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Abstract

Uveitis, which occurs in association with systemic immunological diseases, presents a
considerable medical challenge due to incomplete understanding of its pathogenesis. The signals
that initiate T cells to target the eye, which may be of infectious or non-infectious origin, are
poorly understood. Experimental autoimmune uveoretinitis (EAU) develops in mice immunized
with the endogenous retinal protein interphotoceptor retinoid binding protein (IRBP) in the
presence of the adjuvant CFA. EAU manifests as posterior ocular inflammation consisting of
vasculitis, granulomas, retinal damage and invasion of self-reactive T cells, which are key clinical
features of human uveitis. Our studies uncover Card9 as a critical genetic determinant for EAU.
Card9 was responsible for Th17 polarization and Th17-associated antigen-specific responses, but
not Thl-associated responses. Nonetheless, Card9 expression was essential for accumulation of
both lineages within the eye. Consistent with its recently identified role as an intracellular
signaling mediator for C-type lectin receptors (CLRs), a Card9-dependent transcriptional response
in the neuroretina was observed involving genes encoding the CLRs Dectin-1, Dectin-2 and
Mincle. Genetic deletion of these individual CLRs revealed an essential role for Mincle. Mincle
activation was sufficient to generate the EAU phenotype, and this required activation of both Syk
and Card9. In contrast, Dectin-1 contributed minimally and a possible repressive role was shown
for Dectin-2. These findings extend our understanding of CLRs in autoimmune uveitis. The newly
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identified role of Mincle and Syk/Card9-coupled signaling axis in autoimmune uveitis could
provide novel targets for treatment of patients with ocular inflammatory disease.

INTRODUCTION

There is a need to define underlying mechanisms of uveitis (intraocular inflammation), a
leading cause of blindness in the Western world (1, 2). Uveitis encompasses a heterogeneous
group of disorders that arise from infectious as well as non-infectious etiologies. Uveitis
presents in many forms that can affect different tissue(s) of the eye, be chronic or acute, and
affect one eye or both. Most non-infectious uveitis cases occur in the context of systemic
immunological disorders such as inflammatory bowel disease (IBD), Crohn’s disease,
multiple sclerosis as well as many forms of rheumatic diseases such as ankylosing
spondylitis (AS) (2). Intriguingly, even in some of these “non-infectious” uveitis cases the
pathology is granulomatous-like, which has historically been described as “mycobacterial-
infection-like pathology” (3), and which is usually associated with an infectious etiology.
Unfortunately, the cellular and molecular mechanisms by which the eye is targeted for
disease are not completely understood, thereby hampering the identification of novel safe
and effective therapies.

As an immune-privileged site, the eye maintains tight control of inflammation in order to
prevent irreversible tissue damage and vision loss. Experimental autoimmune uveoretinitis
(EAU) is a prototypic animal model used to study mechanisms by which a T cell-mediated
disease specifically targets the eye. Peripheral immunization with interphotoreceptor
retinoid-binding protein (IRBP), an immune-privileged retinal antigen, results in many
clinicopathological features of human uveitis such as: break in immune tolerance,
polarization of autoreactive Th cell subsets, breakdown of the blood-retina barrier, leukocyte
infiltration, damage to ocular tissues (e.g. photoreceptor destruction), and visual morbidity
(3-5). Much of the uveitis research has focused on the significance of acquired CD4* T cell
pathways, where the importance of Th1/Th17-driven responses has been established. The
Th17 effector population is considered the main pathogenic driver in EAU (6), but both T
cell subsets can conceivably influence disease outcome (7, 8).

The innate immune signals that precede and shape autoreactive T cell responses in uveitis
are poorly defined, but the prevailing paradigm proposes that initiating events arise from
host-microbial interactions. The innate immune system senses microbial triggers by means
of germ-line encoded receptors known as pattern recognition receptors (PRRS), which
include toll-like receptors (TLRs), NOD-like receptors (NLRs), RIG-I-like receptors (RLRS)
and C-type lectin receptors (CLRs). Collectively, these distinct families of PRRs are capable
of detecting and distinguishing diverse types of microorganisms including bacteria, viruses
or fungi. Their transcriptional activation of cytokine/chemokine subsets is intended to form
the optimal response(s) against the specific type of microbe (9). Studies of innate immune
receptors in EAU have focused primarily on the prototypical family of PRRs, the TLRs (10).
However, mice deficient for TLRs 2, 3, 4 or 9 (as well as double-knockout (KO) mice)
develop EAU comparable to their WT counterparts (11, 12); suggesting a redundant or non-
essential role. The intracellular adaptor molecule MyD88, which is essential for TLR as well
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as IL-1R signaling, is however a requisite. This is not surprising given that IL-1R-deficiency
results in the same resistant phenotype as MyD88 KO mice (11), thereby identifying IL-1 as
an important, non-redundant signal in EAU. Consequently, the question as to which innate
receptor pathway is responsible for orchestration of ocular autoimmunity remains
unanswered.

The CLRs are an integral PRR system in host defense against fungal infection as well as
some bacterial infections. The most well-studied CLRs have been Dectin-1 along with
Dectin-2 and Mincle, which are a subgroup of CLRs that signal through the adaptor
molecule caspase-associated recruitment domain adaptor 9 (Card9) (13). Card9 is expressed
predominantly in myeloid cells such as dendritic cells and macrophages (14), and its
activation involves the upstream kinases Syk and PKC-delta. Activation of the Syk/Card9-
coupled signaling axis is important for induction of cytokines such as IL-6, IL-1p and IL-23
and optimal expansion of the Th17 effector population (15). As such, Card9 expression is
vital for host immunity against fungal and Mycobacterium tuberculosis (M. tuberculosis,
Mtb) infection (16, 17). A precise role for Card9 in autoimmune disease has not yet been
described, but the juxtaposition of Card9 with microbial sensing and Th17-associated
inflammatory diseases such as uveitis is extremely compelling. Conceivably, aberrant
regulation of Card9, either through genetic mutation (eg polymorphism) or activation by
environmental triggers, could contribute to pathological immune activation and uveitis
development.

