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Abstract

For reasons not fully understood, patients with an organ-specific autoimmune disease have
increased risks of developing autoimmune responses against other organs/tissues. We identified
ICA69, a known B-cell autoantigen in Type 1 diabetes, as a potential common target in multi-
organ autoimmunity. NOD mice immunized with ICA69 polypeptides exhibited exacerbated
inflammation not only in the islets, but also in the salivary glands. To further investigate ICA69
autoimmunity, two genetically modified mouse lines were generated to modulate thymic ICA69
expression: the heterozygous ICA699€/Wt |ine and the thymic medullary epithelial cell-specific
deletion Aire-AICAG9 line. Suboptimal central negative selection of ICA69-reactive T-cells was
observed in both lines. Aire-AICA69 mice spontaneously developed coincident autoimmune
responses to the pancreas, the salivary glands, the thyroid, and the stomach. Our findings establish
a direct link between compromised thymic ICA69 expression and autoimmunity against multiple
ICA69-expressing organs, and identify a potential novel mechanism for the development of multi-
organ autoimmune diseases.
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1. Introduction

Patients with organ-specific autoimmune diseases, such as Type 1 diabetes (T1D) [1], have
increased propensity for developing autoimmune disorders targeting other organs and
tissues. About 25-40% of T1D patients develop autoantibodies against thyroid proteins (e.g.
thyroglobulin and thyroid peroxidase) commonly associated with autoimmune thyroid
disease and some eventually display clinical symptoms [2,3]. A better understanding of this
clustering phenomenon of autoimmune disorders is important for full spectrum clinical care
of these patients [4,5].

While key immune modulating genes (e.g. MHCs and CTLA-4) have been implicated in the
comorbidity of autoimmune disorders, recent studies of autoimmune polyendocrine
syndrome 1 (APS1) have highlighted another potential mechanism underlying the failure of
immune tolerance to multiple organs. APS is a collective group of autoimmune disorders
characterized by the involvement of two or more endocrine and/or exocrine glands [6,7].
Based on the affected organs and the age of disease onset, APS are divided into the very rare
juvenile type APS1, and the relatively common types, including APS2 (with Addison's
disease [AD]) and APS3 (without AD). It is well-established that mutations within the
autoimmune regulator (Aire) gene are the primary cause of APS1 [8,9]. AIRE regulates the
expression of a broad range of peripheral tissue-specific antigens (TSAS) in medullary
thymic epithelial cells (nTECs). Mutation in the Aire gene results in significant decrease of
TSA expression in the thymus, leading to autoimmune responses to multiple organs and
tissues [10-12]. These studies clearly demonstrate that thymic TSAs play a pivotal role in
defining the molecular identities of peripheral tissues within the thymus medulla, and
therefore facilitate the negative selection of tissue-specific autoreactive T cells. The
underlining molecular causes for APS2 and APS3 (collectively designated as APS 2&3
hereinafter) are still not fully understood.

Islet autoantigen 69 (ICA69), encoded by the Ical gene, was first identified by screening a
human islet cDNA expression library with serum samples harvested from 1st degree
relatives of T1D patients, who also displayed islet seroreactivity and progressed to overt
T1D later in their life [13—-15]. Unlike insulin and other -cell specific islet autoantigens
[16-18], ICAB9 is also present in a wide range of extrapancreatic endocrine and exocrine
tissues (e.g. the thyroid, the salivary glands, the brain, the stomach, and the testis). Although
its physiological function is not fully known, recent studies suggest that ICA69 might be a
key regulator of the biogenesis of secretory vesicles in endocrine/exocrine cells [19,20].

Similar to insulin and other tissue-specific antigens, ICA69 is also ectopically expressed in
MTECSs [21-24]. Interestingly, the level of Ical mRNA transcript in the thymus is
significantly decreased in the T1D-prone non-obese diabetes (NOD) mouse strain, in
comparison to that of the T1D-resistant C57BL/6 strain, suggesting that failure of negative
selection of ICA69-specific thymocyte is one of the driving forces in autimmunity
progression in NOD mice [22,23,25].

Anti-ICAB9 immune reactivity has also been implicated in primary Sjogren's syndrome
(PSS), an autoimmune disease affecting the salivary and lacrimal glands [26]. In comparison
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to their wild-type counterparts, NOD mice with impaired global expression of the N-
terminal, first coding exon of the Ical gene had lower severity of sialadenitis, suggesting an
antigenic role for ICA69 in eliciting immune responses to the salivary glands [26-28]. More
recently, Ical was identified as a potential susceptibility locus of systemic lupus
erythematosus in genetic association studies [29]. All these observations suggest that anti-
ICA69 immune reactivity might be a common contributing factor to the progression of
overlapping but physiologically distinct autoimmune disorders.

Here, we show that immune reactivity to ICA69 is sufficient to initiate and propagate
inflammation inside multiple ICA69-expressing glands. Thymic deletion of ICA69
expression, even on the autoimmune resistant C57BL/6 genetic background, is sufficient to
induce inflammation inside multiple organs. Our findings high-light a potential role for
ICAG9 as a target in multi-organ autoimmune disorders, in addition to its implication in
T1D.

2. Materials and methods

2.1. Mice

All animal protocols were reviewed and approved by the University of Pittsburgh
Institutional Animal Care and Use Committee. NOD/Ltj and C57BL/6 mice were purchased
from the Jackson Laboratory (Bar Harbor, ME). Only female NOD/Ltj mice were used in
the study. Mice with two loxp sites genetically engineered to flank exon 14 of the Ical gene
(floxed) were generated through standard gene targeting methods as previously described
[24,30]. Detailed procedures for assembling the Ical exon 14 targeting construct used in the
study are available upon request. Heterozygous ICAfloXWt mice were backcrossed to
C57BL/6 mice for five generations before intercross to obtain the homozygous ICAflox/flox,
To generate the Aire-AICAB9 line, ICATIOXfloX mice were crossed to the Aire-Cre transgenic
mice [24], developed in our laboratory. To generate the ICA%/Wt [ine, ICAMOXWt mice were
first crossed to B6.CMV—-Cre transgenic mice to obtain the Ica1%! allele in the germline,
followed by further backcrossing to C57BL/6 mice to breed out the CMV-Cre transgene
(Jackson Laboratory). Of note, all the Ical genetically modified mouse lines used in this
study (i.e., ICAdelwt |CAflox/flox ang Ajre-AICAB9) are on the B6 genetic background.

2.2. ELISPOT

ELISPOT was performed using the BD mouse IFN-y Set, according to the manufacturer's
specifications (BD Biosciences). Splenocytes (1 x 108 unless specified otherwise) were
cultured overnight (unless specified otherwise), with ICAG9 peptides (10 pg/ml). Assays
were performed in triplicate and averaged. The assays were repeated at least three times.

