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Organ-specific autoimmunity resulting from

combined defects in two tolerance checkpoints

By Irina Proekt
ABSTRACT

Studies of genetic factors associated with human autoimmune disease suggest a multigenic
origin of susceptibility, however, how these factors interact and through which tolerance
pathways they operate generally remain to be defined. One key checkpoint occurs through
the activity of the Aire gene which promotes central T cell tolerance. Recently, a variety of
dominant-negative human AIRE mutations have been described which likely contribute to
human autoimmunity more so than previously thought. The penetrance of autoimmunity
is incomplete in these families suggesting that other checkpoints are playing a role in
preventing autoimmunity. In Chapter two of this thesis, I describe studies testing if a defect
in Lyn, an inhibitory protein tyrosine kinase implicated in systemic autoimmunity, could
combine with an Aire mutation to provoke organ-specific autoimmunity. Indeed, mice with
a dominant-negative allele of Aire and deficiency in Lyn spontaneously developed organ-
specific autoimmunity in the eye. I further show that a small pool of retinal protein-specific
T cells escaped thymic deletion due to the hypomorphic Aire function and escaped
peripheral tolerance in the presence of Lyn-deficient dendritic cells, leading to highly
destructive autoimmune attack. These findings demonstrate how two distinct tolerance
pathways can synergize to unleash autoimmunity and have implications for the

determinism of autoimmune disease.
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CHAPTER ONE:

Introduction



Multigenic susceptibility to autoimmune disease

The concept of tolerance towards self antigens was first proposed by Paul Ehrlich in
the early 1900s, when he noticed that animals failed to develop autoantibodies when
immunized with blood of their own species. He termed this effect “horror autotoxicus”,
referring to the inherent protective mechanisms that prevent an organism from mounting a
destructive response against its own tissues (1). In the ensuing century, advances in our
understanding of immunity have revealed that tolerance requires integrity of multiple
checkpoints that govern development, activation and interactions of immune cells, but why
such checkpoints fail in some individuals leading to particular autoimmune diseases

remains poorly understood (2, 3).

Strikingly, most autoimmune diseases exhibit a high degree of genetic susceptibility,
seen for example in studies of identical twins, which for most autoimmune diseases have a
disease concordance of roughly 25-50% (4). In rare cases, autoimmunity is monogenic,
revealing genes that control major mechanisms of immune tolerance, such as central
tolerance of T cells (Aire) and regulatory T cells (FoxP3) (5-7). Much more frequently,
however, autoimmune susceptibility is multigenic with incomplete penetrance (8). The
biggest contributor to autoimmune susceptibility in most cases is particular alleles of MHC
molecules, which present antigens to T cells, suggesting that a small number of self-
antigens are particularly important for the initiation of autoimmune attack (8). Over the
last decade, genome-wide association studies (GWAS) of human autoimmune diseases have
uncovered a surprisingly large number of non-MHC genes, most of which individually have

weak effects on disease risk, suggesting that they represent partial changes in function,



rather than the complete loss-of-function seen in the monogenic autoimmune diseases (8-

10).

Interestingly, it appears that some autoimmune susceptibility genes can predispose
to multiple diseases, the best studied example being the gene encoding protein
phosphatase PTPN22, which is associated with increased risk for systemic lupus
erythematosus (SLE), rheumatoid arthritis (RA), and type 1 diabetes (T1D) (11). A
majority of shared susceptibility genes tend to cluster along several pathways governing
immune cell signaling, cytokine production and innate cell activation (8). This indicates
that genetic modifiers of common tolerance pathways, along with epigenetics and
environmental factors, may determine the spectrum of an individual’s autoimmune

phenotype.

T-cell central tolerance

The immune system can be conceptually divided into innate and adaptive branches,
although their actions are highly interdependent. The cells of the innate immune system
include myeloid and dendritic cells (DCs) which recognize pathogens through a conserved
set of pattern recognition receptors and mount a fast defensive response. B and T
lymphocytes of the adaptive immune system respond to the cues from the innate cells to

mount an antigen-specific response and develop immunological memory.

T lymphocytes are an integral part of the adaptive immune system. They rearrange

gene segments of their TCRs into a large number of possible combinations that can



recognize a vast array of antigens from potential pathogens. The same recombination
mechanism leads inevitably to generation of some specificities that recognize self
components, with the potential to cause autoimmune disease. A diversity of tolerance
mechanisms work together to limit the activity of self-reactive T lymphocytes (12). These
mechanisms can be generally divided into central, or those acting during T cell

development in the thymus, and peripheral, or those acting on mature autoreactive T cells.

T cell development in the thymus occurs through a two-step process that ensures
production of a functional TCR that is also non-autoreactive (13). T cells originate from
hematopoietic precursors in the bone marrow and migrate to the thymic cortex where they
rearrange beta and alpha TCR chains and express CD4 and CD8 to become double positive
(DP) thymocytes. Weakly self-reactive DP T cells are selected by peptide-MHC complexes
expressed on stromal cells in the thymic cortex. Those thymocytes that fail to recognize
peptide-MHC complexes die by apoptosis (14). Positively selected thymocytes then
commit to the CD4 or CD8 single positive stage and migrate to the medulla where they
encounter tissue-specific antigens (TSAs) directly presented by medullary thymic epithelial
cells (mTECs) or indirectly presented by thymic DCs (15, 16). These TSAs are normally
restricted to peripheral tissues, and thus their expression in the thymus ensures that most
strongly autoreactive thymocytes either die by apoptosis or alternatively become
regulatory T cells (Tregs) and enter the periphery to promote tolerance there. In the
absence of negative selection, such as in mice with absent thymic medulla, or in models
where mTECs are missing MHCs or co-stimulatory molecules, organ-specific autoimmunity

ensues because of escape of autoreactive T cells to the periphery (14, 15, 17, 18).



Aire is required for central T-cell tolerance

Autoimmune regulator (Aire) was identified in 1997 as the causative gene behind
Autoimmune polyglandular syndrome type 1 (APS1), or as it has also been called,
autoimmune polyendocrinopathy-candidiasis-ectodermal dystrophy syndrome (APECED)
(19, 20). APS1 is a monogenic autoimmune disorder characterized by multi-organ
autoimmunity, which most commonly manifests as hypoparathyroidism, adrenocortical
failure and chronic mucocutaneous candidiasis (21, 22). Aire is a transcription factor
primarily expressed in mTECs where it promotes expression of an array of tissue-specific
antigens (TSAs) (23). Although the mechanisms by which Aire regulates gene transcription
are not fully elucidated, sequence analysis revealed that it possesses domains involved in
DNA-binding and protein-protein interactions and disease-inducing mutations cluster
within these domains (24, 25).

Aire knockout mice were made by two different groups and found to have multi-
organ autoimmunity closely resembling that seen in humans, mostly affecting glands and
endocrine organs (7, 26). Further studies revealed that the autoimmunity was highly
strain-dependent (27). On the autoimmune-resistant C57BL/6 background, salivary and
lacrimal glands, and the retina were the most often affected. On the autoimmune-prone
NOD background, more organs were affected, including exocrine pancreas, thyroid and
sciatic nerve, and also the disease was of earlier onset and more severe. Although Aire is
also expressed on stromally-derived cells in peripheral lymphoid tissues and can
contribute to peripheral tolerance, autoimmunity is primarily prevented by expression of

Aire in the thymus supporting its role as a major regulator of central T-cell tolerance(28).



A number of Aire-regulated TSAs were identified through comparison of mTEC
gene-expression in wild type and Aire”/- mice, and subsequently the protein targets of Aire-
regulated genes were shown to be targets of autoimmune attack in relevant organs (7, 29).
A prototypical example of an Aire-regulated TSA is interphotoreceptor retinoid-binding
protein (IRBP). IRBP has been identified as a major target of autoimmune retinal disease in
Aire/- mice (30). Transplants of IRBP/- thymi into athymic Aire-sufficient nude mice
revealed that absence of thymic IRBP expression is sufficient to induce spontaneous
autoimmune uveitis, definitively linking thymic expression of a self-antigen to the
maintenance of tolerance to that antigen in the periphery (30). In a further series of
genetic and adoptive transfer experiments, it was determined that CD4 T cells are sufficient
for the development of uveitis in the Aire7/- mice (31). An Aire-regulated epitope of IRBP
had been identified in C56BL/6 mice, allowing the study of rare autoreactive T cells within
the endogenous repertoire using the P2 /I-Abtetramer (32). In wild type mice, P2-specific T
cells are subject to negative selection and cannot be expanded by immunization with the P2
peptide. However, they are detectable in Aire-deficient mice and expand during

spontaneous disease or immunization (32).

Other Aire-regulated TSAs have also been recently linked to the autoimmunity in
their respective tissues. They include vomeromodulin in lung (33), odorant binding
protein 1la in lacrimal gland (34), myelin protein zero in peripheral nerves (35) and
seminal vesicle secretory protein 2 (SVS2) in prostate (36). These studies are highly
clinically relevant as they identify critical autontigens in human autoimmunity, like
vomeromodulin in interstitial lung disease and SVS2 in prostatitis, providing critical

insights into disease pathogenesis.



Regulation of T-cell peripheral tolerance by dendritic cells and B cells

Although negative selection is very efficient, not all autoreactive T cells are deleted
in the thymus. This can be attributed to poor avidity of some self-reactive TCRs,
insufficient expression of peripheral self-antigens or expression of new self-epitopes by
inflamed tissues (37). In the periphery, autoreactive escapees can encounter cognate
antigen on the surface of antigen-presenting cells (APCs). The outcome of this interaction
is largely determined by the activation state of the APC and environmental cues. Under
steady state conditions, self-reactive T cells are tolerized by functional unresponsiveness
(anergy), clonal deletion, or conversion to antigen-specific regulatory T cells (Tregs).
However, during infection or inflammation, activated APCs upregulate costimulatory
molecules, such as B7 ligands, CD80 and CD86, which engage CD28 on the T cell surface

leading to T cell priming. (12, 38).

Several cell types can act as APCs, including DCs, B cells, monocytes and
macrophages, and they have all been implicated in T-cell tolerance. Classical dendritic cells
(hereafter referred to as DCs) are the major antigen-presenting cells of the immune system.
DCs reside at tissue interfaces, as well as within tissues and lymphoid organs, where they
are exposed to a plethora of antigens, which they capture, process and present to T cells
(38, 39). During infection or inflammation, activated DCs provide co-stimulatory signals
and cytokines to cognate T-cells, resulting in priming and polarization. Conversely, during
steady state, DCs present tissue self-antigens in the context of inhibitory signals like PD1

ligands and immunoregulatory cytokines such as TGF beta to promote anergy or Treg



induction (40-43). Thus, alterations in DC homeostasis and activation can have major

effects on T-cell tolerance.