The goal of this study was to evaluate the functional contribution of Card9 in EAU and to
elucidate the innate immune receptor(s) that influence pathogenesis of uveitis. Taken
together, data presented support the central role of a Syk/Card9-coupled signaling axis in
induction of ocular autoimmunity; specifically, that which is initiated predominantly upon
engagement of Mincle. These findings extend our understanding of PRRs beyond TLRs to
include the CLR system in ocular autoimmune disease.

MATERIALS AND METHODS

Mice

Mice lacking genes for Card9 (Card9), Mincle (Clec4e), Dectin-2 (Clec4n), and Dectin-1
(Clec7a) have been previously described (18-21) and were backcrossed onto the C57BL/6J
background (Jackson Laboratory, Bar Harbor, ME) for more than 10 generations. Littermate
controls were used to generate WT and homozygous KO mice for experiments; all of which
were bred in-house under specific pathogen-free conditions at the VA Portland Health Care
System in Portland, OR. Mice were used in experiments between the ages of 8-12 wks and
were gender-matched. Studies were performed in compliance with the U.S. Department of
Health and Human Services Guide for the Care and Use of Laboratory Animals, and were
carried out in adherence to institutional protocols approved at the VA Portland Health Care
System.
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Induction of EAU and histopathology scoring

Mice were immunized by s.c. injections in both flanks and at the base of the tail with 150 pg
purified bovine IRBP (22) + 300 ug IRBP1.9g peptide (synthesized by Anaspec, Fremont,
CA) mixture emulsified in CFA (Sigma, St. Louis, MO) that was supplemented with 2.5
mg/ml M. tuberculosis (strain H37RA; Difco). On the day of immunization, mice also
received an i.p. injection of 0.5 pg Bordetella pertussis toxin (PTX; List Biological
Laboratories). For adjuvant replacement studies (Figs. 5 and 6), mice were immunized as
described above, but in the absence of CFA. Instead, IFA (Sigma) was supplemented to a
final concentration of 2.5 mg/ml trehalose-6,6'-dibehenate (TDB, a synthetic analogue of
mycobacterial cord factor; InvivoGen) or the bacterial products peptidoglycan (PGN;
InvivoGen) or muramy! dipeptide (MDP; Bachem, Torrance, CA). For pharmacological
inhibition of Syk, mice were i.p. injected with 5 mg/kg piceatannol (InvivoGen) on days 0,
4, 8,12, and 16 in relation to immunization.

Eyes collected at the indicated time points were fixed in 10% neutral-buffered formalin and
embedded in paraffin for tissue sectioning. Sections (7 um) were cut through the pupillary-
optic nerve axis at four different depths and three H&E-stained sections from each depth
were prepared. Uveitis severity was evaluated by masked observers using defined grading
criteria ranging from 0 (no disease) to 4 (maximum disease) (22) based on extent of retinal
cell damage, retinal detachment, vasculitis, granulomatous-like lesions, hemorrhages,
perivascular exudates, and optic disc infiltration. Leukocyte infiltration into the aqueous
humor of the anterior segment and the vitreous body of the posterior segment were
quantified as the mean number of cells per section per eye. Incidence was calculated based
on an animal having achieved an EAU score = 1 in at least one eye.

Topical endoscopic fundus imaging (TEFI) and clinical scoring

Mice were anesthetized with isoflurane inhalation and pupils were dilated with topical 2.5%
phenylephrine hydrochloride (Bausch & Lomb) and 1% tropicamide (Alcon). Genteal® gel
(Novartis) was applied over the cornea. Fundus images were captured (adapted from (23))
with a system consisting of: a tripod-mounted Nikon D90 camera, 60 mm F/2.8 D lens
(Nikon), Storz 481C halogen light (Karl Storz), and Storz 1218 tele-otosope (Karl Storz).
Clinical disease severity was assessed in masked fashion using a previously defined scoring
system (22, 24) ranging from 0 (no disease) to 4 (maximal disease) based on the extent of
vasculitis, infiltrative lesions, optic disc inflammation, retinal hemorrhages, and retinal
detachment.

Evaluation of leukocyte populations in the eye by flow cytometry

Eyes were enucleated and the intraocular lens removed. Previously described methods (7)
were adapted to prepare single cell suspensions. In brief, finely minced eye tissue was
pooled and digested with Collagenase D (1 mg/ml, Roche) for 40 min at 37°C with
intermittent shaking, sequentially passed through a 70 um and 40 pm filter, washed and
suspended in FACS buffer. Cells were stained with vital fluorescent dye (Viability Dye
eFluor® 506; eBioscience, San Diego, CA, USA) and incubated with Fc block (3 pg/ml, BD
Pharmingen) for 30 min on ice. Cells were then incubated for 30 min on ice with the
following fluorescently-labeled antibodies (all from BD Biosciences): CD45, CD3, CD4,
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CD8, and for exclusion (CD11b, B220, Grl, CD11c). Cells were fixed with 1%
paraformaldehyde and analyzed on a BD LSRFortessa (BD Biosciences). Dead cells were
excluded based on viability dye staining so that only live cell events were collected. FCS
Express (De Novo Software) was used for analysis, allowing compensations for spectral
overlaps within each sample. Gating used defined criteria based on control samples stained
with corresponding isotype controls (1.C.). Live cells were gated from forward and side
scatter plots in identical fashion for each group after which frequencies and numbers of
leukocyte subpopulations were determined from CD45+ gated cells. For intracellular
cytokine staining, ocular cell suspensions were seeded (1x10° per well) in 96-well V-bottom
polypropylene plates (Corning Inc., Corning, NY) in HL-1 medium (Lonza, Basel,
Switzerland) and stimulated with PMA, ionomycin, and brefeldin A as described below.