2.3. Genotyping of the genetically modified mice

0.5 cm tail biopsies were surgically removed from 14 to 20 day old pups. Genomic DNA
was isolated with DNeasy Blood and Tissue Kit (Qiagen Inc., Valencia, CA). The following
primer pairs were used for genotyping: Aire-Cre (5-GAGTGATGAGGTTCGCAAGAA-3
and 5-GCGCGCCTGAAGATATAGAAG-3); IcalfloX allele (5-TCAGCATGTTTGAGA
ATCACAAGA-3 and 5-CTTATAGAGAAGCCAAGTATTGGA-3).
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2.4. Blood glucose measurement and intraperitoneal glucose tolerance test (IPGTT)

Blood glucose levels were measured with the Ascensia Contour blood glucose monitoring
system (Bayer HealthCare LLC, Mishawaka, IN). To perform IPGTT, mice were fasted
overnight (~16 h) and injected intraperitoneally with a bolus of 2 g of o-glucose (Sigma-—
Aldrich, St. Louis, USA) per kilogram of body weight. Blood was sampled from a small
nick of the tail-vein at 0, 15, 30, 60, 90 and 120 min after glucose injection.

2.5. RNA analysis

The total RNA of spleens or thymi was isolated using an RNA minikit, according to the
manufacturer's protocol (Qiagen). Following DNase | treatment (Ambion), RNA samples
were reverse-transcribed into cDNAs with Superscript 111 cDNA kit, (Invitrogen). gPCR
analyses of gene expression in cDNA samples in Figs. 2A and 3A were performed with the
LightCycler FastStart DNA Master SYBR Green | kit, and analyzed with the LightCycler 2
software (Roche Applied Science). The following primers were used for Ical (F 5/-
TGAGTCTGCAACCTTCAACAGGGA-3, R 5-
AAACAGGGCCTTGACCCTCTCATT-3); Hprt (F 5~
GGATACAGGCCAGACTTTGTTGGA-3',R 5 -
CAACAGGACTCCTCGTATTTGCAG-3'); Ins (F 5-AGATGCGTT
TAAGGTTCGACTG-3, R 5-TATCAGATGTGCCCACTAACAC-3). To absolute
number of MRNA transcripts of Ical were obtained with TagMan gPCR assay with ABI
7900HT Real-time PCR machine, and normalized to the absolute numbers of 18S. The
following primer and probe sets were used: Ical (F 5-AAAGATCTCCAGGCCTCTCT-3,
R 5-CAACAGCATCAGGGTTTGATAAG-3, probe, 5
FAMTGACTGCCTGGTTCAGCCTCTTT-Tamara 3'); 18S (F 5'-
CACGGACAGGATTGACAGATT-3, R5 -GCCAGAGTCTCGTTCGTTATC-3, probe
5 FAM-AGTTGGTGGAGCGATTTGTCTGGT-Tamara 3’). Isolated PCR products of Ical
or 18S cDNA fragments were quantified by spectrometer, serial diluted and were used as
templates to generate standard curves.

2.6. Histology and immunohistochemistry

Pancreas, liver, stomach, salivary glands, heart, kidney, thyroid gland, thymus and all the
other organs were harvested, fixed in 4% paraformaldehyde for 3 h at 4 °C, and placed in
30% sucrose overnight. Cryosections of 5 um thick were cut and stained with primary
antibodies. Antibodies used in the study: B220, CD45, CD4 and CD8 (BD Biosciences,
Franklin Lakes, NJ); Insulin (Santa Cruz Biotechnology, Santa Cruz, CA); Glucagon
(Zymed, San Francisco, CA); Epcam (rat anti-mouse CD326 clone G8.8, 1:30, BD
Biosciences; or polyclonal rabbit anti-Epcam antibody, 1:100, ABBIO-TEC). EGFP
(Chicken anti-GFP primary antibody, 1:100, Abcam). Ulex Europaeus Lectin 1 (Rabbit
polyclonal to UEA-1, Abcam).

2.7. Flow cytometry

Flow cytometric analysis was performed on the BD FACSCalibur flow cytometer (BD
Biosciences, San Jose, CA) and analyzed with CellQuest Pro software (BD Biosciences).
Single cell suspensions were prepared from spleen, subjected to erythrocyte depletion in red
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blood cell lysis buffer (Sigma—Aldrich, St. Louis, MO), blocked with anti-CD16/32 antibody
and then stained with the other antibodies. The following antibodies were purchased from
BD Biosciences: anti-CD16/32 (2.4G2), anti-CD4 PeCy5 (H129.9), anti-CD45-APC (30-
F11), and anti-CD3-APC (145-2C11). Anti-CD25-APC (7D4) antibody was purchased from
Miltenyi Biotec (Auburn, CA). Staining buffer: phosphate buffered saline (PBS, calcium
and magnesium free, Invitrogen) supplemented with 1% bovine serum albumin (BSA,
Sigma—Aldrich) and 0.1% sodium azide (Sigma—Aldrich). Intracellular staining of the
Foxp3 protein was performed with commercial kit purchased from eBiosciences (San Diego,
CA), following manufacturer's suggested protocol.

2.8. Anti-exon 14 and anti-TG autoantibody assay

A 96-well EIA plate was coated with 0.1 ug of ICA69 exon 14 polypeptide or human
thyroglobulin (Prospec-Tany Tecnogene Ltd., East Brunswick, NJ) in 100 pl of PBS at 4 °C
overnight. Wells were blocked with PBS with 10% BSA for 2 h at room temperature, and
probed with mouse sera collected from naive or immunized mice and age-matched controls
(1:00 dilution, 100 pl in each well) for another 2 h. Next, biotin-conjugated rat anti-mouse
IgG (BD Biosciencs) was added to the well (1:15,000 dilution) and incubated for 60 min,
followed by incubation with horseradish peroxidase (HRP) conjugated streptavidin (1:4000)
for 30 min. Lastly, TMB substrate (BioLegned, San Diego, CA) was added to each well and
the absorbance was measured at 450 nm (minus 570 nm for wavelength correction) with
microplate reader (Molecular Devices).

2.9. Measurement of the saliva flow rate (SFR)

To evaluate the secretory function of the salivary glands (saliva flow rate, SFR), mice were
anesthetized with intraperitoneal injection of Avertin (Sigma, 250 mg/kg body weight),
followed by subcutaneous injection of pilocarpine hydrochloride (Sigma, at 0.5 mg/kg body
weight) as stimulant for secretion. Whole saliva was collected from the oral cavity using
micropipette at 10, 20 and 30 min after pilocarpine injection. The SFR is calculated by the
weight (mg) of the saliva/min/bodyweight.