Dysregulation of DC function has been linked to many autoimmune diseases,
including T1D, SLE, multiple sclerosis (MS), and inflammatory bowel disease (IBD) (38, 40).
Insights into the roles of DCs in autoimmunity come from patients and mice with either
total DC ablation or targeting of individual pathways in DCs. Patients with DC-deficiency
syndromes suffer from autoimmunity, although it may be promoted by compensatory
effects from other cell types (44). In mice, DC-ablation experiments using CD11c-DTR have
resulted in worsening of T-cell mediated autoimmunity, however, this has been attributed
mainly to regulating Treg homeostasis (45-47). As DCs are important for peripheral
tolerance of T cells as well as for priming autoimmune effector T cells, effects of DC

depletion are probably complex depending on which effect dominates.

More informative have been the studies of tolerance-related pathways specifically in
DCs through ablation of individual genes using conditional gene targeting in mice.
Numerous studies have shown that targeting of negative regulators of DC function that
have known associations with human autoimmune diseases lead to autoimmunity. For
example, deletion of A20, which negatively affects NFKB signaling downstream of tumor
necrosis factor (TNF) and toll-like receptors (TLRs), caused colitis and spondyloarthritis
(48); deletion of SHP1 phosphatase, which is involved in signaling downstream of integrins,
TLRs and receptor tyrosine kinases, caused severe lupus-like autoimmunity (49); and
deletion of STAT3, required for signaling downstream of anti-inflammatory cytokine IL-10,

caused cervical lymphadenopathy and ileocolitis (50). Furthermore, the role of self-antigen



presentation by DCs has been extensively studied in mouse models of autoimmune
diabetes, such as NOD mice, where DCs presenting insulin peptides in the pancreatic islets
and draining lymph nodes promote localization and priming of diabetogenic T cells (40, 51)
and in mouse models of multiple sclerosis, such as experimental autoimmune
encephalomyelitis (EAE), where encephalitogenic T cells are primed and polarized by

peripheral DCs and then restimulated by myelin-presenting DCs in the brain (52).

Additionally, B cells have been shown to be critical regulators of autoimmunity. B
cell central and peripheral tolerance checkpoints are defective in patients with SLE, T1D
and RA resulting in a greater proportion of autoreactive B cells in the periphery (53, 54).
Dysregulation of B cell inhibitory signaling has been linked to lupus-like disease in mouse
models, and to diseases like SLE and T1d in humans. The defects primarily involve
mutations in inhibitory receptors like FCyRIIB and CD22, or in acetylation of CD22 ligands
by sialyl acetyl esterase (SIAE), or in reduced function of downstream signaling mediators
such as Lyn, SHP-1 and SHIP (55). B cells are efficient APCs and can contribute to
activation and polarization of naive T cells during autoimmune responses (56). B cells are
one of the first islet-infiltrating cell types in NOD mice where they contribute to expansion
of diabetogenic T cells, and B-cell depletion using anti-CD20 antibody in humanized NOD
mice ameliorates disease (57, 58). Consistent with a pathogenic role of B cells, B-cell
depletion therapies have shown some efficacy in treatment of RA and MS (59-61).
However, B cell depletion actually exacerbates other conditions, like ulcerative colitis and
psoriasis, indicating that they may have a significant role in dampening of harmful immune
responses, and this could potentially account for the mixed results of B-cell depletion

therapies (62). Indeed, a distinct IL-10 producing B cell population, termed B regulatory



cells (Bregs) has been recently recognized as able to suppress immune responses by
curbing proliferation and proinflammatory cytokine production by Th1 and Th17 cells and
by promoting Treg generation, both via production of soluble mediators and direct cell to
cell contact (56). Furthermore, transfer of Bregs was effective in suppressing disease in

mouse models of collagen-induced arthritis and lupus (63).

In sum, both DCs and B cells can regulate T-cell tolerance through a combination of
cell-intrinsic and cell-extrinsic effects. The relative contribution of DCs and B cells to

maintaining tolerance to tissue antigen is still unclear and is under active investigation.

Lyn is a negative regulator of signaling in immune cells other than T cells

Lyn is a gene that has been implicated in tolerance in mouse models of
autoimmunity and in humans. Lyn is an Src-family kinase (SFK) that is expressed in all
hematopoietic cells other than T cells and has a unique role as a negative regulator of
signaling downstream of receptors containing immunoreceptor tyrosine-based inhibitory
motifs (ITIMs) (64, 65). The role of Lyn in signaling has been best studied in B cells, where
it regulates B-cell receptor (BCR) signaling thresholds by phosphorylating ITIMs of
inhibitory receptors such as CD22 and FCyRIIB leading to recruitment of phosphatases
such as SHP-1 and SHIP to attenuate B-cell activation (64). In myeloid cells, Lyn can
function as both a positive and a negative regulator depending on the cell type, however, its
precise signaling mechanisms are less well understood. Lyn has been implicated in
regulating myelo- and erythropoiesis, and signaling downstream of integrins, and cytokine

and growth factor receptors (65).

10



Consistent with its role as a key regulator of inhibitory pathways, Lyn/- mice
develop lupus-like disease characterized by production of anti-nuclear antibodies (ANAs),
immune complex deposition and glomerulonephritis (66, 67). These mice have elevated
levels of serum proinflammatory cytokines and exhibit progressive myeloproliferaton and
splenomegaly (68, 69). On a cellular level, Lyn/-mice exhibit increased activation of B cells,
dendritic cells and myeloid cells. Although Lyn is not expressed in T cells, progressive
activation of T cells also occurs in Lyn-deficient mice. This has been attributed to an
inflammatory loop that is set up by hyperactive macrophages and DCs resulting in
overproduction of B-cell activating factor (BAFF) and cytokines such as IL-6 and IL-12,
which activate T cells and induce them to make IFNy, which in turn enhances the

proinflammatory nature of the macrophages and DCs (69).

Because Lyn is expressed in multiple cell types, there has been considerable interest
in dissecting the contributions of individual cells to the Lyn7/- mouse phenotype. Mice
carrying a conditional allele of Lyn were created by the Lowell group and used to study
selective deficiency of Lyn in DCs or B cells (70, 71). Deletion of Lyn in B cells alone was
sufficient for development of anti-nuclear antibodies and glomerulonephritis, and
moderate activation of T cells and DCs compared to the complete knockout (71).
Interestingly, deletion of Lyn only in DCs resulted in a much more severe autoimmune and
inflammatory phenotype compared to the complete knockout and was accompanied by
dramatic increase in production of proinflammatory cytokines and T-cell activation,
indicating that loss of inhibitory pathways in dendritic cells alone can lead to autoimmunity

(70).

11



Lyn has been associated with several human autoimmune diseases, such as SLE,
asthma and psoriasis by GWAS (72). Because of its role in regulation of DC and B cell
responses, perturbations in Lyn-mediated pathways are likely to have consequences for T-
cell mediated autoimmunity, although organ-specific autoimmunity has not been observed
in Lyn/- mice to date. Given that human autoimmunity is multigenic in nature, I
hypothesized that Lyn may act as a susceptibility factor in organ-specific autoimmunity
when combined with another defect in immune tolerance. A model for such interaction is

the subject of Chapter 2.
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CHAPTER TWO:

Defects in the Lyn and Aire Pathways Cooperate to
Promote Autoimmune Uveitis

13



INTRODUCTION

In most individuals, a diversity of tolerance mechanisms work together to prevent
autoimmune disease by limiting the activity of self-reactive lymphocytes (2). Immune
tolerance requires integrity of multiple checkpoints within both innate and adaptive
branches of the immune system, but how such checkpoints fail in some individuals leading
to particular autoimmune phenotypes remains poorly understood. Strikingly, most
autoimmune diseases exhibit a high degree of genetic susceptibility, and in most cases this
susceptibility is multigenic in origin (55, 73). In spite of this knowledge, little is known
about how multiple genes interact to cause disease and which tolerance pathways are
compromised.

Humans that harbor a complete defect in the Autoimmune Regulator (AIRE) gene
develop a multi-organ specific autoimmune syndrome called Autoimmune Polyglandular
Syndrome Type 1 (APS1) (19, 20). Aire promotes T cell tolerance by driving the expression
of a wide array of tissue-specific self antigens (TSA’s) in the thymus and therefore is critical
for central tolerance of T cells recognizing these TSAs (74). In addition to rare individuals
with autoimmunity and a complete absence of AIRE, a family was identified with an AIRE
mutation and dominantly inherited autoimmune susceptibility (75, 76). A recent study
indicates that individuals with dominantly acting alleles of AIRE may be more widespread
than initially thought (75). Individuals with dominant AIRE mutations develop
autoimmunity that is less penetrant and has later onset compared to individuals with
complete AIRE deficiency. These clinical observations are consistent with hypomorphic

Aire function in individuals with one dominant negative AIRE allele and one normal allele,

14



and suggest that additional genetic alterations, perhaps affecting other tolerance

checkpoints, may contribute to disease onset in such individuals.

Whereas defects in Aire function lead to organ-specific autoimmune diseases in
humans and mice, defects in Lyn lead to a severe lupus-like systemic autoimmunity in mice
(64, 65). Lyn is a Src-family tyrosine kinase that is expressed by B cells, myeloid cells and
dendritic cells (DCs), but not by T cells. It has a unique role of enabling function of
inhibitory receptors that have Immunoreceptor Tyrosine-based Inhibitory Motifs (ITIMs)
in their cytoplasmic domains by phosphorylating the ITIMs (64). Selective deletion in mice
of Lyn in B cells or in DCs leads to systemic autoimmunity, the former being especially
important for production of anti-nuclear antibodies and the latter being important for
increased inflammation (66, 70, 71). Although single nucleotide polymorphisms (SNPs)
near the LYN gene have been associated with systemic lupus erythematosus (SLE) in GWAS
studies, it is unclear whether these SNPs affect Lyn expression or function (77, 78). More
compelling are observations that loss of function mutations in sialic acid acetylesterase
(SIAE), which is critical for the function of CD22, an inhibitory receptor whose function
requires Lyn, have been found at elevated frequency in individuals with SLE, rheumatoid
arthritis, and type 1 diabetes (79). While most individuals with these diseases have normal
alleles of SIAE, individuals with loss of function of SIAE have an 8-fold increased risk of
developing autoimmune disease. Interestingly, type 1 diabetes is a quintessential organ-
specific autoimmune disease, suggesting that Lyn-dependent inhibitory pathways may be

important for preventing organ-specific autoimmunity as well as systemic autoimmunity.
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To test the hypothesis that a defect in a peripheral tolerance pathway can interact
with a defect in central tolerance, we generated Lyn deficient mice also harboring a
hypomorphic mutation in Aire on an autoimmune-resistant genetic background.
Remarkably, these double mutant mice were found to develop an early onset, highly
destructive autoimmune uveitis. Mechanistic analysis of this digenic autoimmune disease
model demonstrated that Lyn deficiency in DCs results in increased priming in the
immunologic periphery of T cells recognizing an Aire-regulated retinal self antigen. This
altered priming permitted expansion of an organ-specific population of T cells that had
escaped deletion during development in the thymus due to reduced function of Aire. Taken
together these results demonstrate how defects in distinct genetic pathways that control

immune tolerance can synergize to provoke autoimmunity.
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RESULTS

Aire"/* Lyn/- double mutant mice develop spontaneous posterior uveitis.