Antigen-stimulation assay and intracellular cytokine staining

ELISA

Assays were performed as previously described with modification (22, 25). Single cell
suspensions were prepared from spleens on d21 post-immunization as described. Cells (5 x
10°/ml) were plated in HL-1 media (Lonza) containing 2mM glutamine and 100 U/ml
penicillin-strepotmycin (Invitrogen Life Technologies). After 48 h stimulation with 20 pg/ml
whole IRBP protein, cells were stimulated in the presence of 20 ng/ml PMA (LC Labs), 200
ng/ml ionomycin (LC Labs, Woburn, MA), and brefeldin A (BD GolgiPlug; BD
Biosciences) for 4h at 37°C prior to fixation/permeabilization using BD Cytofix/
Cytoperm ™ Fixation/Permeabilization solution Kit (BD Biosciences). Cells were stained
with fluorescently-conjugated antibodies to CD45, CD4, CD8, IFNy, and IL-17A. Flow
cytometry with a BD LSRFortessa (BD Biosciences) was used to collect a total of 300,000
CD45+ events. Dead cells were excluded based on Viability Dye eFluor® 506 (eBioscience)
staining and live CD45+CD4+ gated cells were further evaluated for the frequency of IFNy,
IL-17A, or double-positive cells. Data were analyzed with FCS Express (De Novo Software)
based on compensation and gating criteria described above.

To measure cytokine production of IRBP-responsive T cells, single cell suspensions were
prepared as described above and were stimulated for 48h with 20 pg/ml whole IRBP protein;
after which the supernatants were collected for analysis of cytokine levels. Concentration of
cytokines (IFNy, IL-17A, 1L-10, IL-12p40, IP-10, KC, TNFa, IL-6, and IL-2) was measured
using a Luminex® multiplex assay (Millipore, Billerica, MA, USA) on Model L1001S
(Luminex, Austin, TX, USA) and analyzed with BeadView™ (Upstate Cell Signaling
Solutions, Lake Placid, NY, USA) as described (25).

Proliferation assay

IRBP-specific lymphocyte proliferation was measured by [3H]-thymidine incorporation
using previously described methods (26). Cells (5 x 10%/ml) were prepared as described
above for antigen-stimulation assays and seeded into 96-well plates in 200 ul complete
medium in the presence of IRBP (concentration ranging from 0 to 200 pg/ml) for 72 h. Cells
were pulsed with 0.5 uCi [3H]-thymidine for the last 18 h of culture, and [3H]-thymidine
uptake was determined by liquid scintillation spectrometry (Wallac model, WinSpectral).

J Immunol. Author manuscript; available in PMC 2017 April 01.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Leeetal. Page 6

Multiplex quantitative real-time PCR

Total RNA was extracted from pooled neuroretinas (n=6 mice/group) using RNeasy kit
(Qiagen) and cDNA was synthesized (Reverse Transcription Kit; Applied Biosystems).
Transcript analysis was performed using multiplex quantitative real-time PCR
(RT2Profiler™ PCR Gene Expression Assay kit, SABiosciences) and Applied Biosystems
PRISM Sequence Detection system. Controls were performed to confirm the lack of
contaminating genomic DNA. Levels of target gene expression were determined by standard
comparative AACt method and normalized to the average of 5 housekeeping genes within
the same sample (Gusb, Hprt, Hsp90ab1, Gapdh, Actb), all of which were expressed at
similar levels. Array results are representative of 4 independently performed experiments
(each sample contained pooled RNA from 6 mice or 24 total mice/genotype).

Statistical analysis

Complex data sets were compared by ANOVA with Tukey-Kramer HSD or Newman-Keuls
post-hoc tests for multiple comparisons. Single data points were analyzed by Student’s two-
tailed t-test. The Mann-Whitney U test (two-tailed) was used for analysis of nonparametric
data (i.e. clinical and histopathology scores) using Prism (GraphPad Software, Inc.). All
experiments were performed up to 3 times independently. Results are presented as mean *
SEM. P<0.05 were considered statistically significant.

RESULTS

Card9 is required for the inflammatory pathology in EAU

To address the impact of Card9 expression on development of autoimmunity targeted to the
eye, WT and Card9 KO mice were immunized with the endogenous retinal protein IRBP.
Under standard induction protocols, WT mice developed ocular inflammation characterized
by papilledema, retinal vasculitis (i.e. “cuffing” of retinal vessels), and retinal lesions
(clinical TEFI images; Fig. 1A). In contrast, inflammation in Card9 KO mice was markedly
reduced (Fig. 1A); albeit some mild inflammation was detectable around the optic nerve and
blood vessels (0.5 scores; Fig 1B). Accompanying histological changes noted in uveitic WT
mice, but that were absent in Card9 KO mice included retinal structural damage (i.e.
“folding™), perivascular exudates, granulomatous-like lymphoid aggregates within the retina,
chorioretinal infiltrates, subretinal hemorrhage, and photoreceptor layer damage (Fig. 1C).
Cellular infiltration of the vitreous and aqueous, other clinical parameters of uveitis, was
quantified from histological sections as number of cells within the vitreous body of the
posterior segment (PS) and aqueous humor of the anterior segment (AS)(Fig. 1D). In
contrast, Card9 KO mice showed significant reduction in immune cell infiltration within
both eye segments. Inflammation was detectable in WT mice by 14 day post-immunization
(dpi) and reached “peak” pathological disease and incidence within 21 dpi (Fig. 1E, F). In
comparison, Card9 KO mice had delayed onset and significantly less disease. Clinical and
histological evaluation of adjuvant-injected controls of either genotype appeared normal
akin to naive mice and were scored as 0 throughout all experiments (Fig. 1A, C-adjuvant
controls and Supplementary Fig. S1). These findings uncover the central importance of
Card9 as a key regulator in the onset and severity of EAU.
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Card9 promotes polarization of Th17 cellular responses to IRBP