2.10. Histological assessment of salivary gland and pancreas inflammation

The submandibular salivary glands of NOD mice were fixed in formalin, embedded in
paraffin and cut in 5 um sections. Four to five sections (each about 100 pm from the
previous) were mounted on glass slides, stained with hematoxylin and eosin (H&E) and
evaluated by two different examiners. One lymphocytic focus is defined as an aggregate of
>50 infiltrates. The focus score (FS) is determined by the number of foci per mm? [31,32].
The pancreata of NOD mice were collected, processed and stained similar to the salivary
gland. A total of approximately 100 islets from 5 animals were assessed by two different
examiners.

2.11. Statistical analysis

All values are expressed as the mean + s.e.m. unless otherwise specified. In mouse studies,
statistical significance was determined using unpaired, Student t test. For analysis of results
from thyroid hormone and gastrin levels in mouse sera, the Mann—Whitney U test was
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performed. The Kaplan—Meier log rank statistical test was performed to determine the
statistical significance in diabetes incidence among the E14 immunized NOD mice. All
statistical analyses were carried out with the GraphPad Prism 4.0 Software. In all
experiments, differences were considered significant when p was less than 0.05.

3.1. Acceleration of diabetes progression in NOD mice immunized with the ICA69 C-
terminal peptide

To investigate the role of anti-ICA69 immune reactivity in the development of T1D and
other coincident autoimmune disorders, we immunized 8-week old, prediabetic female NOD
mice with an ICA69 C-terminal polypeptide. We focused on the C-terminal region of the
ICAB9 protein in this study, since our in silico analysis identified a conserved stretch of 39
amino acids encoded by the last exon (exon 14, designated as E14 hereinafter) that displays
100% homology between mouse and human (Fig. 1A). In addition, immune-epitope
predicting software (e.g. SYFPEITHI) suggested that E14 contains motifs of T-cell epitopes
that can be presented by various alleles of mouse and human MHC molecules [33,34].

High titers of antibodies against E14 were detected 4 weeks post-immunization, indicating
that the vaccination promoted humoral responses against ICA69 (Fig. 1B). In addition,
ELISPOT analyses of splenocytes harvested from the E14-immunized mice demonstrated
the presence of a population of interferon-y (IFNy) producing, ICA69-reactive T-cells (Fig.
1C).

Pancreatic histology showed that as early as 4-weeks post immunization, E14-treated NOD
mice developed more severe insulitis than controls, suggesting an antigenic role of E14 in
islet inflammation (Fig. 1D). Interestingly, a significant concurrent decrease of CD4*Foxp3™*
regulatory T cells (Treg) was also observed in the pancreatic lymph nodes of E14-immunized
mice 4-weeks post-immunization (Fig. 1E, left panel). Notably, no numerical difference of
Tregs was found between the E14 immunized mice and CFA controls. In contrast, we
observed an increase of the absolute numbers of total T-cells in the PLNs of E14-immunized
mice, in comparison to those of the CFA-treated controls. Thus, the decrease of the
percentages of Tregs in the PLNSs is more likely attributed to the uncontrolled expansion of
ICA69-reactive effector T cells in PLNs, not because of loss of Tregs.

To further determine if anti-E14 immune response leads to acceleration of islet destruction,
we immunized another cohort of 8-week old female NOD mice with E14 and monitored
their diabetes progression. Previous studies have shown that NOD mice immunized with
complete Freund's adjuvant (CFA) alone have a markedly reduced incidence of diabetes
than untreated NODs, and that this reduced incidence is associated with a decrease in the
number of B cell-specific, autoreactive, cytotoxic T lymphocytes (CTL) [35]. We
hypothesized that while E14 vaccination could promote the proliferation of E14-reactive T
cells, the presence of CFA in the regimen might impair the immune responses against other
{3 cell autoantigens. This would enable us to specifically evaluate the antigenic role of E14 in
islet destruction and diabetes progression in NOD mice. Indeed, a significant acceleration of
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diabetes progression was observed in cohorts of E14-immunized NOD mice, in comparison
to CFA controls (Fig. 1F).

3.2. Progression of autoimmune sialadenitis in NOD mice immunized with E14
polypeptides

We have previously found high levels of steady-state Ical mRNA transcripts in the
pancreatic islets, as well as in two immune privileged organs, the brain and the testis
[13,36]. To investigate the role of ICA69 in mediating autoimmunity against extrapancreatic
organs, we first compared the levels of Ical mRNA transcripts in various mouse tissues by
RT-gPCR analysis, to identify the potential targets. It was found at moderate levels in the
salivary glands, the stomach and other neuroendocrine tissues and organs (Fig. 2A).

Next, we examined whether E14 immunization could induce inflammation in salivary
glands, which display the secondary highest levels of Ical transcripts among non-immune
privileged organs. In addition to T1D, NOD mice spontaneously develop autoimmune
exocrinopathy and have been used as an experimental model to study the pathogenesis of
primary Sjogren's syndrome (PSS) [37-39]. Moreover, ICA69 was implicated as a self Ag
in PSS [26]. A major histological hallmark of PSS is the formation of lymphocyte foci
(clustered lymphocytic infiltrates) in the salivary glands, which increase in number and size
with disease progression. We found that NOD mice vaccinated with E14 emulsified in CFA
had significant higher focus scores (FS) than controls treated with CFA alone (Fig. 2B and
C), in conjunction with a higher percentage of areas with infiltrates (Fig. 2D). These results
are consistent with a potential antigenic role of C-terminal ICA69 polypeptides in PSS
etiology.

3.3. Correlation between diminished thymic ICA69 expression and increased peripheral
anti-ICA69 immune reactivity

Similar to insulin, ICAG9 is also expressed in the thymus and its level of expression is
significantly decreased in NOD mice, in comparison to that of diabetes-resistant C57BL/6
mice [22,23]. To unravel the underlying mechanism(s) of ICA69 in mediating multi-organ
autoimmunity and to elucidate the immunologic role of thymic ICA69 expression, we
generated heterozygous Ical deficient mice (ICA%/Wt) in which one copy of the mouse
Ical gene is systemically eliminated (Supplementary Fig. S1). Our primary goals were to
examine whether the level of thymic ICAG9 expression is, like insulin, copy-number
dependent [40], and whether there exists a causative relationship between low levels of
thymic ICAG9 expression and peripheral anti-ICA69 immune reactivity. Mice homozygous
for Ical-deletion (ICA%Vdely would not be useful since the expression of ICA69 would also
be completely abolished in the peripheral organs. Deleting one copy of the Ical gene
resulted in a significant decrease of levels of full-length Ical mRNA transcripts in CD45-
thymic stromal cells (Fig. 3A). We also performed TagMan gRT-PCR analyses to compare,
quantitatively, the levels of MRNA transcription between the ICA%!/Wt mice and wild-type
control mice in extrathymic tissues and organs. While a general decrease was observed,
substantial levels of Ical mMRNA transcripts were retained in all the organs examined (Fig.
3B). ICAB9-immunoreactive T-cells were detected in the spleens of ICA699/Wt mice, but
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not in wild-type littermate controls by ELISPOT when peptides derived from the C-terminal
half of the ICA69 protein were used as immunogens (Fig. 3C).