A dominant-negative allele of Aire containing the G228W point mutation when
combined with a wild type Aire allele results in hypomorphic Aire function and leads to a
mild autoimmune susceptibility on the autoimmune-resistant C57BL/6 genetic background,
limited to lacrimal and salivary gland infiltrates in AireSW/+ mice (80). To determine
whether a defect in Lyn could enhance this mild susceptibility and affect the disease
spectrum, we generated a line of double mutant Airet"/+ Lyn/- mice. Cohorts of double
mutant mice and single mutant controls were aged for 8-10 months and analyzed for the
presence of inflammatory infiltrates in organs known to be a target of autoimmune attack

in mice completely deficient for Aire (7, 80).

Histological sections of lacrimal and salivary glands from Aire®"/+ Lyn/- double
mutants revealed lymphocytic infiltrates similar in incidence and severity to Aire®"/*mice
(Fig. 1A). Furthermore, infiltrates in the stomach, pancreas, liver, lungs and the sciatic
nerve of the double mutant mice were generally mild or absent (Fig. 1A). Two out of ten
double mutants had moderate lung infiltrates, however, the sera from these mice were
negative for antibodies to Bpifb1, a major lung autoantigen in Aire7/- mice (data not shown)
and similar inflammation was seen in some single mutant mice (Fig. 1A) (33). Surprisingly,
histological sections of eyes from four out of ten double mutant mice showed evidence of a
severe retinal lymphocytic infiltration, which was absent from the single mutant mice.
Thus, the eye was the only organ from our panel that appeared to be selectively affected in

double mutant mice.
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Figure 1. Airet"/+ Lyn/- double mutant mice develop progressive posterior
uveitis.

A. 8-10 month old AireSW/* Lyn/- (n=10), Airet"/+ (n=4) or Lyn”/- (n=6) mice were
analyzed by scoring H&E-stained histological sections for presence of inflammatory
infiltrates in a panel of organs consisting of eye, lacrimal gland, salivary gland, lung,
pancreas, stomach, liver and sciatic nerve. Pie graphs represent individual mice, with
shaded sections indicating the presence of mononuclear infiltrate in the designated organ.
The degree of shading reflects the severity of autoimmune damage, as indicated. The
characteristics of all ten double mutant mice are shown, whereas three representative
examples of each single mutant mouse strain are shown.

B. Representative funduscopic images (bottom row) or H&E stained retinal sections
(20x magnification, top row) from 5 month old Aire¢W/+ Lyn”/- mice with and without uveitis
and wild type, Airet%/*, and Lyn~/-mice.

C. Time course of funduscopic changes in an Aire"/+ Lyn/- mouse with uveitis. Early
changes consisted of swelling of retinal vessels and perivascular exudates and subsequent
development of inflammatory lesions. Advanced disease led to extensive retinal
destruction and scarring. (n=3 mice with uveitis analyzed longitudinally)

D. Representative fluorescein imaging of retinal vessels in healthy (left) and diseased
(right) 7-week old AiretW/+ Lyn”/-mice. (atleast 3 mice per group were analyzed)
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We therefore chose to focus our further investigation on retinal disease in the
double mutant mice. The eyes of 5-month-old mice were analyzed by in vivo funduscopic
imaging and subsequent histology (Fig. 1B). Funduscopy revealed severe inflammation,
including multiple retinal lesions with areas of complete retinal destruction, characteristic
of advanced uveitis. By histology, disease manifested as extensive mononuclear infiltrates
in the retina and choroid, and destruction of photoreceptor outer segments and nuclei.
Over the course of the study, a cohort of 100 mice were analyzed at three to six months of
age, and the incidence of retinal disease was 48%. None of the Lyn/- mice examined
developed uveitis, and disease was seen in only 6% of Aire¢"/*mice (Table 1). In addition,
ten 4-6 month old AireW/* Lyn*/- mice were evaluated by funduscopy and histology and
were all found to be free of uveitis, suggesting that haploinsufficiency of Lyn was not
enough to drive Aire-dependent uveitis (Table 1).

Table 1.

Incidence of uveitis in Aire"* Lyn’mice and controls

Disease Incidence

Genotype Observed (%)
WT C57BL/6J 0/50 0
AireGW+ 3/50 6
Lyn” 0/50 0
AireC"= Lyn*" 0/10 0
Aire®"* Lyn” 48/100 48

3-6 month old mice of indicated genotypes were screened for
uveitis by funduscopy and/or histology. Shown are numbers
of mice with disease per total number of mice and resulting
incidences.
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To gain a better understanding of the dynamics of eye disease, we monitored young
double mutant mice by funduscopy for disease development and progression. Interestingly,
the first signs of uveitis were typically seen at around 6 weeks of age, with some mice
developing disease as early as 5 weeks. Early disease was characterized by swelling of
retinal vessels and perivascular exudates potentially corresponding to early T-cell
infiltration (Fig. 1C). In mice with early stage disease, leakiness of eye blood vessels was
demonstrated by use of a fluorescein tracer (Fig. 1D). Subsequently, inflammation
progressed to multiple lesions and then to complete retinal destruction, scarring and
atrophy (Fig. 1C). Conversion to uveitis in Aire®"/+ Lyn”/- mice older than 10 weeks of age

was almost never observed.

Uveitis in Airet"/* Lyn/- mice is accompanied by an adaptive immune response to

IRBP.

The uveitis seen in mice completely deficient for Aire is strongly linked to a T cell
response to a retinal autoantigen, interphotoreceptor-retinoid binding protein (IRBP), the
expression in the thymus of which is controlled by Aire (30). Therefore, we examined the

adaptive immune responses to IRBP in Aire"/+* Lyn~/- double mutant mice.

As in many organ specific autoimmune diseases, autoantibodies to ocular antigens
correlate with uveitis in the Aire-deficient model (30, 31). Therefore, sera from mice with
and without uveitis were immunoblotted against mouse whole eye extracts (Fig S1). Sera

derived from AireSW/* Lyn/- mice with uveitis but not from unaffected double mutants
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reacted strongly with a single 150 kDa antigen, which corresponds to the molecular weight

of IRBP (30).

AireC"* |yn”

Uveitis Healthy

i. |

Aire”  Aire®W+

Figure S1.

Sera from double mutant mice
predominantly recognize a single eye
antigen, IRBP.

Whole mouse eye extracts were resolved by
SDS-PAGE, transferred to filters and
immunoblotted from sera collected from 3-
8 month-old mice of indicated genotypes.
Presence of uveitis was confirmed by
histology. At least 5 mice for each genotype
were analyzed and  representative
reactivities are shown.

No other reactivities were detected in this assay. To examine the magnitude of the

anti-IRBP response in a cohort of 5-9 month old double mutant and control mice, we

measured serum IgG binding to in-vitro synthesized radiolabeled mouse IRBP (Fig. 2A). All

double mutant mice with uveitis had detectable titers of anti-IRBP antibodies. None of the

healthy double mutant mice or control mice had these antibodies, with the exception of a

single Aire"/* mouse, which had disease. Therefore, the presence of anti-IRBP IgGs closely

correlated with uveitis.

Uveitis in Aire7/- mice is also accompanied by an expansion of CD4 T-cells specific for

the P2 peptide, corresponding to amino acids 271-290 of IRBP (32).

Importantly, P2-

specific T cells are negatively selected in Aire*/* mice and their escape from the thymus

occurs in Aire7/- mice (32). We used a fluorescently-labeled I-AP tetramer reagent to detect
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Figure 2. Presence of anti-IRBP antibodies and IRBP-reactive T cells in Aire¢%/* Lyn-/
mice with uveitis.

A. The sera of 2-6 month-old Aire"/+ Lyn/-mice with (n=14) and without (n=9) uveitis,
or of wild type (n=8), Aire"/* (n=36) or Lyn/-(n=31) mice were analyzed for the presence
of anti-IRBP antibodies with a radioligand-binding assay and normalized to a commercially
available anti-IRBP antibody to determine autoantibody index (AI). Each dot represents an
individual mouse and the horizontal lines show mean * standard deviation = Dashed line
represents a limit of detection (LOD), calculated as an average of Al values for all wild type
samples + 3 standard deviations. ***P < 0.001, 1-way ANOVA

B. Representative flow cytometric analysis of IRBP P2 tetramer-binding CD4 T cells in
pooled spleen and cervical lymph nodes (top) and funduscopy (bottom) from 2-5 month
old AiretW/+ Lyn/- mice with and without uveitis. Plots were pregated for CD4+ T cells as
described in Methods. The calculated total number of tetramer-positive cells in the whole
sample is shown on the plot.

C. Numbers of P2-specific CD3+ CD4 T cells gated as in (B) from individual Aire¢W/+
Lyn”/- mice with and without uveitis, and from wild type and single mutant control mice.
Each dot represents an individual mouse and the horizontal lines show mean * standard
deviation. Dashed line represents the limit of detection, calculated as average number of
P2-binding CD3+CD8+ T cells + 3 standard deviations. Data are pooled from 3-5
independent experiments. ***P < (0.001, 1-way ANOVA
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P2-specific CD4 T cells within the polyclonal T cell repertoire of double mutant mice with
and without uveitis. Cells from the cervical and submandibular lymph nodes and the
spleen of individual mice were pooled, incubated with P2-tetramer, enriched and analyzed
by flow cytometry. A robust expansion of P2-specific CD4 T cells was detected in double
mutant mice with uveitis (Fig. 2B,C). Moreover, a majority of tetramer-binding CD4 T cells
expressed high levels of the activation marker CD44 (Fig. 2B), suggesting previous antigen
encounter. These data demonstrate that uveitis in AireW/* Lyn”/- mice is accompanied by
an adaptive immune response to IRBP, including expansion of Aire-regulated IRBP-specific

CD4 T cells in the periphery and production of anti-IRBP antibodies.

Uveitis in Aire"/+ Lyn/-mice is accompanied by retinal infiltration of IRBP-specific T

cells.

We next examined the T cell response in the retinas of double mutant mice with uveitis.
After disease status was ascertained by funduscopic examination, retinas were isolated and
their cellular composition analyzed by flow cytometry. As expected, very few CD45+
TCRB+ T cells were present in the retinas of control AireSW/+ mice, comprising less than
0.3% of total retinal cells, whereas diseased retinas manifested a massive influx of T cells,
resulting in a 90-fold increase in total TCRB+ T cell numbers (Fig. 3A). Consistent with
these findings, confocal images of retinal sections from diseased, but not healthy, double
mutant mice displayed significant TCRB+ T cell infiltrates in the outer retina and choroid

(Fig. 3C).
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Figure 3. Activated IRBP-specific T cells infiltrate the retinas of Airet"/+ Lyn/-mice
with uveitis.