We next evaluated whether Card9 expression influenced development of Thlvs. Th17 T
cell effector responses in EAU. Flow cytometric analysis of peripheral lymphoid tissue did
not reveal any major influence of Card9 expression on the ratios of CD4* versus CD8* T
cells in media controls (Fig. S2). However, in vitro-stimulated splenocyte cultures showed
decreased antigen-specific expansion of CD4+ cells in Card9 KO mice compared to WT
mice. Consistent with this observation, intracellular cytokine staining for IFNy and IL-17A
(indicative of Thl vs. Th17 populations, respectively) after re-stimulation with the IRBP ex
vivo demonstrated the expected increased frequencies of both Thl and Th17 CD4+ subsets
of WT antigen-specific cells (Fig. 2A, B). IRBP-primed Card9 KO cells exhibited a
significant reduction in the IL-17A+ Th17 effector cells as well as double-positive IL-17A+/
IFNy+ cells compared to WT. Card9-deficiency did not affect the IFNy+Th1 CD4+
population, indicating specificity for Card9 in control of Th17 differentiation rather than a
global impairment of effector T cell development during EAU.

Further analysis of the role for Card9 in antigen-specific T cell responses was evaluated by
multiplex ELISA assay. IRBP-specific induction of IL-17A was regulated by Card9 whereas
production of IFNy remained unaltered in Card9 KO cells (Fig. 2C). Production of other
Th17-associated response cytokines such as KC and IL-6 were also significantly higher in
IRBP-primed WT cells compared to Card9 KO cells (Fig. 2C). Such altered cytokine
profiles observed in Card9 KO cells was associated with an impaired IRBP-induced
proliferation in lymphocytes as evaluated by [3H]-thymidine incorporation assay (Fig. 2D).
The reduction in proliferative response would be consistent with the observed diminished
IL-2 production in IRBP-primed Card9 KO cells (Fig. 2C).

To equate the peripheral antigen-specific T cell responses involving Card9 to the in situ
phenotype, we examined the T cell populations within the eye (Fig. 2E-F). Flow cytometric
analysis of whole eyes revealed that both CD3+ T cell populations (CD4*/~ and CD8*/")
were present in uveitic WT eyes following immunization. Comparison of cell composition
(i.e. % of gated CD45+ expressing cells) revealed a diminished proportion of CD4+ cells in
the Card9 KO mice (Fig. 2E). The overall magnitude of the ocular T cell response was also
reduced in immunized Card9 KO mice (Fig. 2E), as were the frequencies of both Thl and
Th17 cells (Fig. 2F). This data would suggest that even though the generation of IRBP-
responsive Thl cells in peripheral lymphoid tissue was not altered by Card9-deficiency,
trafficking of both Th1 and Th17 into eye tissue was significantly impaired in Card9 KO
mice. Flow cytometry analysis of circulating leukocytes after IRBP-immunization showed
no changes in T cell numbers or percentages in Card9 KO mice (data not shown) thereby
supporting a role for Card9 in promoting a more pathogenic Th17 cell response directed to
the eye.

The ocular autoimmune response reflects the Card9 transcriptional profile in the retina

To gain insight into polarizing factors controlled by Card9, we examined the early or acute
phase of ocular inflammatory responses within the eye. Using multiplex quantitative gtPCR
analysis, we evaluated the response within neuroretinas harvested during the early, acute
phase of EAU (i.e. 10 dpi—a time prior to onset of uveitis; score = 0.17+£0.06; Fig. 1E).
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Data revealed substantial changes in gene expression in the neuroretina that were Card9-
dependent, with most genes underrepresented in Card9 KOs compared to WT response (Fig.
3A). Differences between WT and Card9 KO mice were noted particularly amongst some
chemokines involved in T-cell recruitment (e.g. Ccl5/Rantes, Cxcl9, Cxcl10) and other
transcripts associated with T cell responses (including Ccr5, Cxcr3, Ccrl, IFNy, IL-6, IL-23)
(Fig. 3B). Consistent with its known role in host defense against fungal and mycobacterial
infections, a Card9-dependent transcriptional profile was observed that involved CLRs and
downstream pathways including Sykb and IL-1p/inflammasome responses (Caspl, Nirp3,
111b). Notably, genes encoding the CLRs Dectin-1, Dectin-2 and Mincle (Clec7a, Clec4n,
Clec4e, respectively) were induced in the neuroretina of WT vs. Card9 KO mice (Fig. 3B).
Given that this time (d10) precedes clinical observation of peripheral infiltrate, one might
infer that changes in expression of these myeloid genes are indicative of macrophage/
microglia responses over neutrophils. Of note, we did observe some genes within the retina
that retained some expression in Card9 KOs such as Caspl, Nlrp3, and I1-1b, which fall
within the inflammasome pathway. This could suggest residual Card9-independent
transcriptional response within the retina that is initiated by resident retinal cells vs myeloid
infiltrate.

Differential roles for the CLRs Dectin-1, Dectin-2 and Mincle in the pathogenesis of EAU

The data thus far support a Card9-dependent pathway as a core mechanism in the induction
of EAU, which we further theorized to be initiated by proximal CLR activation. To address
this hypothesis, we used a genetic approach to test whether deficiency in any one of the
prototypical CLRs identified above (Fig. 3, Dectin-1, Dectin-2, or Mincle) that couple with
the Syk/Card9-signaling pathway would replicate the Card9 KO-associated resistance to
EAU. To elucidate the CLR(s) responsible for the development of autoimmune disease in
the eye, EAU was induced in WT and single CLR KO mice (Fig. 4). Adjuvant-injected
control mice did not develop any discernible histopathological or clinical signs of disease in
any genotype (n=10 mice scored/genotype) and retinas appeared normal and healthy (Fig.
S3). Negligible differences were observed between immunized WT and Dectin-1 KO mice;
both clinical exams (Fig. 4A) and histopathological scores (Fig. B, C) showed similar
degrees of uveitis. Somewhat surprisingly, Dectin-2 KO mice had exacerbated clinical
uveitis compared to WT mice (Fig. 4A), which was corroborated histologically (Fig. 4B-D).
This identifies Dectin-2 as having a potential novel, counter-regulatory role in EAU.