Only a small number of islets were found infiltrated with lymphocytes in ICA69del/wt
pancreata (representative affected islets shown in Fig. 3G). In these mice, the relatively
normal pancreatic expression of ICA69 suggests that ICAG9 epitopes are not readily
exposed to autoreactive T cells under the non-autoimmune environment of C57BL/6 mice.
To study the interaction between the ICA69 protein expression in the islet § cells and
ICAB9-reactive T-cells, we transplanted wildtype (ICA69WYWY) islets underneath the kidney
capsule of ICA694eV/del mice and examined the infiltration of immune cells with
immunohistochemistry three months later. No insulitis was observed (data not shown),
further suggesting that in the absence of inflammation and genetic susceptibility to
autoimmunity, epitopes derived from the islets are ineffectively presented, thus promoting a
minimal expansion of ICA69-specific T-cells.

To further investigate the role of anti-ICA69 immune reactivity, we immunized ICA9del/Wt
mice with the E14 polypeptide. High titers of autoantibodies against E14 were detected in
the sera of both immunized ICA699€/Wt mice and control wildtype mice (Supplementary
Fig. S2). In addition, E14 peptide-specific, IFNy-producing T-cells were found in the
spleens of ICA69%€!Wt mice four months after the initial immunization, suggesting the
presence of persistent anti-ICA69 immune reactivity (Fig. 3D). E14-immunized ICA69del/wt
mice displayed defects in maintaining glucose homeostasis upon intraperitoneal glucose
challenge (Fig. 3E), in conjunction with reduced serum insulin concentrations (Fig. 3F). In
contrast to the sporadic, mild insulitis observed in the immunized wild-type B6 mice and
naive ICA69%!Wt mice, insulitis in pancreata of immunized ICA699€/Wt mice was more
prevalent and severe (Fig. 3G). These results suggested that immunization with the E14
peptide can effectively exacerbate the anti-islet autoimmune responses in ICA69%€!/Wt mice,
presumably attributable to the expansion of recently generated or preexisting E14-specific
autoreactive T-cells that escaped thymic negative selection. Thus, anti-ICA69 autoimmunity
derived from faulty negative selection of E14-reactive T-cells may play a role in
exacerbating islet autoimmunity and accelerating T1D disease progression.

3.4. Development of autoimmune responses against multiple endocrine glands in E14-
immunized ICA%€MWt mice

Immunohistochemistry performed on tissues harvested from immunized ICA699€/Wt mice
revealed immune cell infiltration in tissues with relatively high levels of ICA69 expression,
including the salivary glands and the stomach, whereas no accumulation was observed in
organs with low levels of ICA69 expression, such as the liver and the heart (Fig. 4A and
Supplementary Fig. S3). To evaluate the pathological impacts of lymphocytic infiltration to
the functions of the salivary glands and the stomach, we measured the saliva flow rates and
serum gastrin levels, respectively. In both cases, no significant difference was observed
between the wildtype controls and the ICA%/Wt mice (Supplementary Fig. S4).

Notably, the organ with the most significant immune cell infiltration was the thyroid (Fig.
4B). Although young ICA%!Wt mice did not display any obvious clinical symptoms of
hypothyroidism (i.e. dry hair, water retention and weight gain), low plasma concentrations
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of triiodothyronine (T3) were detected. A small, but non-significant elevation of thyroid-
stimulating hormone (TSH) levels was also observed (Fig. 4C). These results suggested that
E14-immunized ICA%MWt mice developed subclinical hypothyroidism that is commonly
present in patients with autoimmune disorders.

Autoimmune thyroid disease (AITD), such as Hashimoto's thyroiditis, often manifests as
humaoral and/or cellular immune reactivity against thyroid proteins, such as thyroid
peroxidase (TPO) and thyroglobulin (TG) [41,42]. Although anti-TG autoantibody titers in
the majority of the animals were close to the background levels, a small percentage of
immunized ICA%!MWt mice developed anti-TG autoantibodies spontaneously (Supplementary
Fig. S5A). Interestingly, IFNy-producing, TG-specific autoreactive T-cells were more
prevalently detected in the spleens of immunized ICA699€/Wt mice (Supplementary Fig.
S5B). This cellular anti-TG reactivity suggests that the anti-ICA69 autoimmunity in
ICA699Mt mice could underlie the damage of the thyroid tissue, eventually resulting in
clinically manifest autoimmune thyroiditis.

3.5. Induction of autoimmune responses to multiple endocrine/exocrine glands by thymic
specific deletion of the ICAG9

To further understand the implications of ICA69-expression in mTECSs, we crossed female
B6.ICA691oX/flox mice (Supplementary Fig. S1) to male B6.Aire-Cre transgenic mice to
generate the Aire-AICA69 animal strain. We have shown previously in the ID-TEC animal
model (for insulin deletion specifically in medullary thymic epithelial cells) that the Aire-
Cre transgene can mediate the deletion of the floxed mouse Ins2 gene specifically in the
Aire-expressing mTECs, while leaving it largely intact in the pancreatic islets [24].
Similarly, transcription of the Ical gene was predominantly abrogated in the thymic stroma
(Fig. 5A and B). In contrast, its transcription in pancreatic islets and other peripheral tissues
and organs (i.e. thyroid glands, salivary glands, liver, and stomach) was largely retained
(Fig. 5C). Western blot analyses further demonstrated the expression of ICA69 protein in
extrathymic tissues and organs of the Aire-AICA69 mice (Fig. 5D). Immunohistochemical
analysis of thymic sections of Aire-AICA69 mice showed efficient deletion of the ICAG9
protein in mTECs (Fig. 5E).

ELISPOT revealed the spontaneous development/expansion of E14-reactive T-cells in the
spleens of Aire-AICA69 mice (Fig. 5F). Both TH1- and TH2-polarized T-cells, producing
IFNYy and IL-4/1L-10 cytokines, respectively, upon on E14 exposure, were detected. We also
examined the composition of CD4+Foxp3+ Tregs in the spleen, the pancreatic lymph nodes
and the mesenteric lymph nodes. No significant difference was observed between the Aire-
AICAB9 mice and the controls (Supplementary Fig. S6).