24



Figure 3 (cont).

6-10 week old AiretW/+ Lyn/- and Aire®"/+ Lyn*/* mice were screened by funduscopy and
their retinal T cell populations analyzed by flow cytometry.

A. Upper: Representative flow cytometric plots pre-gated on total live retinal cells
(left) or CD45+ TCRB+ retinal T cells (right); numbers shown indicate percent of cells in
gate. Lower: absolute numbers of the indicated cell type per retina of the indicated mouse
strain. Each dot represents an individual mouse and the horizontal lines show mean.

B. Analysis of CD44 expression by retinal CD4 and CD8 T cells gated as in (A). Upper:
Representative flow cytometric plots showing frequency of CD44bi cells. Lower: The
absolute numbers of CD44" CD4 and CD44"h CD8 T cells per retina. Each dot represents an
individual mouse and the horizontal lines show mean.

Data shown are representative of at least three independent experiments with n = 3-5 mice
per group. *P < 0.05, **P < 0.01, ***P < 0.001, unpaired student’s T test.

C. Confocal immunofluorescent imaging of retinal sections of Aire¢W/+ Lyn”/- mice with
or without uveitis showing infiltration of TCRB+ T cells (red) in mice with disease. Data are
representative of two independent experiments.

D. Flow cytometric analysis of IRBP P2 tetramer-specific CD4+ T cells in the retinas of
AireW/+ Lyn/- mice without and with uveitis (left and center panels, respectively); plots
were gated on CD45+ TCRB+ CD4+ T cells as described in Methods. Shown are total
absolute numbers of tetramer-positive cells per retina (quantified on the right), followed
by their frequency in parenthesis. Each dot represents an individual mouse and the
horizontal lines show mean + SD. Dashed line represents the limit of detection, calculated
as in Figure 2. Data are pooled from 3 independent experiments.
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Further analysis of the retinal infiltrates revealed that CD4 T cells outnumbered CD8
T cells approximately 2:1 in diseased retinas (Fig 3A). Moreover, over 80% of infiltrating
CD4 and CD8 T cells expressed high levels of the activation marker CD44 as opposed to
only 20-40% of the T cells in the retinas of Aire¥/* control mice (Fig. 3B). This translated
to a 420-fold increase in absolute numbers of CD44" CD4 T cells and a 120-fold increase in
absolute numbers of CD44" CD8 T cells, suggesting a massive influx of primed effector-
memory T cells into the target tissue, consistent with a CD4 T-cell dependent autoimmune
uveitis. Moreover, a significant fraction of retinal CD4 T cells from individual mice bound
P2 tetramer, comprising 1-3% of total retinal CD4 T cells (Fig. 3D). Notably, no tetramer-
specific cells could be detected in retinas from individual double mutant mice without
disease (Fig. 3D). The absence of P2 tetramer-binding CD4 T cells in the retinas of control
mice was verified by pooling retinas from five or more Aire®"/+ or Lyn/- mice or double
mutant mice grouped by disease status (Fig. S2). Interestingly, the absolute numbers of P2
tetramer-specific CD4 T cells detected in the retinas of mice with disease were similar to
the numbers detected in all of the pooled secondary lymphoid organs of comparable mice
with disease (Fig 2C). Thus, it appears that IRBP-specific CD4 T cells were highly enriched

in the retina during the active stages of uveitis.

26



Aire®"+ Lyn” Aire®"+ Lyn”
0 (0%) 4 0 (0%) 4 4227 (2.95%)

Aire®W* Lyn”
healthy uveitis

B
_ 14 (0.24%) J 127 (0.22%
- . .._-',. .. ) h'-:‘,;:"l': =
i

<

[a)

(@]

Figure S2. Absence of tetramer-specific events in pooled retinas from Airet"/+ and
Lyn”/- mice.

Flow cytometric analysis of IRBP P2 tetramer-specific CD4+ T cells in pooled retinas from
mice of indicated genotypes. Shown are plots that have been gated on CD45* TCRf3* CD4* T
cells as described in Methods. Calculated total numbers of tetramer-positive cells per
retina are shown, followed by their frequency in the T cell population in parenthesis.

A. Retinal P2+ CD4 T cells in pooled Aire"/+ (n-7), Lyn/- (n=5), and AireS"W/* Lyn”/- mice
(n=8; 5 mice with uveitis).

B. Retinal P2+ CD4 T cells in pooled AireéW/+ Lyn/-mice with or without uveitis (n=5 per
group).
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Deletion of Lyn in DCs combined with reduced Aire function is sufficient for uveitis.

Lyn is expressed in most immune cell types other than T cells, and its deficiency in
either dendritic cells or B cells is sufficient to lead to spontaneous systemic autoimmunity
(70, 71). To gain insight into which cell type promotes uveitis in Aire"/* mice, we
generated Aire®"/*mice carrying a floxed Lyn allele and crossed them to Cre-recombinase
expressing lines that delete either in DCs (CD11c-Cre), macrophages and neutrophils (LysM-

Cre) or B cells (Mb1-Cre).

Cohorts of mice were aged and evaluated for the presence of uveitis by funduscopic

examination starting at 2 months of age
Table 2.

. . Incidence of uveitis in Aire"* Lyn-DC”mice and controls
until 6 months of age. Whereas deletion of ' averisinAre om !

Disease Incidence

Genotype

Lyn in macrophages, neutrophils or B cells Observed (%)
LynfF 0/22 0

did not lead to disease, deletion of Lyn in AireSHs LyfF 034 6
DCs resulted in uveitis in 13/33 of mice CD11c-cre Lyn™* 0/30 0
) ) . Aire®"+ Mb1-cre Lyn™" 0/9 0

(Table 2 and Fig. 4A). As with the AiretW/+

AireS"* LysM-cre Lyn™" 0/11 0

Lyn/- double mutant mice, uveitis in Aire®"* CD11c-cre Lyn  13/33 39

AireSW/+ CD11c-cre LynF/F mice (hereafter 3-6 month old mice of indicated genotypes were screened for uveitis
by funduscopy and/or histology. Shown are numbers of mice with

disease per total number of mice and resulting incidences.

called AireSW/* Lyn-DC/-) occurred at a

young age, before overt systemic autoimmunity. The onset of uveitis in the AireW/* Lyn-DC-
/- mice was slightly delayed, with first funduscopic changes evident 7-8 weeks as opposed
to 5-6 weeks in the AiretW/+ Lyn/- mice (Fig. 4B), indicating that in addition to DCs, Lyn

deficiency in another cell type may contribute to development of autoimmune uveitis.
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Similarly to the Aire¢"W/+ mice lacking Lyn in all cells, uveitis in the Aire¢W/* Lyn-DC/-
mice was accompanied by high titers of anti-IRBP antibodies and retinal T cells infiltrates,

including activated P2 tetramer-specific CD4 T cells (Fig. 4C-E).

These findings indicate that absence of Lyn in DCs is sufficient for induction of autoimmune

uveitis in Aire"/+ mice.
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Figure 4. AireS"/+ Lyn-DC/- mice develop uveitis that is accompanied by an anti-IRBP
immune response.
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Figure 4 (cont).

A. Representative funduscopic images of 3-6 month old mice of indicated genotypes
showing retinal disease in a subset of the Aire¢W/+ Lyn-DC~/- mice.

B. Representative time course of funduscopic changes in an Airet"/+ Lyn-DC/- mouse
with uveitis. (representative of n=3 mice with uveitis analyzed longitudinally)

C. Anti-IRBP antibody levels in the serum of 2-6 month old AireW/+ Lyn-DC~/- mice
with (n=5) and without uveitis (n=7) were measured. Control mice analyzed consisted of
Lynf/F (n=8), AiretW/+ Lynf/F (n=15) and CD11c-cre Lyn¥/F (n=10). Each dot represents an
individual mouse, the horizontal lines show mean * SD, dashed line represents limit of
detection.

D. Upper: Representative flow cytometry plots of retinal cell populations from Aire¢W/+
Lyn-DC”/- mice without uveitis (top) or with uveitis (bottom). Single cell suspensions from
retinas of individual mice were analyzed for retinal CD45+ TCRB+ T cells (left) and P2-
tetramer specific CD4 T cells (right). Numbers shown indicate percent of cells in gate.
Lower: calculated total numbers of the indicated cells per retina. Each circle or square
represents an individual mouse and the horizontal lines show mean. Dashed line
represents the limit of detection, as in Figure 2. Data is representative of at least three
independent experiments.

E. Confocal imaging of retinal sections of Airet"W/* Lyn-DC/- mice with or without uveitis
showing infiltration of TCRB+ T cells (red) in mice with disease. Data are representative of
two independent experiments.
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Increased antigen presentation by Lyn-deficient DCs in the eye-draining lymph node

leads to expansion of IRBP-specific T cells in Aire"/+ Lyn/- mice

As there were substantial numbers of IRBP P2-tetramer-binding CD4 T cells in the
retinas of AiretW/+ Lyn/- mice with uveitis, we examined their numbers in the eye-draining
(cervical and submandibular) or in other peripheral (axillary and inguinal) lymph nodes of
individual animals. We found a significant expansion of P2-specific CD4 T cells in the eye-
draining but not in the non-draining peripheral lymph nodes of double mutant mice with
uveitis (Fig. 5A). Interestingly, a small but significant population of P2-specific CD4 T cells
could also be seen in the draining lymph nodes of double mutant mice without uveitis,
whereas there was no detectable expansion in either of the single mutant mice (Fig. 5A).
This result suggested that either there was more IRBP reaching the draining lymph of
double mutant mice without evident inflammation of the retina and/or the Lyn-deficient

DCs that presented IRBP in the draining lymph were more stimulatory than wild type DCs.

To test whether eye-draining lymph node DCs from Lyn-deficient mice indeed
presented more IRBP, we isolated DCs from either eye-draining or peripheral lymph nodes
by anti-CD11c-magnetic-bead enrichment and examined the ability of DCs from these
different sites to stimulate a T-cell hybridoma specific for the P2 peptide of IRBP (32). The
DCs from eye-draining lymph nodes of Lyn~/- mice were significantly better at stimulating
the hybridomas than were wild type DCs across a range of DCs numbers tested, indicating
that more endogenous IRBP was presented (Fig. 5B,C). The stimulation of the P2-specific
hybridoma was dependent on the presence of IRBP in the draining lymph node, since there

was little
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Figure 5. Increased priming of IRBP-specific CD4 T cells in eye-draining lymph nodes
of Aire¢W/+* Lyn/-mice.
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Figure 5 (cont).