In contrast, both the clinical and histopathological severity of EAU was significantly
reduced in Mincle KO mice (Fig. 4A-C), thereby indicating Mincle as the principal CLR in
inductive mechanisms of EAU over that of Dectin-1 or Dectin-2. Intriguingly, Mincle-
deficiency did not result in the near-to-complete abrogation of EAU as was observed in
Card9 KO mice, suggesting an additional Mincle-independent (but Card9-dependent)
mechanism for EAU induction. The residual Mincle-independent disease that we noted
involved primarily vasculitis as visualized by fundus exam (Fig. 4A) and by histology (Fig.
4B, black arrow). Histologically, occasional focal retinal folds (Fig. 4B, yellow arrow) along
with some accumulation of cells within the vitreous body of the posterior segment and
aqueous humor of the anterior segment were also noted (Fig. 4D). Collectively, these data
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reveal differential functions for CLRs in uveitis and support a key pathogenic role for
Mincle as the driving component of induction of EAU.

Activation of Mincle is important for induction of EAU and requires Syk/Card9 coupled

signaling axis
Mincle (Clec4e) is a recently discovered CLR that is less well-characterized than Dectin-1
or Dectin-2, but is nonetheless important in fungal infection and perhaps to an even greater
extent in mycobacterial infection. It is known that Mincle recognizes the glycolipid
trehalose-6,6-dimycolate (TDM, also called cord factor) (27), a component of the
mycobacterial cell wall. To relate the functional consequences of Mincle deficiency to its
potential for induction of uveitis, WT mice were immunized with IRBP emulsified with
incomplete Freund’s adjuvant (IFA), which is devoid of mycobacterium M. tuberculosis, but
which was re-supplemented with the synthetic Mincle agonist, trehalose-6-6’-dibehenate
(TDB), or other mycobacterial-associated immune stimulants (Fig. 5A). As expected, a lack
of microbial stimuli in the case of immunization with IFA alone did not result in
development of EAU even in the presence of autoantigen (i.e. IRBP). Reconstitution of the
IRBP emulsion with TDB however did restore the EAU disease phenotype. As with mice
immunized with CFA, mice immunized with TDB developed a uveitic disease that affected
both anterior and posterior segments (Fig.4D, 5D); albeit some uveitis pathology differences
were noted. Most notably, the granulomatous inflammation was much more severe in TDB-
immunized WT mice, which extended through the retina to the retinal pigmented epithelium
and choroid, causing extensive photoreceptor destruction and even subretinal hemorrhaging
(Fig 5D). Peptidoglycan (PGN) and its byproduct muramyl dipeptide (MDP) have long been
considered potent immunostimulants through activation of TLR2 and NOD2; however we
found that animals immunized with IRBP emulsified with either compound did not
reproduce the full EAU phenotype and were significantly less potent vs. TDB (Fig. 5A).

To further evaluate the specificity of receptor actions of TDB and Mincle, the ability of
TDB to induce EAU was tested in Mincle KO mice (Fig. 5B-E). In contrast to induction of
EAU in WT mice with TDB, Mincle KO mice demonstrated a near to complete reversion of
disease as indicated by significant reduction in clinical severity of EAU (Fig. 2B, C) as well
as significant abrogation in EAU histologically (Fig. 5D, E). Somewhat consistent with the
phenotype of Mincle KOs presented above (Fig. 4B, D), Mincle deficiency did not appear to
influence cell accumulation in the posterior segment. Residual vessel damage and vasculitis
was also noted (Fig. 5B, D) in Mincle KO mice. These data underscore both the sufficiency
and necessity for Mincle in induction of EAU, while also suggesting a minor, Mincle-
independent mechanism in EAU induction.

Finally, we further evaluated the Syk/Card9-coupled signaling axis as a mechanism by
which TDB/Mincle interactions elicit EAU. Given that Card9 expression was essential for
EAU induction, we evaluated its necessity for EAU induced by TDB (Fig. 6A-D). Card9-
deficient animals immunized with IRBP emulsified in TDB were resistant to induction of
EAU as evidenced by reduced disease as evaluated clinically (Fig. 6A, B) as well as
histologically (Fig. 6C, D). Adjuvant control groups (i.e. those injected with emulsified TDB
alone, without IRBP) did not develop ocular pathology (data not shown). Syk is a tyrosine
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kinase recruited by ITAM motifs on a subgroup of CLRs including Mincle, which couples
with Fc receptor y chain (FcRy) for its activation, thereby leading to Card9-dependent
responses (28). To complement the observations made in the Card9 KO mice, we
pharmacologically targeted the Syk using piceatannol, a small molecule inhibitor of Syk.
Piceatannol-treated mice showed reduced uveitis compared to those treated with vehicle
when evaluated both clinically (Fig. E, F) and histologically (Fig. 6G, H). Taken together,
these data demonstrate that activation of Mincle by TDB requires a Syk/Card9-coupled
mechanism for the induction of EAU.

DISCUSSION

Despite the progress made in understanding genetic and immunological mechanisms
involved in T cell-mediated diseases such as uveitis, our understanding of the early signals
initiating the disease process remains incomplete. Numerous studies have examined the
contribution of TLRs in ocular inflammatory responses, yet investigation of other PRR
families has been limited. This study delineates the relative roles of proximal CLRs
Dectin-1, Dectin-2 and Mincle in an experimental T cell-mediated autoimmune disease of
the eye. We demonstrated a Syk/Card9 coupled pathway that is central for induction of
Th17-associated responses and pathogenesis of EAU, which is initiated predominantly upon
engagement of the CLR Mincle.