As early as 12-weeks of age, Aire-AICA69 mice displayed abnormalities in intraperitoneal
glucose tolerance test (Fig. 6A). Impairment of insulin secretion upon glucose stimulation
was also observed (Fig. 6B), concurrent with immune cell accumulated around the affected
islets (Fig. 6C). Of note, even at 8 months of age, Aire-AICA69 mice remained euglycemic
without glucose challenge (data not shown), suggesting that anti-ICA69 autoimmunity per
seis not sufficient to lead to the destruction of a critical mass of pancreatic B-cells to result
in clinical hyperglycemia in the diabetes-resistant B6 genetic background.
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In addition to insulitis, Aire-AICA69 mice also spontaneously developed severe sialadenitis
(Fig.7A and B), consistent with previous studies implicating ICA69 as a potential
autoantigen for PSS [26]. Compromised salivary gland function was observed in these
animals, and was manifested by a decreased saliva secretion rate upon stimulation and as
reduced protein concentrations in the saliva (Fig. 7C and D). Furthermore, Aire-AICA69
mice displayed a further gradual decline of saliva secretion with age (Fig. 7E), indicating the
chronic progression of PSS in these mice. These results suggest that ICA69 is a potentially
important autoantigen in the development of PSS.

Immune cell infiltration was also observed in the thyroid glands (Fig. 8A). Both CD4+ and
CD8+ T-cells were found, but not B220+ B-cells (Fig. 8A). In addition, CD4+ T-cells were
found to infiltrate the stomach (Fig. 8B). Consistently, a mild but significant decrease of
serum gastrin levels was observed in Aire-ICA69 mice, in comparison to controls (Fig. 8C).

To further demonstrate the essential roles of Ical expression in mTECs in mediating ICA69-
specific immune tolerance, we performed thymus-transplantation experiments. ICAg9del/del
thymi were transplanted underneath the kidney capsules of athymic nude mice, which
retained normal Ical expression in the peripheral lymphoid organs. While normal levels of
T-regulatory cells were observed in the reconstituted mice (data not shown), T-cell
infiltration into endocrine/exocrine glands (e.g. the pancreas, the salivary glands and the
stomach) was observed in the thymus-transplanted nude mice, with similar patterns
observed in Aire-AICA69 mice (Fig. 9A). Thus, defective thymic ICA69 expression seems
to be sufficient per seto induce the T-cell mediated multi-organ autoimmune responses.

To investigate the role of thymic ICA69 expression in APCs of hematopoietic origin in the
negative selection of ICA69-specific autoreactive T-cells, myeloablated C57BL/6 mice were
reconstituted with ICA699€!/del hone marrow. No immune cell infiltration in ICA69-
expressing organs was observed. Furthermore, ELISPOT with ICA69 exon 13 and exon 14
encoded peptides as stimuli showed only background levels of ICA69-reactive T-cells, as
compared with controls. These results suggest that ICA69 expression in Airet CD45~
thymic stromal cells plays a dominant role in mediating negative selection of ICA69-
specific autoreactive T-cells, and in the establishment of the immune tolerance to ICA69-
expressing organs.

3.6. Role of anti-ICA69 specific T-cells in multiple organ autoimmunity in Aire-AICA69 mice

In most of the affected organs in ICA69%!/Wt and Aire-AICA69 mice, infiltration by both
CD4* and CD8™ T-cells was observed, suggesting a major role for ICA69-specific T-cells in
mediating multiple organ/tissue autoimmunity. To demonstrate that ICA69-specific
autoreactive T-cells were sufficient to induce autoimmune responses in the various ICA69-
expressing organs, adoptive T-cell transfer experiments were performed, in which T-cells
harvested from the spleens of Aire-AICAG69 mice were intravenously injected into immune
deficient Rag1 ™'~ mice. Four weeks after the T-cell transfer, immunohistochemical analyses
revealed infiltration of T-cells into multiple ICA69-expressing organs, including the thyroid,
salivary glands and parotid glands, whereas none was observed in recipients injected with
control T-cells (Fig. 9B). These results further suggest that ICA69-specific autoreactive T-
cells were responsible for the multiple organ autoimmunity observed in Aire-AICA69 mice.
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4. Discussion

The role of anti-ICA69 autoimmunity in T1D progression has long been underappreciated,
perhaps because the current radio-immunoassay targeting the full-length of ICA69 protein
has yet to achieve the same levels of efficacy to reliably distinguish diabetic sera from
controls unlike assays for other autoantigens (e.g. Insulin, GADG65, Znt8 and 1A2) [43-46].
Notably, in both the Aire-AICAB9 and ICA69%/Wt mouse strains, cellular immune
responses mediated by anti-ICA69 autoreactive T-cells, rather than autoantibody responses,
predominate. This might be the explanation why, compared to other autoantibodies, anti-
ICA69 autoantibodies may not be clinically significant markers for T1D prediction.
Nevertheless, both Aire-AICA69 mice and ICA69 E14-immunized ICA699€/Wt mice
displayed impaired insulin secretion and glucose intolerance upon intraperitoneal glucose
challenge, suggesting a contributory role of anti-ICA69 autoimmunity in islet destruction. In
contrast with our previously described thymic specific insulin-deleted B6.1D-TEC animal
model, which fully develops clinical diabetes three weeks after birth [24,47], these animals
did not develop overt diabetes. These data, in conjunction with the observation that ICA69 +
islets were not destroyed when transplanted into the ICA69-deficient mice, suggest that anti-
ICA69 autoimmunity might not be the primary factor for the initiation of islet destruction in
T1D. Rather, islet damage inflicted by autoreactive T-cells against primary autoantigens
(e.g., insulin) might facilitate/trigger anti-ICA69 autoimmune responses in susceptible
individuals, resulting in the propagation of ICA69-specific autoreactive T cells, which could
subsequently drive inflammation in other ICA69-expressing exocrine and endocrine glands
(e.g., salivary glands and thyroid).

The observation that no obvious lymphocytic infiltration and destruction was observed in
ICA69 + wild type islets transplanted into the ICA69-deficient mice, whereas insulitis
developed simultaneously in Aire-AICA69 mice, deems further discussion. In both cases,
thymic ICAB9 expression is abrogated, resulting in the release of ICA69-reactive T-cells in
the periphery. There are a number of potential explanations for this discrepant outcome.
First, unlike insulin undergoing pulsatile secretion, ICA69 is an intracellular, perimembrane
protein. Without tissue damage and/or developmental restructure, epitopes from ICA69 are
not released to the extracellular environment, to be phagocytosized and presented by
professional antigen presenting cells (APCs). Therefore, ICA69 epitopes from the wild type
islets transplanted under the kidney capsules of the ICA69 knockout mice were not
necessarily being presented to APCs to promote inflammatory responses. In addition,
ICA69-reactive T-cells in the ICA69 knockout mice were not able to expand in the
periphery due to the absence of ICA69 antigens. In contrast, previous studies have shown
that during the second and third week of postnatal life, neonatal pups develop excessive [3-
cell apoptosis [48,49]. The shedding of islet antigens through the apoptotic process might be
able to activate APCs, and promote the proliferation and homing of ICA69-reactive T-cells
in Aire-AICAB9 pups. Second, the presence of islet antigen-reactive T-cells in secondary
lymphoid organs does not necessarily translate into inflammatory reaction to the islets.
Development of effector T-cells precedes that of Treg cells in neonatal pups [50]. Previous
studies have shown that a proper Teff/Treg ratio at the neonatal stage is pivotal to establish
peripheral self-tolerance. Indeed, delay of Treg migration from the thymus via thymectomy
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at day 3, has been associated with organ-specific autoimmune disease [51]. Thus,
proliferation of the initial wave of ICA69-reactive effector T-cells could disturb the proper
ratio of Teff/Treg cells, leading to homing and expansion of ICA69-reactive effector T-cells
in the islets. In contrast, the Treg population in the ICA69 knockout mice would be
sufficient to prevent the expansion of ICA69-reactive Teff cells even when they were
exposed to ICAG9 + islet grafts.