A. Left set of panels: Representative flow cytometry plots measuring the frequency of
P2-specific CD4 T cells in the eye-draining cervical LNs (top) or in non-draining pooled
axillary and inguinal LNs (bottom) from 15-20 wk old individual mice of indicated
genotypes. Right panel: the total numbers of P2-specific CD4 T cells from the eye-draining
(solid circles) or other peripheral (open squares) LNs. Each dot represents an individual
mouse and the horizontal lines show mean +SD. Dashed line represents the limit of
detection. Data are pooled from three independent experiments.

B-C. 50,000 P2-specific T-cell hybridoma cells were co-cultured with DCs from either
eye-draining cervical LNs or non-draining pooled axillary and inguinal LNs. Cells were
incubated overnight without addition of exogenous peptide, except where indicated.
Hybridoma stimulation was measured by upregulation of CD69. (B) Flow cytometry plot
showing representative CD69 levels on hybridoma cells co-cultured with 200,000 DCs from
draining LNs of mice of indicated genotypes. Dashed histogram corresponds to added 0.1
ug/ml P2 peptide. (C). CD69 levels on hybridoma cells co-cultured with varying numbers
of DCs from either eye-draining or peripheral LNs of wild type, Lyn”/- or IRBP/-mice in the
absence of exogenous peptide. As a positive control, hybridomas were co-cultured with
12,500 wt DCs with addition of 0.1 ug/ml P2 peptide. As a negative control, anti-MHCII
blocking antibody was added to hybridomas co-cultured with 200,000 wt DCs.

D. Left: Representative flow cytometry plots showing CD86 and CD8 expression by
resident (CD11c+ MHCII®) cervical LN DCs from wild type and Lyn’/- mice. Right:
Quantification CD86 MFI of indicated DC populations. Each data point represents an
individual mouse and the horizontal lines show mean. Data are representative of at least
three independent experiments.
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or no stimulation by DCs from non-draining lymph nodes from the same mice or by
draining lymph node DCs from IRBP/- mice (Fig 5B, C). Furthermore, there was no
difference between Lyn*/* and Lyn~/-DCs in the ability to present added whole IRBP or P2
peptide, indicating that there is no effect on antigen processing (Fig. S3). Importantly,
draining lymph node DCs from Lyn-DC/- mice were also better at stimulating the
hybridoma than control DCs, indicating that the effect of Lyn deficiency was DC-intrinsic

(Fig. S4).
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Figure S3. Similar abilities of wt and Lyn/- DCs to present exogenous IRBP to P2-
specific T-cell hybridoma

50,000 P2-specific hybridoma cells were co-cultured with either wild type or Lyn7/- DCs.
Shown are CD69 levels on hybridoma cells after overnight incubation with DCs.

A. 30,000 splenic DCs from wild type or Lyn”/- mice were cultured for 24 hours in the
presence of whole mouse IRBP at the indicated concentrations, followed by addition of
hybridoma cells and subsequent overnight incubation.

B. 100,000 DCs pooled from spleen and cervical LNs of wild type or Lyn’/- mice were
cultured with hybridoma cells in the presence of indicated concentrations of P2 peptide or
IRBP 1-20 peptide as a negative control. Data are representative of two independent
experiments.
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We next tested whether there was a difference in activation status between Lyn*/*
and Lyn”/-lymph node DC populations by examining surface levels of the CD86 activation
marker. Lyn-deficient resident CD11b+CD8- DCs had significantly higher levels of CD86
expression than their wild type counterparts (Fig. 5D). Similar upregulation of CD86 was
seen on the Lyn deficient CD11b+CD8- DCs in the non-draining lymph nodes and spleen,
and CD86 levels were not significantly different for CD11b- CD8+ DCs or migratory DCs
(Fig. 5D and data not shown). Upregulation of CD86 was also observed on CD11b+CD8-

resident DCs from Lyn-DC/-mice (Fig. S4).
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Supplementary Figure 4 (cont). Lyn-DC/-DCs present more endogenous IRBP and
are more activated

A. 50,000 P2-specific T-cell hybridoma cells were co-cultured with DCs from either eye-
draining cervical LNs or non-draining pooled axillary and inguinal LNs. Cells were
incubated overnight without addition of exogenous peptide, except where indicated.
Hybridoma stimulation was measured by upregulation of CD69. (Left) Flow cytometry plot
showing representative CD69 levels on hybridoma cells co-cultured with 100,000 DCs from
draining LNs of mice of indicated genotypes. Dashed histogram corresponds to added 0.1
ug/ml P2 peptide. (C). CD69 levels on hybridoma cells co-cultured with varying numbers
of DCs from either eye-draining (solid lines) or peripheral (dashed lines) LNs Lynf/F, Lyn-
DC7/-or RBP/-mice in the absence of exogenous peptide. As a positive control, hybridomas
were co-cultured with 12,500 Lynf/F DCs with addition of 0.1 ug/ml P2 peptide. As a
negative control, anti-MHCII blocking antibody was added to hybridomas co-cultured with
200,000 wt DCs (open circle). Data are representative of two independent experiments.

B. Left: Representative flow cytometry plots showing CD86 and CD8 expression by
resident (CD11c+ MHCII®) cervical LN DCs from Lynf/F and Lyn-DC/- mice. Right:
Quantification CD86 MFI of indicated DC populations from Lynf/F and Lyn-DC/- mice. Each
circle or square represents an individual mouse and the horizontal lines show mean. Data
are representative of two independent experiments.
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DISCUSSION

Our results here have modeled how defects in genetic factors can synergize for the
induction of organ-specific autoimmunity. Recent studies have suggested that there is
genetic susceptibility to autoimmunity through mutations in AIRE that act in an autosomal
dominant fashion (75, 76), but these patients often have a delay in their clinical
presentation and fewer autoimmune features when compared to patients with the
complete absence of AIRE. These clinical observations suggest that there is some residual
Aire function in these individuals and that alterations in other tolerance checkpoints may
contribute to the development of autoimmune disease in these individuals. In agreement
with these interpretations, we report here that mice with one Aire¢" allele and one Aire*
allele, which are known to have some residual Aire function (35), develop a highly
destructive autoimmune uveitis when this genetic defect is combined with a defect in Lyn.
Remarkably, on the autoimmune-resistant C57BL/6 background, Lyn/-mice did not exhibit
any eye autoimmunity and Aire®"/* mice only rarely developed uveitis, so both genetic
defects were required to abrogate immune tolerance to eye autoantigens. Previous work
had established a critical role for Aire in central tolerance of T cells and here we have
shown that Lyn deficiency promotes expansion of IRBP-specific T cells and a severe uveitis
in mice with a partial defect in Aire. Unlike Aire/- mice, which completely lack IRBP
expression in the thymus, Aire¢"/* mice express a small amount of IRBP, which is about one
tenth of the wild type levels (80). Thus, we hypothesize that some P2-specific T cells
escape negative selection in the thymus of these mice and can be activated and expanded

when provided with an appropriate stimulus. Indeed, there was an expansion of P2-
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specific T cells in eye-draining lymph nodes of all double mutant mice, with a greater

expansion in both draining lymph nodes and retinas in mice with disease.

Deletion of Lyn in DCs but not in B or myeloid cells was sufficient for disease
induction in combination with the dominant-negative allele of Aire. Lyn-deficient DCs were
more activated and thus may be better able to prime autoreactive T cells. In addition, Lyn-
deficient DCs from the eye-draining lymph nodes were better at stimulating IRBP-specific T
cell hybridomas in the absence of exogenous antigen, indicating that more self-antigen was
presented by the DCs in the draining lymph nodes if the DCs were deficient for Lyn. This
latter observation likely explains why there was an expansion of IRBP-specific CD4 T cells
in the eye-draining lymph nodes of the mice without disease. The increased expression of
CD86 by a subset of lymph node DCs may have additionally contributed to this expansion.
These results indicate that in the absence of Lyn-mediated inhibitory pathways, DCs in the
eye-draining lymph nodes presented IRBP peptides to prime uveitogenic T cells that had
escaped tolerance in the Aire®"/* mice, leading to their expansion and, in many mice, retinal

infiltration and autoimmune tissue destruction.

It was surprising that the retina was the only organ severely affected in the Aire¢W/+
Lyn”/- double mutants and that no synergy was observed for other organs that can be
subject of autoimmune attack in mice with complete Aire deficiency. In part, this restricted
failure of immune tolerance may be due to the nature of the autoimmune-resistant
C57BL/6 background. C57BL/6 Airet"/+ mice develop infiltrates in the salivary and
lacrimal glands only, while on the autoimmune-prone NOD background a number of

additional organs are affected despite similar levels of TSA expression in the thymus (80).
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This suggests that peripheral tolerance mechanisms have a key role in determining
whether or not autoreactive T cells that escape thymic deletion are activated and/or
whether their expansion can proceed to autoimmune attack. Indeed, a previous study has
shown that complete Aire deficiency combined with a defect in T cell anergy (CbIb) results
in autoimmune exocrine pancreatitis (81). Another intriguing possibility is that Lyn may
have a unique role in maintaining tolerance to retinal antigens, perhaps reflecting a role in
promoting homeostasis in the retina. In any case, a limited breakdown of tolerance is a
feature of the vast majority of patients with autoimmune disease so understanding the

basis of this restriction is an important problem.

The development of uveitis in double mutant mice followed a time course that
closely resembled that of the complete Aire knockout (7), with the earliest funduscopic
findings appearing at 5-6 weeks of age (Fig. 1B). Thus, uveitis in AireW/* Lyn/- mouse
model precedes the onset of systemic autoimmune disease seen in Lyn/- mice. In contrast,
the first signs of autoimmunity in Lyn’/- mice manifest around 3-4 months of age and
include progressive increases in anti-nuclear antibodies, proinflammatory cytokines and T-
cell activation, culminating in severe lupus-like autoimmunity by 8-10 months of age (69).
Notably, conversion to uveitis in older double mutant mice, which were aged up to a year,
was almost never observed (data not shown) suggesting that the highly proinflammatory

environment in aged Lyn7/-mice is not a major contributor to uveitis susceptibility.

Our data provide strong genetic evidence that Lyn-deficient DCs are the main cell
type contributing to activation of uveitogenic T cells. Major Lyn-expressing cell types

include DCs, B cells, and myeloid cells. All three are capable of acting as antigen-presenting
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cells, however DCs are the most effective cell for priming naive T cells. Deletion of Lyn in
either B cells (with Mb1-cre) or myeloid cells (with LysM-cre) did not result in uveitis when
combined with the Airet"/*allele. This result was somewhat surprising, as deletion of Lyn
in either B cells or DCs was sufficient for lupus-like disease manifestations, including
production of anti-nuclear antibodies and elevated systemic T cell activation (80). DCs
have emerged as key regulators of T-cell tolerance, however their role in mediating
autoimmune disease is still unclear (82). There is considerable evidence that altering
inhibitory or survival signaling in DCs results in systemic autoimmunity and/or
inflammatory disease at epithelial barriers. Similar to Lyn, mice with DC-specific deletion
of SHP-1 or A20 have severe lupus-like autoimmune diseases with a strong inflammatory
component, whereas mice with a DC-specific deletion of Flip develop severe inflammatory
arthritis (48, 49, 83). In any case, the results presented here highlight a critical role of Lyn

signaling in DCs for promoting tolerance to retinal antigens.