Infectious triggers have long been considered an initiating factor in uveitis; even in those
cases without an active infection, the chronicity of the disease is thought to involve
continuous priming of new effectors that perpetuate pathogenic processes. Our studies
highlight an essential, non-redundant role for Syk/Card9 signaling in induction of EAU,
which places this pathway at the juncture of microbial detection and autoimmune disease.
This observation holds clinical importance, as CARD?9 is highly associated with
inflammatory diseases such as Crohn’s disease inflammatory bowel disease and AS (29, 30).
In the prevailing context that disease arises from genetic-environmental interactions, it
seems conceivable that aberrant regulation of CARD?Y, either through genetic mutation or
activation by microbial infection (or both), could cause pathological immune development
such as in uveitis. Our studies here demonstrating the importance of Card9-mediated signals
in development of the Th17 response in EAU would be in agreement with the known role of
the Th17 response in host defense against fungal infections.

The protection of Card9 KO mice against EAU correlated with reduced frequency of IRBP-
specific Th17 vs. Thl cells, antigen-specific induction of Th17-related cytokines (IL-17A,
IL-6 and KC), and proliferative capacity. Changes in the transcriptional response within the
retina revealed the importance of Card9 in controlling the degree of ocular pathology as
evidenced by early (d10) changes in cytokines/chemokine and complement genes associated
with host defense against fungal infection. For example, Ccl5 was regulated in a Card9-
dependent fashion within the retina and CCL5 (RANTES) has been found to activate CCR5
on T cells to promote EAU (31). The anaphylaxins C3a and C5a, whose induction was also
regulated by Card9, were recently shown to contribute to EAU through promaotion of the
Th17 response (32). Taken together, these data identify an important role for Card9 in
induction of genetic responses and pathways relevant to the Th17 cell response, which is an
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underlying mechanism of EAU. The transcriptional data derived from retinal tissue might
also point towards early myeloid cell responses that could also contribute to perpetuation of
tissue damage within the eye in addition to merely T cell responses.

Intriguingly, the peripheral-associated Th1 response was retained in Card9 KO mice. Both
antigen-specific induction of IFNy and frequency of Th1 cells (intracellular cytokine
staining) were unaltered in Card9 KO mice, thereby revealing a specific function for Card9
in pathogenic Th17-driven mechanisms in EAU. Admittedly, such conclusions are based on
using IFNy and IL-17 as the principal cytokines for identification of these effector
populations. We cannot rule out the possibility that other cytokines are controlled by Card9
that would also influence the overall pathogenicity of Th17 vs. Thl cells. Intriguingly,
retention of Thl antigen-specific responses would be reminiscent of mycobacterial infection,
since the Th1l response is important in host defense. The essential role for Card9 in control
of mycobacterial infection has also been recently demonstrated by Dorhoi et al (16) who
noted that Card9 KO cells maintain their ability to generate other cytokines (e.g. MCP-1 or
G-CSF). Clearly, the mere presence of peripheral IRBP-reactive Thl cells does not equate to
disease, thereby suggesting that Card9 likely controls the uveitogenic potential of Th1 cells
in some yet-to-be determined way that minimizes their capacity to cause disease.

Despite such peripheral nuances, both Th1 and Th17 populations were found to be reduced
in eyes of Card9 KO mice, likely owing to altered T cell trafficking mechanisms, an
observation that would suggest that the ocular Th1 response may be secondary to the Th17
response in initiation of EAU (as has been recently described in EAE, an animal model for
multiple sclerosis (33). One could also reason that since gene expression data (Fig. 3)
showed reduced expression of CXCL10, an IFNy-dependent chemokine that binds to
CXCR3, in Card9 KO retina, recruitment into the eye of Th1 as well as other cells could be
affected. This could consequently result in reduced disease development in Card9 KO
animals. Alternatively, Card9 may promote more expansion of and/or better optimized
pathogenic Th17 cells that target the eye for disease. Of course, it is possible to consider that
Card9 controls non-T cell responses as an additional mechanism through which EAU is
induced. Card9 is expressed in myeloid cells such as macrophages, a population that we
have observed to dominate the leukocyte infiltrate in the eye and was recently shown to be
involved in microglial responses (34). Thus it is also possible that Card9 controls
macrophage/microglia responses locally within the eye to further perpetuate ocular damage.
Future studies to dissect the cellular mediators by which Card9 controls mechanisms of
EAU induction will be informative in this regard.

Through the genetic approach used here, a key observation is that Mincle was identified as
the foremost receptor in EAU induction via a mechanism that requires both Syk and Card9.
Transcription of the prototypical CLRs that signal by way of Syk/Card9 (Clec7a, Clec4n,
Clec4e—encoding Dectin-1, Dectin-2 and Mincle, respectively) was greatly increased within
the retina. The in vivo genetic approach towards understanding their function in EAU
demonstrated a significant role for Mincle, since Mincle KO mice exhibited significantly
reduced uveitis, and a redundant or counter-regulatory role for Dectin-1 and Dectin-2,
respectively. During preparation of this manuscript a pathogenic role for Dectin-1 in EAU
was reported (35). Intriguingly, Dectin-1 did not play a role in other models of EAU
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employed by the authors and it was concluded that Dectin-1 participated in adjuvant-
recognition functions. This conclusion contrasts that of our study and that of another
publication reporting that Dectin-1 plays a non-essential role in the adjuvant effects of CFA
vs that of Mincle (36). Such discrepancies are nonetheless interesting and could be related to
differences in the purity of CFA or mycobacterium used, or methodological differences in
the models of EAU induction such as the use of peptide alone versus our studies that used
whole IRBP protein, which could elicit polyclonal T cell responses to multiple epitopes. Our
studies here directly compared Dectin-1 to multiple other CLRs to demonstrate differential
roles for Dectin-1 vs Dectin-2 vs Mincle in EAU. We also identified an entirely novel
protective role for Dectin-2 in that Dectin-2 deficiency rendered mice more susceptible to
EAU as evidenced by exacerbated vasculitis, more extensive retinal lesions and enhanced
photoreceptor damage. This somewhat surprising observation would suggest counter-
regulatory responses amongst the CLRs in the context of uveitis. The antagonistic
relationship between Mincle and Dectin-1 in fungal infection has been previously reported
(37), and our observations extend this antagonistic interaction across the CLR family to
include Dectin-2.