Previous studies suggested the existence of antigenic mimicry between the
immunodominant ABBOS region of bovine serum albumin (BSA, aa 152-169) and the
Tep69 peptides of human ICA69 (aa 36-47 of the N-terminal region, encoded by exon 2 of
the ICA1 gene) [13,52,53]. Immunization of NOD mice with BSA generates cross-reactive
T-cell responses to both Tep69 and ABBOS. Accordingly, exposure to BSA or other bovine
products could promote autoimmune responses against ICA69 through molecular mimicry,
which might, in turn, induce mild inflammation in ICA69-expressing exocrine/endocrine
glands, and become persistently present in genetically susceptible, but otherwise healthy
animals. All these observations imply that immune responses against the N-terminal ICA69
region might be fairly prevalent in the general population. In contrast to the previous
findings [54], our analysis of T1D patients who developed autoimmune disorders of
extrapancreatic endocrine/exocrine tissue(s) showed immune reactivity to the highly
conserved C-terminal region of the ICA69 protein (Fan et al. manuscript in preparation). It
remains to be determined whether a similar molecular mechanism governs the immune
reactivity against the N-terminal or the C-terminal regions of ICA69 and whether they co-
exist in the same human subject.

Of particular note, the endocrine organ most severely impacted in ICA69%€!/Wt and the Aire-
AICAB9 mice is the thyroid gland. Symptoms in aged ICA699€/Wt and Aire-AICAB9 mice
suggest that autoimmune thyroiditis initiated by anti-ICA69 autoimmune response can
eventually result in severe hypothyroidism. Expansion of TH1-polarized, autoreactive T-
cells specific to thyroglobulin was found in E14 immunized ICA699/Wt mice, suggesting
that the progression of thyroid gland inflammation mediated by infiltrating ICA69-specific
autoreactive T-cells can lead to the loss of immune tolerance against other thyroid
autoantigens commonly associated with AITD. Hypothyroidism affects 5-10% of the
general population with increased prevalence in older individuals and females [55,56]. The
level of Ical mRNA transcripts in female B6 mice is twice as high as that of males, making
the thyroid glands in females more sensitive to autoantigen ICA69 mediated autoimmunity.
Indeed, in our colonies of ICA699€Wt mice, immune cell infiltration of thyroid glands is
more prevalent in females than in males (Fan et al. unpublished observation). Consistent
with the mouse data, a subset of T1D patients with AITD also developed anti-ICA69
autoimmune responses (Fan et al. manuscript in preparation). Thus, our results implicate
anti-ICA69 immunity in the development of AITD in T1D patients as well as in the general
population. The presence of either humoral or cellular response to ICA69 could then
potentially serve as a bio-marker to predict AITD progression at early stages of T1D in
clinical practice.

Our data provide further experimental support for the “central selection hypothesis” which
proposes an essential role of tissue-specific antigens (TSAs) ectopically expressed in the
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thymus in the negative selection of TSA-reactive thymocytes and in establishing immune
tolerance to peripheral tissues [9,24,57]. Aire-AICA69 mice spontaneously developed
insulitis, sialadenitis, thyroiditis and gastritis, with various degrees of clinical or subclinical
symptoms of T1D, PSS, AITD and autoimmune gastritis, respectively. Thus, defective
thymic expression of a single molecule (ICA69) seems to be sufficient to induce an
autoimmune response to multiple organs. Furthermore, Aire-AICA69 mice are on the
C57BL/6 genetic background, which carries the autoimmune diabetes resistant H-20 MHC
allele, suggesting a dominant role of TSA expression in mTECs in regulating autoreactive
thymocyte negative selection. An alternative, and yet not mutual exclusive explanation for
the multi-organ autoimmunity observed in Aire-AICA69 mice is that the loss of ICA69
expression in mTECs results in defective selection of ICA69-specific Tregs. Tregs play an
important role in autoimmune diseases; lack of ICA69-specific Tregs might compromise the
suppressive function of Tregs against the action of ICA69-reactive effector T-cells in Aire-
AICAB9 mice, resulting in lymphocytic infiltration in multiple ICA69-expressing organs.
Indeed, previously studies have implicated a role of self-antigen expression in TECs in Treg
induction [58]. At present, our results cannot differentiate these two effects.

The phenotype observed in Aire-AICA69 mice is reminiscent of human APS. Unlike the
mouse Ins2 gene and other Aire-regulated TSAs, thymic ICA69 expression in mTECs is not
negatively affected by Aire deficiency [23]. These results suggest that thymic central
tolerance of ICAB9 is Aire-independent, and that anti-ICA69 autoimmunity might not be a
major contributing factor for the development of APS1, yet might be extremely important
for APS 2&3. The etiopathogenesis of human APS 2&3 remains elusive, largely due to the
complexity of the diseases and the lack of suitable animal models [59]. As well, little is
known about the molecular mechanisms underlying the clinical observation that patients
with organ-specific autoimmune diseases have significant high risk to develop autoimmune
disorders affecting other endocrine/ exocrine glands [60,61]. Although a number of genetic
factors, such as the human leukocyte antigen (HLA), cytotoxic Tlymphocyte antigen 4
(CTLA-4), and protein tyrosine phosphatase non-receptor type 22 (PTPN22), have been
implicated as shared susceptibility genes for multiple autoimmune disorders (e.g. T1D,
AITD, CD, as well as APS 2&3), all of them modulate immunity in a systemic manner
[62,63]. Far less is known about the pathogenic autoantigens determining the specificity of
the tissues affected. With three different animal models, the ICA69 C-terminal peptides
immunization NOD model, the heterozygous ICA69 deficient (B6.1CA69%€!Wt) model, and
the ICAB9 thymus-specific deletion model (B6.Aire-AICA69) model, we demonstrated in
this study that immune reactivity against the putative T1D autoantigen, ICA89, is sufficient
to initiate and propagate inflammation in multiple ICA69-expressing tissues, leading to
symptoms resembling human APS 2&3. Thus, ICA69 is proposed as a potential autoantigen
in the pathogenesis of human APS 2&3, and immune reactivity against ICA69 could
underlie the constellation of organ-specific autoimmune disorders. We propose that our
animal models will be useful to facilitate further investigation of the pathogenesis of human
APS 2&3.