How do Lyn-deficient DCs prime uveitogenic T cells? Important insights into the
mechanism were obtained from co-cultures of lymph node DCs with an IRBP-specific
hybridoma. Since no exogenous antigen was added to the cultures, the amount of
hybridoma stimulation was a readout of the priming ability of lymph node DCs presenting
endogenous IRBP. Significantly, DCs obtained from the eye-draining lymph node of wild
type mice were better at stimulating the hybridomas than their peripheral lymph node
counterparts (Fig 5C). This difference was abolished in the presence of an MHCII blocking
antibody (Fig 5C), indicating that the stimulatory effect observed was due to the P2
presentation by the DC MHCII complexes. These findings indicate that some retinal

antigen was draining to the cervical and submandibular lymph nodes where it was
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presented by the DCs. We presume that in an Aire*/* Lyn/- mouse, the T cells that are able
to recognize the uveitogenic IRBP epitope are absent and therefore no retinal disease
ensues. However, in an Aire-deficient mouse, there are circulating IRBP-reactive cells that
can be primed by IRBP-presenting DCs to cause uveitis. Aire"/* mice appear to lie in the
middle of this spectrum, since they do not normally develop uveitis on the C57BL/6
background and require an additional “push” from Lyn-deficient DCs to develop disease.
This interpretation is supported by the fact that DCs from the eye-draining lymph nodes of
Lyn-deficient mice were significantly more potent at stimulating the IRBP-specific
hybridoma than DCs from the eye-draining lymph nodes of wild type mice, while no
difference was observed for stimulation by DCs from the peripheral lymph nodes. The
IRBP-specific T cell hybridoma was apparently not sensitive to the elevated expression of
CD86 by the Lyn/- DCs, but probably in vivo priming of IRBP-specific CD4 T cells was
enhanced by both the presence of more IRBP peptide/MHC Il complexes and the higher
CD86 levels on the DCs of the draining lymph nodes. Importantly, Lyn-deficient DCs did

not differ from wild type DCs in their ability to present P2 peptide or whole IRBP (Fig. S3).

In summary, in order to gain insights into the mechanisms of multigenic
autoimmune susceptibility, we created a novel model of digenic autoimmune susceptibility
and found that a surprisingly restricted organ-specific autoimmunity emerge from synergy
of defects in central T-cell tolerance and inhibitory signaling pathways in DCs.
Autoimmune disease is often broadly segregated into organ-specific and systemic
autoimmunity. Previous work has suggested that Lyn-deficiency results in a systemic
autoimmune syndrome characterized by anti-DNA antibodies, immune complex deposition

in the kidneys, and kidney disease (65). Here we report that Lyn-deficiency helps provoke
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an organ-specific autoimmune disease when combined with a partial deficiency in central
tolerance to tissue-specific antigens in the thymus. Frequently patients with systemic
autoimmune disease like SLE, rheumatoid arthritis (RA), and ankylosing spondylitis will
manifest organ specific autoimmune features like uveitis or thyroiditis (84, 85). Our
findings here help shed further light on how this may occur through the interplay of innate
and adaptive immune tolerance checkpoints. Refined analysis of Lyn-deficiency
demonstrated that it can lead to increased activation of dendritic cells and enhanced
antigen presentation, which results in aberrant priming of a small pool of autoreactive T
cells that escape the thymus. Thus, one can envision a model whereby subjects with
defects in innate tolerance checkpoints can also develop organ specific autoimmune
features if there is an interaction with an underlying defect in a major adaptive immune

tolerance checkpoint like that controlled by Aire.
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MATERIALS AND METHODS

Mice. AireSW/*, Lyn7/-, Lynf/F, CD11c-cre, Mb1-cre, and LysM-cre mice were previously
described (70, 80, 86-88). All animals were backcrossed at least 10 generations onto the
C57BL/6 background and housed in a specific pathogen-free facility at UCSF in accordance
with University and National Institutes of Health (NIH) guidelines. All mice were screened
for the retinal degeneration 8 (rd8) mutation in the crumbs 1 (Crb1) gene using the primers
and protocol previously described (data not shown) (89). All strains were negative for the

rd8 mutation with the exception of the Mb1-cre Lyn¥/F line which was Crb1rd/rds,

Western Blots. Extracts were made from eyes of wild type mice. To screen for the
presence of IgG autoantibodies, eye proteins were resolved by SDS-PAGE, transferred to
nitrocellulose filters and incubated with sera from individual mice as previously described

(30).

Radioligand Binding Assay. Full-length mouse IRBP cDNA was transcribed, in vitro
translated, and biosynthetically labeled with 35S-methionine using the TNT Quick Coupled
Transcription/Translation System (Promega). Radio-labeled protein was
immunoprecipitated with serum samples loaded in triplicate in 96-well PVDF filtration
plates (Millipore). Radioactivity retained in the filter was measured using a liquid
scintillation counter (1450 MicroBeta Trilux, Perkin Elmer). A rabbit polyclonal anti-IRBP
IgG antibody was used as a positive control (SC-25787, Santa Cruz Biotech). IRBP

autoantibody indices for samples were calculated using the following formula: (cpm of
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unknown - cpm of negative standard) =+ (cpm of positive standard - cpm of negative

standard) x 100.

Fundus Examination. Ocular funduscopy was performed using a Micron III camera
(Phoenix Research Labs, Inc.). Mice were anesthetized with Kketamine
(100mg/kg)/xylazine (10mg/kg). Tropicamide ophthalmic 1% and phenylephrine
hydrochloride 2.5% eye drops were applied to relax eye muscles and dilate the pupil.
Goniovisc hypromellose 2.5% was used during imaging and to avoid dryness of the cornea.
For the test of blood-retinal barrier integrity, fluorescein angiography was performed
immediately after intraperitoneal injection of 20uL of fluorescein sodium (25 mg/mL in
PBS, Altaire Pharmaceuticals, Inc.). Presence of uveitis and disease severity was

determined using a previously described grading system (90).

Histology. Organs from mice were harvested and fixed overnight in 10% formalin,
embedded in paraffin, sectioned and stained with hematoxylin and eosin. Immune
infiltrates of organs were scored as previously described in a blinded fashion (80).

Presence of uveitis was determined and scored based on the histological findings.

Immunfluorescence. Whole globes were dissected from the orbit by cutting the optic
nerve and moved to PBS. The clear cornea was removed under a dissecting microscope
and the lens and vitreous removed with fine forceps. Eyecups were fixed in 1%
paraformaldehyde for 30 minutes at room temperature followed by washing in PBS three

times for 15 minutes. Fixed eyecups were embedded in OCT and 20um sections were cut
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on a CM3050 S cryostat (Leica Microsystems). Sections were air-dried for 1 hour at room
temperature and stained directly or stored at -80C. Dried sections were blocked with
BlockAide (Life Technologies) for 1 hour followed by staining with anti-CD3 antibody
(rabbit polyclonal, AbCam) diluted in BlockAide at 1:250 overnight in a humidified
chamber at 4°C. Sections were washed with PBS and stained with goat anti-rabbit
secondary antibody conjugated to Alexa555 (Life Technologies) diluted in BlockAide at
1:1000 and 4',6-diamidino-2-phenylindole (DAPI, Life Technologies). Stained retinal
sections were then mounted in ProLong Diamond (Life Technologies) and imaged on an

SP5 confocal microscope (Leica Microsystems).

Tissue Preparation and Flow Cytometry. For tetramer staining, spleen and lymph nodes
were dissected, cleaned of fat and fasciae, and transferred to RPMI 1640 medium
containing 2% fetal bovine serum (FBS). Single cells suspensions were prepared by
mashing the cells through a 40-um filter and blocked with anti-mouse CD16/CD32 (24G2)
(UCSF Hybridoma Core Facility) and 5% normal rat serum.

For retinal cell staining, both retinas were dissected and transferred to RPMI 1640 medium
containing 10% FBS. Retinas were minced and digested in the medium containing 0.5
mg/ml collagenase D (Roche) and 100 U/ml DNAse (Worthington Biochemicals) for 1 hr at
37°C. Tissue was dissociated by gentle pipetting and passed through a 70 pum strainer.
The resulting single cell suspension was analyzed by flow cytometry using Accucheck
counting beads (Invitrogen) to obtain absolute cell counts.

For dendritic cell staining, lymph nodes or spleen were digested in RPMI 1640-10% FBS,

containing 1 mg/ml collagenase D and 100 u/ml DNAse for 1 hour at 37°C. Immediately
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after digestion, collagenase was inactivated with 2ZmM EDTA, and cells were passed
through a 100- pm filter and stained.

Antibodies used included CD45 (30-F11, BD Pharmigen), TCRB (H57-597; eBiosciences),
CD4 (GK1.5; Biolegend) CD8 (53-6.7; Biolegend), CD44 (IM7; Biolegend), B220 (RA3-6B2;
eBiosciences), F4/80 (BMS8; Biolegend), CD11b (M1/70; Biolegend), and CD11c (N418;
Biolegend)

Flow cytometry was performed using a LSRII Flow Cytometer (BD Biosciences) at the Flow

Cytometry Core at UCSF, and analyzed using Flow]o software (Tree Star Software).

Tetramer Analysis. APC-conjugated I-Ab P2 tetramer (QTWEGSGVLPCVG) corresponding
to mouse IRBP amino acids 294-306 was obtained from the NIH tetramer facility, Atlanta,
GA. Staining of endogenous tetramer-specific T cells was performed as described (32, 91).
Briefly, single cell suspensions were incubated with tetramer for 1 hour at room
temperature, followed by magnetic bead enrichment for tetramer positive cells. The
positively selected cells were stained and tetramer-reactive cells were gated on
CD3+CD4+CD8-B220-CD11b-CD11c-F4/80- lymphocytes and analyzed by flow
cytometry. Counting beads (Accucheck, Invitrogen) were used to obtain absolute cell
counts.

For tetramer analysis of infiltrating retinal T cells, retinal lymphocytes were enriched by
centrifugation through a 30%/37%/70% Percoll step gradient and incubated with
tetramer for 1 hour at room temperature. Because of the small number of total

lymphocytes present in retinas, further enrichment with MACS beads was not necessary,
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and tetramer-positive cells were analyzed following direct staining of the whole

lymphocytic fraction.