Mincle expression has been shown to be important in susceptibility to both mycobacterial
and fungal infections (19, 38, 39) and in sensing danger signals such as the endogenous
protein SAP130 (40), thereby implicating multiple pathogenic mechanisms by which it
could contribute to disease. Activation of Mincle by TDB sufficiently reproduced the EAU
disease phenotype, a response that required Mincle and Card9 expression as well as Syk
activity. Given the ability of TDB to elicit granulomas, the importance of Mincle for the eye
would be consistent with the granulomatous-like pathology observed in both EAU and
human uveitis (3). Indeed, almost all varieties of posterior uveitis seem to be mimicked by
tuberculosis infection (41). A role for Card9 (and Mincle) in the development of granulomas
and resistance to tuberculosis is thus not surprising, but in the context of uveitis provides
invaluable insight into a core pathway of disease development. Fungal triggers are also
important in activation of CLRs such as Dectin-1 and Dectin-2 and our recent preliminary
observations indicate that EAU can be induced by the Dectin-1 agonists curdlan or zymosan
via a Card9-dependent mechanism. Thus, such a Card9-specific response in EAU could
potentially be driven by a variety of upstream CLRs that respond to either MtB or fungal
components. While this pathway may be central in initiation of infectious uveitis, it could
also be important in cases of non-infectious uveitis. It would be interesting to test the
relevancy of this pathway in other models of uveitis that do not involve adjuvants, such as in
a spontaneous model of uveitis recently reported (42, 43).

Our observations further connect the relationship amongst Mincle, Card9-signaling events
and IL-1, which is a known early signal required for induction of EAU (11). Our data
demonstrate induction of gene expression of molecules within the 1L-1-inflammasome
pathway (e.g. Nlpr3, 1l-1, Asc, Caspase-1) that are regulated by Card9, thereby implicating
Card9 as a signal upstream from IL-1. While Card9-mediated responses were found to be
essential for development of autoimmune uveitis, a minor Card9-independent response
involving mild retinal vasculitis was noted on clinical retinal exam. Intriguingly, gene
expression levels of molecules of the IL-1 pathway were reduced in Card9 KO mice (Fig. 2)
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to a level that was significantly different from adjuvant controls, suggesting the existence of
both Card9-dependent and independent IL-1 responses. Desel et al. (44) reported that TDB
induced MyD88-dependent IL-1R signaling, thereby placing Mincle/Card9 upstream of
IL-1. However, our studies demonstrated that EAU was not completely abrogated in Mincle
KOs, suggesting an alternative way for IL-1 induction, a possibility supported by our gene
expression studies showing that some IL-1 pathway genes were regulated to some extent
independently of Card9.

An important outstanding question is: what mechanism is responsible for the residual uveitis
that occurs in the absence of Mincle? Although relatively minor, we noted Mincle-
independent ocular pathology that involved retinal vasculitis, leukocytic infiltration into the
vitreous and occasional, focal retinal folding. During preparation of this manuscript, an
additional CLR (Dectin-3, aka the CLR macrophage C-type lectin, MCL) was described as a
co-receptor to TDB (45). It is possible that MCL compensates for the absence of Mincle to
contribute to EAU induction through a Syk/Card9-dependent mechanism. Interestingly, an
inductive role for MCL has been identified in another model of organ-specific
autoimmunity, experimental autoimmune encephalomyelitis (EAE) (46). Collectively, these
data suggest that there may be some level of redundancy in upstream receptor ligand
interactions and even additional unknown ligand(s) which may activate Card9 and lead to
disease.

Since the Syk-coupled Card9 pathway is highly homologous between mouse and man (47),
our in vivo animal studies provide relevance for this conserved pathway as a possible target
for treatment. In our hands, pharmacological inhibition of Syk dramatically abrogated EAU,
thereby supporting this as a rational pathway to target. A caveat to consider though is that
while piceatannol is known to reliably inhibit Syk kinases, it has been reported to have
inhibitory activity against other kinases. Thus, we cannot rule out potential influence of such
off-target effects on EAU. Current ongoing clinical trials for treatment of rheumatoid
arthritis and other diseases with Syk inhibitors will prove informative. However, there are
almost certainly caveats and limitations when therapeutics interfere with key host defense
pathways. Another consideration brought forth from this study would be the possibility of
strategies to prophylactically treat uveitis. Some forms of uveitis are characterized by
recurrences that likely arise from continuous priming of new effectors that sustain the
disease over time. Thus, although the mechanisms are not fully understood, it is conceivable
that aberrant control of CARD?9, such as when genetic alterations in an individual interact
with certain environmental triggers/infection, could be reversed or altered by treatment to
prevent the next uveitic episode.

