng/ml),
and ionomycin (1 pg/ml) in the presence of brefeldin A (10 pg/ml)
for 3 h prior to staining. Cells were incubated with a live/dead stain
(Invitrogen) and then surface stained with antibodies specific for
CD3 (1/400, clone 17A2), CD4 (1/200, clone RM4-5), LAG-3 (1/200,
clone CO9B7W), CD49b (1/200, clone DX-5) from eBioscience, CD25
(1/200, clone PC61), CD45.1 (1/400, clone A20), CD45.2 (1/400,
clone 104), CD226 (1/200, clone TX42.), PD-1 (1/200, clone
29F.1A12) from Biolegend and ICOS (1/200, clone 7E.17G9), CD62L
(1/200, clone MEL-14) and CD11a (1/200, clone M17/4) from BD
Biosciences. The cells were washed, fixed and permeabilized using
1-2% PFA (Pierce) or a Foxp3/Transcription Factor Staining Buffer
Set (eBioscience) for staining of intranuclear proteins. The cells
were stained in 0.5% saponin (Sigma-Aldrich) or permeabilization
buffer (eBioscience) containing antibodies specific for Foxp3 (1/200,
clone FJK-16s), Ki67 (1/200, clone SolA15), CTLA-4 (1/200, clone
UC10-4B9) from eBioscience, IL-17A (1/200, clone TC11-18H10.1,
Biolegend), IFN-y (1/200, clone XMG1.2, BD Biosciences) and IL-10
(1/200 or 1/20, clone JES5-16E3, BD Biosciences). Cells were anal-
ysed using a flow cytometer LSR Fortessa (BD) or LSR II analyser
(BD), and the data were analysed with FlowJo software.

Dextramer staining

MOG-specific CD4 T cells were stained using an APC-conjugated
IA®/MOG;s s dextramer as previously described [51]. LNs cells
from naive mice or from mice on day 3 of EAE were isolated and
plated in 50 ul of RPMI (Sigma-Aldrich) containing 2.5% FCS
(Sigma-Aldrich) and stained with 5 pl specific (IA’/MOG;s.55) or
negative control (IA%/TMEV;o_gs) dextramer for 2.5 h at 37°C. Cells
were washed and incubated with a live/dead stain (Invitrogen) and
then surface stained with antibodies specific for F4/80 (1/400, clone
BMS, Biolegend), CD8 (1/400, clone 53-6.7, eBioscience), B220 (1/
400, clone HIS24, eBioscience), CD4 (1/200), CD44 (1/400, clone
IM7, Biolegend), ICOS (1/200), PD-1 (1/200) and CD49b (1/200).
Cells were washed and analysed immediately using a flow cytome-
ter LSR Fortessa.

Antigen-specific Trl cell amplification, transfer and
suppression assay

For MOG-specific Trl cells, LN cells from mice immunized twice
with MOG or MOG, RA and IL-2 were cultured at 2 x 10° cells/
ml with MOG (100 pg/ml) alone or with MOG, RA (10°° M)
and IL-2 (10 ng/ml) for 8 days. After 4 days of culture, more IL-
2 (10 ng/ml) was added to the culture. For Trl cell transfer,
mice were injected i.v. with 5 x 10° amplified MOG-specific T
cells or with 5 x 10° spleen cells from mice injected with
PBS + DMSO the day before active induction of EAE. For MOG-
specific Trl suppression assay, spleen cells from mice on day 3
of EAE were cultured with MOG (50 pg/ml) and increasing
concentrations of in vitro expanded MOG-specific Trl cells or LN
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cells from mice injected with PBS + DMSO. After 3 days, super-
natants were collected and cytokine concentrations were deter-
mined by ELISA.

Antigen-specific cytokine production and ELISA

Spleen cells (2 x 10° cells/ml) from mice immunized with KLH or
MOG and adjuvants were stimulated with medium, KLH (2-50 pg/ml)
or MOG (25-100 pg/ml), respectively. IL-10, IL-17 (DuoSet, R&D
Systems) and IFN-y (BD Biosciences) concentrations were quantified
in the supernatants by ELISA.

Statistical analysis

Statistical analysis was performed using GraphPad Prism 7 and the
R software. A mixed effects model accounting for multiple observa-
tions within mice and treatment groups was used for analysis of
data from pooled experiments shown in Fig EV3. This allowed for
ANOVA and Tukey post hoc test to be used to identify statistical dif-
ferences of means between groups. This model was fit using the
packages Ime4, ImerTest and emmeans within the R environment
[52,53]. For other experiments, ANOVA with Tukey post hoc test,
Bonferroni post hoc test or Student’s t-test was used to determine
statistical differences of means between groups.

Expanded View for this article is available online.
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