Antigen Presentation Assays. Lymph node DCs were enriched by binding to anti-CD11c
magnetic beads (Miltenyi), eluted, and plated at serial dilutions in 96-well round-bottom
tissue culture plates (Costar) and incubated for 1 hour at 37°C. P2-binding T-cell
hybridomas were labeled with 1 mM ester (CFSE SE) (Life Technologies) for 10 min at 37°C.
The reaction was stopped by adding complete RPMI-1640. 50,000 hybridoma cells were
added per well and co-cultured with DCs overnight. For whole IRBP presentation, DCs
were incubated with IRBP for 24 hrs prior to addition of the hybridoma. Negative controls
included addition of anti-MHC Class II (I-A/I-E) antibody (eBiosciences, clone

M5/114.15.2), and culturing hybridomas in the absence of APCs.

Statistics. Statistical analyses were performed using Prism (Graph Pad). Statistical
differences between two groups were calculated with unpaired 2-tailed Student’s t test.
Statistical differences between three groups or more were calculated with ANOVA. A P
value of less than 0.05 was considered statistically significant. Data are presented as the

mean * SD.

Study Approval. All animal studies were approved by the UCSF Institutional Animal Care

and Use Committee.
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Discussion and Future Directions
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Autoimmune susceptibility and tolerance thresholds

Human genetic studies have been essential in identifying genes involved in immune
tolerance. Genetic linkage analysis of large families with penetrant phenotypes has been a
powerful tool in identifying susceptibility genes with Mendelian inheritance, such as MHCII
alleles (4). They also helped identify the genetic basis for several monogenic autoimmune
disorders, such as APS1 (5). Although highly informative about key tolerance mechanisms,
monogenic autoimmune disorders are exceedingly rare. On the other hand, most of the
common autoimmune diseases exhibit multigenic susceptibilities, with most individual loci
having small effect sizes. Over the last decade, large-scale GWAS studies have identified
numerous susceptibility genes largely falling into pathways that are known to regulate
development, activation and survival of both innate and adaptive immune cells (73).
However, the GWAS approach is limited in that it's an association-based approach and thus
necessitates mechanistic follow-up studies to prove relevance to autoimmune phenotypes.
Furthermore, GWAS detect only the most common gene variants, and the disease risk
ratios identified for most alleles are usually small, thus alleles that have strong effects but

affect only a small subset of patients will be overlooked by this approach (10).

A key hypothesis that has emerged from human genetic studies to date is that
complex autoimmune diseases arise through a cumulative effect, involving partial
compromise of multiple tolerance checkpoints (2). This led to the idea that autoimmune
disease pathogenesis involves a “threshold effect” by which independent defects in
tolerance, each creating a small disturbance in the immune homeostasis, add up to

overcome the threshold to activation and disease induction (8, 9). This may explain why
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some individuals harboring risk alleles of tolerance-related genes have altered immune cell
responses, yet don’t develop disease, exemplified by a recent study finding
hyperresponsiveness and altered negative selection of B cells in carriers of a SLE risk allele

of phosphatase Csk, a binding partner for PTPN22 (92).

How can multiple genetic defects overcome tolerance thresholds and lead to
autoimmunity? One possible mechanism is through alterations of multiple components in
lymphocyte signaling pathways, lowering signaling thresholds and leading to lymphocyte
hyperresponsiveness. For example, in the PTPN2Z2 signaling pathway, alleles with altered
functions, like the Csk allele described above, augment signaling downstream of T-cells in
B-cells in humans (92). In mice, cumulative defects in negative regulators of B-cell receptor
signaling, Lyn, SHP1 and CD22 lead to B-cell hyperactivity in triple heterozygous mice (93).
In that regard, it is worth noting that in our model, Aire%/* Lyn*/- mice did not develop
uveitis (Table 1), indicating that haploinsufficiency of Lyn is not enough to break the

autoimmune threshold for activation of uveitogenic T cells.

Another possible mechanism to lower tolerance thresholds is cooperation between
tolerance defects in distinct pathways regulating a particular cell type. This was modeled
in mice deficient for both Aire and Cbl-b, which develop severe exocrine pancreatitis
through inability to anergize autoreactive calls that have escaped central tolerance due to
Aire deficiency (81). A third potential mechanism is cooperation between tolerance
defects in different cell types, such as those affecting both innate cells and lymphocytes.
This mechanism is likely to be a major factor in pathogenesis of human autoimmunity, as

susceptibility genes affecting both arms of the immune system have been identified for
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common autoimmune diseases, although how they cooperate is less clear and challenging

to model.

Autoimmune-prone mouse strains, like the lupus-prone NZB x NZW mice and the
diabetes-prone NOD mice, have been instrumental in mapping autoimmune susceptibility
genes and dissecting their functions (94). They are presumed to be a close model of
human autoimmunity and have potential to genetically deconvolute multigenic
susceptibility and examine how different genes act in concert. In mouse models of lupus,
chromosomal regions that confer increase risk of disease have been identified. In
particular, studies from the Mohan group using congenic dissection identified susceptibility
loci in the NZM2410 strain (Slel, Sle2, and Sle3) which conferred autoimmunity when
transferred into autoimmune-resistant strains (95). Interestingly, the disease phenotypes
conferred by individual Sle loci were mild. Further studies linked individual Sle loci to
distinct defects in B and T cell tolerance, supporting the idea that multiple susceptibilities
are required to overcome tolerance thresholds (95). Other relevant examples illustrating
this idea include the Yaa locus from the lupus-prone BXSB mouse which helped identify
TIr7 as a gene responsible for production of anti-nucleolar antibodies by B cells (96) and

the Idd3 locus in diabetes-prone NOD mice, containing 112 (97).

Despite these advances in our understanding of mouse models of spontaneous
autoimmunity, identifying the precise genetic variants that explains the effects of a locus
and/or how a genetic variant acts mechanistically is challenging. To address effects of
individual genes, reverse genetic approaches have been essential. These include complete

knockouts, such as Lyn knockouts, and targeted mutations to replicate mutations found in
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humans with autoimmunity, such as Aire®"/+, Because of defined genetic defects, study of
these models provides mechanistic insight into how a particular mutation affects tolerance.
Furthermore, this approach allows for combination of defined genetic defects to study their
effects on autoimmune susceptibility. Next, I will briefly address our use of such an

approach to create a digenic model of autoimmune susceptibility.

AireW/* Lyn/- digenic model of autoimmune susceptibility: summary

In chapter two, I describe a mouse model of digenic autoimmunity arising from
defects in Aire, affecting T cell central tolerance, and Lyn, affecting peripheral tolerance.
Lyn-deficient mice that also possessed a dominant negative Aire allele (Aire¢W/* Lyn~/
double mutants) developed spontaneous autoimmune uveitis that was not observed in the
parental strains, except in rare cases. The uveitis was accompanied by an adaptive immune
response to a retinal antigen, IRBP, and involved an expansion of CD4 T cells specific for an
Aire-regulated epitope of IRBP, P2. Genetic analysis of cell-specific knockouts of Lyn
revealed that absence of Lyn in DCs, but not B cells or myeloid cells, was sufficient for
uveitis. Importantly, P2-specific CD4 T cells were detected at a steady state in the eye-
draining lymph nodes of uveitis-free Aire¢W/*Lyn/-mice, but not in single mutant controls.
This suggested that Lyn deficiency predisposed to priming of these self-reactive cells.
Further mechanistic studies using a P2-specific T cell hybridoma revealed that Lyn-
deficient DCs present more endogenous IRBP. Phenotypic examination of Lyn-deficient
DCs revealed that CD11b-positive subset of DCs expressed higher levels of the activation

marker CD86, suggesting that, in addition to presenting more self-antigen, they may
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provide a better co-stimulatory signal in vivo. Based on these findings I propose a two-step
model for development of retinal autoimmunity in the Aire®"/*Lyn/- mouse, involving

consecutive failure of central and peripheral tolerance (Fig. 6).
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1. Loss of central tolerance to IRBP. In the Aire"/* mouse, less IRBP is expressed in

the thymus leading to inefficient negative selection of IRBP-reactive T cells and their
escape to the periphery. In an AireS"W/*Lyn*/* mouse these rare cells are efficiently tolerized

in the periphery and no uveitis ensues.

2. Loss of peripheral DC tolerance. In the absence of Lyn, DCs express higher levels

of the co-stimulatory molecule CD86. There is also more IRBP reaching the draining lymph
nodes. Activated Lyn-deficient DCs present IRBP to cognate T cells, which get activated,

migrate to the retina and cause uveitis.

[ think that this is an attractive model to study digenic autoimmunity for several
reasons. Firstly, both genetic defects are known and thus precise cell-intrinsic and cell-
extrinsic consequences of these defects can be dissected. Secondly, the double mutants
were generated on a pure, autoimmune-resistant C57BL/6 genetic background, eliminating
potential confounding factors created by unmapped susceptibility loci that exist on mixed
or autoimmune-prone backgrounds. Finally, conditional gene targeting enabled me to
examine the role of individual Lyn-expressing cell types in promoting autoimmunity and
could be expanded in follow-up studies to include ablation or genetic manipulation of Lyn-

or Aire-expressing cells.

Next, | would like to discuss challenges presented by this model, including caveats
relevant to interpreting the data described in Chapter 2, and cover future directions of our

research.
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AireW/* Lyn”/- digenic model of autoimmune susceptibility: challenges, caveats, and

future directions

Addressing variability in spontaneous disease

While no single mouse model of autoimmunity can reproduce the whole spectrum of
human disease, spontaneous and immunization-induced models of autoimmune uveitis
have been instrumental in our understanding of relevant pathogenic mechanisms (98).
Spontaneous disease models are highly informative because they are not confounded by
adjuvants or pharmacologic treatment necessary to elicit a response in induced models of
disease. In this study, AireS"/*Lyn7/-mice developed spontaneous uveitis that is very similar

in progression and severity to that developed by the mice completely deficient for Aire (7).

As with most spontaneous disease models, time of onset, disease progression and
manifestations were somewhat variable between individual Aire¢W/+Lyn/- mice. This
variability likely accounts for the bimodal distribution of peripheral P2-positive CD4 T cells
in 2-5 month old mice (Fig 2C), with the mice displaying highest numbers of tetramer-
binding cells likely being at the peak of disease, and the mice with lower numbers being at
later disease stages. This interpretation is supported by funduscopic findings: mice with
fewer tetramer-reactive cells displayed more advanced retinal destruction, correlating
with less antigen availability (data not shown). I also observed a spread in the numbers of
T cells infiltrating the retina of mice with uveitis (Fig. 3A, B). Even though the mice
analyzed in this series of experiments were at most 2-3 weeks apart in age, and all mice in
the experimental group displayed funduscopic findings consistent with early disease, the

numbers of retinal T cells differed by several thousands to tens of thousand of cells.
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Despite this variability, there was a clear and significant difference between mice on
the milder end of disease spectrum and disease-free controls in all parameters examined.
Additionally, longitudinal studies of 2-8 month old mice monitored by funduscopy found a
gradual decrease in the magnitude of the adaptive immune response to IRBP as the retina
was being progressively destroyed (data not shown). Taken together, these observations
suggest that this in vivo monitoring by funduscopy is effective at identifying relevant
experimental cohorts and minimizing experimental variability in this model of

spontaneous uveitis.