In conclusion, the studies here contribute to a deeper understanding of innate immune
receptors in autoimmune uveitis using the well-established T cell-dependent model of EAU.
Starting with the hypothesis focused on the biological function of Card9 in EAU, we
subsequently extended our findings to identify Mincle as a predominant activating CLR via
a Syk/Card9-dependent signaling mechanism. Such studies reveal a previously unconsidered
role for the innate immune family of CLRs as an important early initiating factor in uveitis,
which we speculate could be relevant for therapeutic intervention.
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Figure 1. Card9isrequired for the inflammatory pathology in EAU
EAU was induced in WT and Card9 KO mice and the onset and severity of uveitis was

evaluated by clinical fundoscopy exam (A,B) and histopathology (C-E). (A) Representative
fundus images of the posterior pole showing extensive inflammation (e.g. diffuse retinal
lesions and vascular cuffing) in WT compared to Card9 KO eyes. (B) Clinical severity of
retinal inflammation evaluated by fundoscopy. (C) H&E-stained sections of eye harvested
on d21 post-immunization (i.e. peak of disease) show pathological features within this
disease including retinal folding (yellow arrow), granulomatous formation (yellow asterisk)
and vasculitis (black arrow). Images acquired at 200X magnification. D) Quantification
from histological sections of the number of cells infiltrated into the anterior and posterior
segments. EAU disease was graded pathologically as a function of time (E), and used to
calculate incidence over time (F). ; *P<0.05 vs WT response (n=10-16 mice/group from 3
independent experiments). L, lens; V, vitreous; R, retina.
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Figure 2. Card9 promotes polarization of the Th17 cellular responseto IRBP
In vitro-stimulated cultures prepared from Card9 KO and WT mice at d21 post-

immunization were analyzed for antigen-specific responses. Flow cytometric analysis (dot
plot, panel A) showing frequency of IFNy*, IL-17*, or double-positive cells among IRBP-
stimulated CD4* cell effector populations that were quantified (B; n=6-10 mice/experiment,
experiment performed 3 times). C) Cytokine concentration in culture supernatants was
determined at 48 h post IRBP-stimulation by multiplex ELISA (Luminex® assay) (n=8-10
mice/group; data are average of 3 independently performed experiments). D) Proliferative
responses of IRBP-specific T cells from WT or Card9 KO mice were assessed 72 h later

by 3H-thymidine incorporation (n = 6 mice/group, representative of 3-independently
performed experiments). Values are C.P.M. plotted as fold induction to media controls.
Panels E-F) Flow cytometric analysis of T cell populations within eyes of mice d21 post-
immunization that were evaluated for composition and number of CD45+ gated cells (E;
n=10 mice/group, experiment performed 3 times). CD4+ T subsets were further evaluated
by intracellular cytokine staining for IFNy*, IL-17%, or double-positive cells (F) (n=10 mice/
groups, experiment performed 3 times). *p<0.05 vs WT response.
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Figure 3. Card9 controls acute transcriptional responsesrelated to CL R-immune pathways

within theretina

Multiplex gt-PCR analysis of genes differentially expressed in the retina dissected on d10
(i.e. prior to onset of disease; see Fig.1F) from WT vs Card9 KO mice that were immunized
with IRBP or with adjuvant alone (n=6 mice pooled/group). Array results are representative
of 4 independently performed experiments (each of 6 pooled mice or 24 total mice/
genotype). mMRNA expression levels are indicated as fold change of IRBP-immunized
response as compared to adjuvant controls within each genotype. A) Scatter plot
demonstrating pattern of individual genes. The black line indicates fold change of 1, while
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red lines indicate boundaries of 2-fold change after normalization for gene regulation in
response to adjuvant-injected mice. B) Selected genes that achieved statistical difference
between IRBP vs adjuvant controls in WT mice (and met our greater than 2-fold criteria)
compared to Card9 KO response are shown in the first 2 columns (significance indicated in
black text; non-significant response (“n.s.”) in grey text. Genes are further ranked according
to the extent to which Card9 is responsible for this response (far right panel). Expression
was considered statistically significant when *p<0.05; **p<0.01; ***p<0.001.
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Figure 4. Differential rolesfor the CLRs Dectin-1, Dectin-2 and Minclein the pathogenesis of
EAU
To determine the specific CLR(S) responsible for development of uveitis, the onset and

severity of EAU was evaluated in mice deficient in Dectin-1, Dectin-2, or Mincle by clinical
fundoscopy (A) and by histology (B-D). Stained sections from eyes 21d post-immunization
were scored (C) and quantified for numbers of infiltrated cells in the anterior and posterior
chambers (D) (AS = anterior segment; PS = posterior segment). *P<0.05 vs. WT response
(n=12-14/group; combined data of 2-separate experiments). Black arrow = vasculitis,
Yellow arrow = retinal fold, Asterisk=granuloma.
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Figure5. Activation of Mincle by TDB isresponsible for induction of EAU
IFA was reconstituted to 2.5 mg/ml with individual mycobacterial-associated components:

TDB (synthetic cord factor, trehalose-6-6"-dibehenate), PGN (peptidoglycan), MDP
(muramy! dipeptide). Adjuvant with the indicated substitutions were used for immunization
of WT mice and uveitis was evaluated d21 post-immunization (A); *p<0.05 vs PGN or
MDP. WT vs Mincle KO mice were evaluated for EAU induced in the presence of TDB.
Clinical uveitis was significantly reduced in Mincle KO compared to WT mice (B, C).
Histology showed little inflammation in Mincle KO mice compared to WT (D) with overall
reduction in retinal disease severity (E) but not in cellular infiltrate of the vitreous. Black
arrow = vasculitis, Yellow arrow=retinal fold, Asterisk=granuloma, Bracket = Subretinal
granulomatous inflammation *p<0.05 vs WT mice (n=10-14 total mice/group; combined
from 2 independent experiments).
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Figure 6. The Syk/Card9 coupled axisisresponsible for mechanisms by which Mincleinduces
EAU
WT and Card9 KO mice were immunized with adjuvant containing TDB and evaluated

clinically by fundoscopy (A,B) and histologically (C,D) ). (E-H) The reduced susceptibility
of Card9 KO mice to EAU was reproduced in WT mice by pharmacologic inhibition of the
upstream kinase Syk with systemically administered piceatannol beginning on day of
immunization (d0) and continuing every 4 days until day 16. Eyes were evaluated by fundus
exam (E,F) and by histopathology scoring and quantification of cells infiltrated into the
anterior and posterior chambers (G,H) (AS = anterior segment; PS = posterior segment) on
d21. *P<0.05 vs. WT or vehicle treatment (n=12-14/group; combined data of 2 separate
experiments).
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