In summary, our results suggest a possible role of anti-ICA69 immunity in the progression
of secondary autoimmune disorders in T1D patients, as well as the pathogenesis of APS
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2&3 and other multi-organ autoimmune disorders. Early detection of anti-ICA69 immune
reactivity in patients might allow clinicians to recognize and prevent insufficiency of
endocrine organs prior to morbidity. Immunomodulatory protocols to re-establish immune
tolerance to ICA69 might be effective antigen-specific approaches to prevent the
progression of autoimmunity in patients with APS 2&3, or to protect T1D patients from
developing APS 2&3-like syndromes.
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Fig. 1.

Diabetes progression in NOD mice immunized with E14 polypeptides. A. Top panel,
schematic view of the conserved domains of the mouse ICAG9 protein: the N-terminal Bin/
Amphiphysin/Rvs (BAR) domain and the C-terminal ICA69 C-terminal domain (CTD). The
amino acid (aa) position of each domain is listed on top. Lower panel, sequences of amino
acids encoded by exons 13 and 14 of the mouse and human Ical genes. Amino acids
encoded by exon 14 are marked yellow. Other peptides used in this study (GG and DL) are
underlined. B. Eight week old female NOD mice were immunized with CFA + E14 (filled-
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square) or CFA alone (open-square). Serum samples were harvested 4-weeks post-
immunization, and were compared to those of pre-bleed. Levels of anti-E14 seroreactivities
were determined with ELISA-based, colorimetric assay. C. Eight week old female NOD
mice were immunized with either CFA + E14 (n=5) or CFA (n =5) as controls and the
presence of IFNy-producing cells in the spleens were determined with ELISPOT 4-weeks
post-immunization. Splenocytes were stimulated with E14 and the assays were run in
triplicates. D. Image analysis of insulitis severity. Left panel, representative histological
sections (H&E) of pancreata harvested from 12-weeks old NOD mice after immunization
with either CFA (n =5, left image) or CFA + E14 (n = 5, right image) for 4-weeks. Right
panel, the degree of insulitis of each islet was assigned a score, based on the percentage of
islet area occupied by infiltrates. No insulitis, 1; 0-25%, 1; 25-50%, 2; 50-75%, 3; 75—
100%, 4. The bar graphs show the percentage of islets with 0—4 insulitis scores in CFA and
CFA + E14 treated mice. E. Percentages of CD4Foxp3* Tyq cells in CD4* T-cells of
pancreatic lymph nodes (PLN) (left panel) were analyzed with flow cytometry (FCM). The
numbers of Tyeq cells (right panel) in PLNs of E14 immunized mice (black bar, n = 4) and
CFA treated controls (unfilled bar, n = 6) were calculated based on the total numbers of T-
cells isolated (middle panel). ***, p < 0.001; NS, not significant. F. Diabetes progression of
CFA-treated (n = 14) and CFA + E14 immunized NOD mice (n = 14). Mice were
immunized at 8-weeks of age and followed till 32-weeks of age. *, p < 0.05.
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Fig. 2.
Progression of sialadenitis in NOD mice immunized with E14. A. RT-gPCR analysis of the

levels of Ical mRNA transcripts in various organs/tissues of C57BL/6 mice (n = 4). Thym,
the thymus; Hrt, the heart; Lv, the liver; TG, the lacrimal glands; Sal G, the salivary glands;
Ad G, the adrenal glands; Thy, the thyroid glands (M, males; F, females); Ova, the ovary;
Stom, the stomach; Duod, the duodenum; S, the jejunum and ileum parts of the small
intestines. The relative level of Ical mRNA in each organ was first normalized to the level
of Hprt mRNA. For the ease of comparison, the relative amount of Ical mRNA was
subsequently normalized to that of the thymus, which was arbitrarily defined as 1. B.
Representative histological sections (H&E) of salivary glands harvested from 12-week old
NOD mice at 4-weeks post immunization. Each lymphocytic focus is marked with unfilled
red rectangle box. Lower panels, higher magnified images of the corresponding lymphocytic
foci from the low magnified images of the top panels. C. Focus scores showing the number
of lymphocytic focus per mm? of the salivary gland cross section. NOD mice were
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immunized at 8-weeks of age with either CFA + E14 or CFA. Salivary glands were
harvested at 12-weeks and 32-weeks of age, and process for histology. N = 5 for all the
sample points. *, p < 0.05. *** p < 0.001. D. Percentages of areas in the salivary glands of
NOD mice infiltrated with lymphocytes. *, p < 0.05. **, p < 0.01.
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Fig. 3.
Ical haploid deficient mice (ICA699€Wty develop anti-islet autoimmunity. A. RT-gPCR