Evidence for priming of IRBP-specific T cells

Another challenge presented by spontaneous models of autoimmunity is dissecting
events that contribute to priming of self-reactive T cells versus events that regulate their
reactivation and/or effector functions. This is especially relevant for determining sites and
cell types involved. For example, in models of EAE, DCs were shown to mediate initial
priming and polarization of encephalitogenic T cells, but had protective effects at later
stages of disease (38, 47). Since it is impossible to predict which mice will progress to

disease, I used two approaches to obtain evidence for priming of P2-reactive CD4 cells.

Firstly, I used an ex vivo approach to examine P2-specific cells in the eye-draining
LNs of mice with and without uveitis (Fig. 5A, B). As expected, mice with retinal disease
had a significant expansion of uveitiogenic cells in the eye-draining, but not peripheral LNs,
however at that stage it was unclear whether this was due to priming and/or reactivation.
A more relevant finding was the presence of a small population of activated IRBP-reactive T

cells in eye-draining, but not peripheral LNs of mice without disease, consistent with T cell
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priming (Fig. 54, B). I chose older double mutants (15-20 week old) for this experimental
group, because [ knew from previous studies that they will not progress to disease, thus the
presence of activated IRBP-specific T cells in their draining LNs likely reflects continued
priming. Similar expansion was observed in eye-draining LNs of younger, 8-12 week old
mice without uveitis (data not shown). It may be informative to examine IRBP-specific T
cells in draining lymph nodes of very young mice, at 3-5 weeks of age, before the onset of
uveitis, to see if I can detect a greater expansion of IRPB-reactive cells in about half of the

mice, consistent with priming and subsequent progression to disease.

Secondly, I used in vitro co-cultures of lymph node DCs with a P2-specific T cell
hybridoma. The responsiveness of this hybridoma reflects amount of peptide presented
by DCs as it not dependent on co-stimulation (32). However, there are other stimuli that
could influence hybridoma activation, such as increased secretion of proinflammatory
cytokines and/or TLR ligands from Lyn-deficient DCs. I do not think that this is a major
contributor because there was no difference in hybridoma activation by Lyn-deficient and
wild type DCs from the non-draining lymph nodes, or when exogenous antigen was added
over a range of concentrations. Another caveat to these studies is the use of bead-enriched
DCs, as opposed to sorted DCs. Co-cultures of sorted DC subsets could be especially
informative in the light of the selective upregulation of CD86 by CD11b+ DC subset, as this
subset in particular may be most efficient at presenting IRBP-derived peptides to self-

reactive T cells.

Interestingly, in wild type mice, DCs from eye-draining lymph nodes were

significantly better at stimulating the hybridoma than DCs from peripheral LNs. These
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observations suggest that IRBP reaches the eye-draining lymph nodes under steady state
conditions. It is not clear how that occurs, since the retina is not thought to possess
lymphatic drainage. However, there have been recent reports describing lymphatic vessels
in the brain (99), which may warrant a closer look at lymphatics in the eye. It is interesting
to consider that presentation of P2 peptides in the periphery in the steady may be the
underlying mechanism for development of uveitis in the Aire/- mouse. In an Aire-sufficient
mouse, T cells that can recognize this epitope are negatively selected. In an Aire-deficient
mouse there may be enough P2+ CD4 T cells in circulation to encounter antigen and
become activated. Aire¢"/+ mice, which normally don’t develop uveitis, probably lie in the
middle of this spectrum. Because these mice retain some IRBP expression in the thymus, it
is possible that they have fewer uveitogenic T cells in the periphery compared to the Aire’
mice, and therefore they may require hyperactivated Lyn-deficient DCs to overcome
tolerance thresholds. This further illustrates the concept of how quantitative changes in

tolerance thresholds may compound to induce autoimmunity.

AireW/+* Lyn/- digenic model of autoimmune susceptibility: future directions

Using IRBP TCR Transgenic to dissect mechanism of disease in AireSW/+*Lyn/- model of

uveitis

In Chapter 2, I used a tetramer reagent to identify the rare IRBP-reactive CD4 T cells
within endogenous repertoire. However, the limited numbers of tetramer-positive cells
even during the peak of disease and the nature of the tetramer pulldown (91) precluded us

from doing any detailed phenotypic or functional analysis of the isolated population. Thus,
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it remains unclear whether IRBP-specific T cells are regulated differently on a Lyn-deficient
background in terms their polarization, activation, and conversion into Tregs. To address
these questions in future studies, it would be possible to create a TCR transgenic mouse
specific for the Aire-regulated P2 epitope of IRBP (P2-Tg). This could be achieved using the
TCR sequence of the P2-hybridoma that was made from a C56BL/7 Aire-deficient mouse
immunized with P2 peptide of IRBP (32). A TCR-transgenic mouse specific for an epitope
of IRBP that is used in experimental autoimmune uveitis (EAU) has been created on the
EAU-susceptible B10.RIII background (100). These mice spontaneously develop
progressive autoimmune uveitis, although the mechanism is still unclear. In this regard, it
should be noted that uveitis can be induced in susceptible mouse strains by transfer of in-
vitro expanded IRBP-reactive T cells from immunized mice, however, reports regarding

efficacy of such transfers into C67BL/6 mice have been mixed (101, 102).

A P2-Tg mouse would be, to our knowledge, a first TCR transgenic specific for an
Aire-regulated antigen and could prove highly informative in studying localization,
phenotype and regulation of T cells that have escaped central tolerance. It would be
especially interesting to determine whether P2-specific cells get spontaneously activated
on a wild type background, consistent with our hypothesis that enough uveitiogenic T cells
need to be present in circulation to be activated by P2-presenting DCs (outlined in the
previous section). A TCR transgenic mouse would allow examination of how Lyn
deficiency affects effector responses of uveitogenic T cells, such as their polarization and

ability to convert to Tregs and potentially assess effects on disease progression.
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Additionally, the P2-Tg would enable us to address priming in our double mutant
model. This could be done in vitro in co-culture assays similar to the hybridoma studies,
but perhaps a better approach would be to CFSE-label and adoptively transfer naive or
activated P2-specific T cells into Lyn7/- recipients and follow their activation and
proliferation in the eye-draining lymph nodes of wild type or Lyn-deficient mice. When
designing the TCR transgenic construct, addition of a fluorescent probe, such as tdTomato
would permit tracking of the self-reactive cells and studying their interaction with DCs

using immunofluorescence and/or live imaging.

Another fascinating area of study would be determining how Lyn deficiency
influences uveitogenic T cells in the retina, allowing us to address where priming and
reactivation happen. Studying effects of Lyn deficiency in the eye is highly relevant as the
retina has resident immune cells, including microglia and CD11c-expressing APCs, which
have been implicated in antigen presentation and priming of T cells during uveitis (103).
The eye is a strongly immunomodulatory environment as injection of naive antigen-specific
T cells into the anterior chamber of the eye results in their conversion into Tregs (104).

The regulatory aspect of the eye may be compromised in the absence of Lyn.

Future Directions: Examining environmental triggers in Aire"/*Lyn~/- model of uveitis

In human autoimmunity, penetrance of an autoimmune phenotype can be highly
variable even between uniform populations or siblings with similar genetic susceptibilities,
suggesting influence of genetic modifiers or the environment (73). Even in identical twin

studies, disease concordance rate is only about 25-50%. Variable incidence in genetically
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identical individuals could reflect environmental influences or stochastic events, like
random VD] recombination events generating autoreactive T cells that escape negative
selection. Similarly, penetrance of autoimmunity is variable in mouse models. However, in
the case of inbred mouse strains, there is minimal genetic variation, therefore differences
in disease incidence can be mostly attributed to environmental triggers. The penetrance of
uveitis in multiple cohorts of Aire¢W/*Lyn/- mice ranged from 40% to 60% over the course
of the study, with the average close to 50% (Table 1). Considered in the context of
persistence of primed autoreactive T cells in mice that do not progress to disease, this
incomplete penetrance suggests that another tolerance checkpoint exists post-priming and
must be bypassed for uveitis development. What is this tolerance checkpoint and what are

the triggers for breaking it?

The microbiome has recently emerged as a key regulator of autoimmunity, and has
been implicated in driving pathogenic Th17 responses and influencing Treg homeostasis.
In addition, alterations in the microbiome has been found in patients with autoimmune
disorders T1D, Psoriasis and Crohn’s disease (105). Microbial components can stimulate
pattern recognition receptors on APCs and thus influence T-cell responses. Indeed,
ablating Myd88-dependent signaling in either DC-specific or B-cell specific Lyn knockouts
abrogated symptoms of lupus-like autoimmunity, although it is not clear whether TLR-
mediated or IL1-mediated signaling is required (70, 71). There has also been some
evidence that uveitogenic T cells may be primed in the gut by cross-reactive microbial
peptides (R. Caspi, personal communication). Thus, it would be interesting to determine

whether abolishing both Myd88 and Lyn signaling in DCs will prevent uveitis in our model.

62



Among environmental stimuli that may influence eye disease, light exposure is
suspect number one (106). Retinal homeostasis is extremely sensitive to detrimental light
exposure, which affects the turnover of retinal photoreceptors and results in their
apoptosis. IRBP is involved in retinoid transport in the photoreceptor layer of the retina,
thus it is possible that loss of photoreceptors after light exposure may influence levels of
IRBP that is presented by APCs in the retina or in the periphery. It would be interesting to
test whether in the case of retinal injury, by exposure to bright light or laser, more antigen
would get to the draining LNs and promote uveitis in conjunction with Lyn-deficient DCs.
This question could be addressed by exposing wild type mice to bright light at levels
sufficient to induce photoreceptor loss, and using P2-specific hybridomas to determine
whether DCs from the eye-draining lymph nodes present more IRBP shorty after exposure.
[ have performed preliminary experiments showing that brief (30 min) exposure to bright
light induces retinal changes, as reported. Furthermore, I could test whether bright light
exposure is a trigger to break tolerance in double mutant mice that have not progressed to

disease and thus possibly create an inducible model of digenic autoimmunity.

There may be a plethora of other environmental triggers of autoimmunity, such as
chemicals and bacterial metabolites that provide direct stimulus or induce epigenetic
changes in critical immune pathways, and such possibilities could be addressed in follow

up studies.
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Concluding Remarks

Overcoming tolerance thresholds in human autoimmunity requires compound effects of
multiple susceptibility genes, including common and rare alleles, as well as environmental
factors. In this work, I have developed a model of digenic autoimmune susceptibility
leading to spontaneous uveitis. This study can act as a platform for future mechanistic
experiments. My results indicate that deregulation of DCs can drive activation and
differentiation of autoreactive T cells and be a major contributor to breakdown of tolerance

to tissue antigens in the context of defects in central tolerance.
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