analysis of Ical mRNA transcript expression in CD45* cell-depleted, thymic stromal cells
of ICA69%!Wt mice. Filled squares, wild-type littermate controls; filled triangles,
ICAB9%€MWt thymic stroma samples. *p < 0.05. B. TagMan RT-gqPCR analysis of levels of
Ical mRNA transcription in various extrathymic organs of ICAY!/Wt mice. Total RNA
samples were isolated from the liver, salivary glands (SG), islets, thyroid glands (THYR)
and stomach (STOM) of 12-week old ICA%!/Wt (n = 3 filled bar) and wild type control mice
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(n =3, open bar). Absolute numbers of Ical mRNA transcripts were calculated and
normalized to those of 18S. C. ELISPOT of IFNy-producing cells in the spleens of naive
ICAB9%!Wt mice. Splenocytes were stimulated with ICA89 C-terminal peptides GG and DL
(listed in Fig. 1A). Filled squares, wild type littermate controls; filled triangles, ICAG9del/wt
mice. D. Development of anti-ICA69 autoimminity in B6.ICA699/Wt mice immunized with
E14. ELISPOT of IFNy-secreting splenocytes harvested from ICA699!/Wt mice, using E14
as stimulants. An H-2P restricted, insulin peptide (LWMRFLPL) was used as control. E.
Intraperitoneal glucose tolerance test of ICA699€/Wt mice immunized with exon 14 (n = 6),
in comparison to non-immunized naive ICA69%€!/"Wt mice (n = 6). Data are presented as
mean £ SEM. *p < 0.05; **p < 0.01. F. Serum insulin levels in naive (open bars, n=7), or
exon 14-immunized (filled bars, n = 6) mice. Sera were collected from ICA699/Wt mice
either after overnight fasting (0 min), or 60 min after i.p. injection of a bolus of 2 g/kg of o-
glucose. Data are presented as mean £ SEM. **p < 0.01. G. Immunohistochemistry of
lymphocytic infiltration into the pancreata of E14-immunized ICA699/Wt mice. From left to
right are representative cryosections of pancreata harvested from: B6 mice immunized with
CFA, B6 mice immunized with CFA + E14 (16-weeks post immunization, only detectable
in 2 out of 10 animals; not detectable in 4-weeks post treatment), naive ICA69%/Wt mice (24
weeks old, only detectable in 10% animals), CFA-immunized ICA69%!/Wt mice (16-weeks
post treatment, detectable in 2 out 10 animals) and E14-immunized ICA699€/Wt mice (16-
weeks post treatment, detectable in majorities of the immunized animals) mice were stained
with anti-CD4 (red) antibodies, and counter stained with anti-insulin (green) antibody.
White arrows, infiltrating immune cells.
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ICAB9%Mt mice develop autoimmune thyroid disease. A. Immunohistochemistry showing
lymphocytic infiltration into multiple tissues of 24-week old ICA699€/Wt mice.
Representative cryosections of stomach (STOM) and salivary glands (SG) were stained with
anti-CD4 antibody (red). White arrows, infiltrating immune cells. B. Representative
cryosections of thyroid glands of E14 immunized ICA69%/Wt mice (16-weeks post
immunization) were stained with anti-CD4, anti-CD8, anti-B220 and anti-F4/80 antibodies
(red), showing the infiltration of CD4+ and CD8+ T-cells, B-cells and macrophages,
respectively (upper panels). Age-matched wild type B6 mice immunized with E14 were
used as controls (lower panels). C. Levels of thyroid hormones (total T3 and TSH) in sera of
E14-immunized ICA699Wt mice (filled bars, n = 9), in comparison to wild-type littermate
controls (open bars, n = 8). Data were presented as mean + SEM. p values of student t-test
results were listed on top of each panel.
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Thymus-specific deletion of the Ical gene: the Aire-AICA69 mice. A. Top panels,
representative dot graph of flow cytometry analysis of TECs harvested from Aire-AICAG9
mice. EpCAM*CD45~ TECs (within the square with red outline, |eft panel) were further
separated into UEA-1* mTECs and UEA-1~ ¢TECs (right panel). Solid line, Aire-AICA69
mice; gray area, IcalfloX/flox controls. Lower panels show the similar numbers of mTECs
and cTECs in thymi of Aire-AICA69 (n = 4) and control mice (n = 4). B. RT-PCR analysis
of levels of Ical mRNA transcripts in CD45~ thymic stromal cells harvested from Aire-
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AICAB9 mice (lane 2). Thymic stromal cells harvested from Ica1flox/flox (jane 1) and Aire-
Cre:Ica1floxWt (|ane 3) mice were used as controls. MK, molecular marker lane. C. TagMan
RT-gPCR analysis of levels of Ical mRNA transcription in various extrathymic organs of
Aire-AICAB9 mice. Total RNA samples were isolated from the liver, salivary glands (SG),
islets, thyroid glands (THYR) and stomach (STOM) of 16-week old Aire-ICA69 (pooled
from n = 3, filled bar) and ICAIoX/flox control mice (n = 3, open bar). Absolute numbers of
Ical mRNA transcripts were calculated and normalized to those of 18S. D. Western blot
analysis of ICAG9 protein expression in the testes, brain, stomach (Stom) and salivary
glands (SG) of 16-week old Aire-ICA69 mice (A) and littermate ICAflox/flox controls (F)
with rabbit anti-C-terminal ICA69 antibodies [13,23]. E. Immunohistochemical analysis of
ICA6B9 expression in thymic medulla. Representative cryosections of thymi harvested from
either the Aire-AICA69 mice (lower panel), or the IcalfloX/flox (top panel) mice, were stained
with anti-EPCAM (red) and anti-EGFP (green, for ICA69) antibodies. F. Presence of E14-
reactive cells in the spleens of Aire-AICA69 mice. Left panel, representative ELISPOT
images (in triplicate) showing the presence of IFNy, IL-4 and IL-10 producing cells in
responding to E14, compared to age-matched littermate ICAfIoX/floX controls. Right panel,
the data point represents the mean number of spots per well from each Aire-AICA69 or
control mouse tested. Levels of responses similar to ICAfloX/flox controls were detected in
Aire-Cre:ICAYYWt mice (data not shown).
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Fig. 6.

Ai%e—AICAGQ mice spontaneously develop anti-islet autoimmune responses. A.
Intraperitoneal glucose tolerance test. 12-week old Aire-AICA69 mice (n = 7) were
challenged with a bolus of 2 g/kg o-glucose, in comparison to ICAG9floX/flox mice (n = 6).
Data are presented as mean = SEM. Unpaired Student t test, *p < 0.05; **p < 0.01. B. Serum
insulin levels in the Aire-AICA69 (n = 7) and the ICAB9floX/flox (n = 6) mice. Sera were
harvested after overnight fasting and challenged after i.p. injection of 2 g/kg of »-glucose.
Data are presented as mean £ SEM. Unpaired Student t test, ***p < 0.005; ****p < 0.001.
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C. Immunohistochemistry showing lymphocyte infiltration of pancreatic islets in 16-week
old Aire-AICAB9 mice. Cryosections of pancreata harvested from either the Aire-AICA69
(upper panel), or the Ica1floX/flox (Jower panel) mice, were stained with anti-CD4 (red), anti-
CD8 and anti-B220 antibodies and counter-stained with anti-insulin (green) antibodies.
Representative images are shown.
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Fig. 7.

Aire-AICAB9 mice spontaneously develop PSS. A. Representative histological sections of
salivary glands harvested from 30-week old Aire-AICA69 mice (H&E), showing massive
infiltration of immune cells. B. Immunohistochemistry showing lymphocyte infiltration of
salivary glands in 8-month old Aire-AICA69 mice. Cryosections of salivary glands
harvested from either the Aire-AICA69 (upper panel), or the Ica1floXflox (jower panel) mice,
were stained with anti-CD4 (red) and anti-B220 antibodies, and counter-stained with
Hoechst 33342 (blue) for nuclei. Shown are representative images. C. Decreased saliva flow

J Autoimmun. Author manuscript; available in PMC 2016 January 07.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Fan et al.

Page 30

rates in Aire-AICA69 mice. Aire-AICA69 mice (n =5, 30-40 weeks) were anesthetized and
stimulated with pilocarpine. Whole saliva was collected for 20 min. Salivary flow rate data
are shown as mean £ SEM. *, p< 0.05. D. Decreased protein secretion in saliva of Aire-
AICAB9 mice. Data are shown as mean £ SEM. *, p < 0.05. E. Gradual decline of saliva
flow rates in Aire-AICA69 along with age. Filled triangles, Aire-AICA69 mice (n = 3-5 per
age group). Filled squares, age-matched ICAfoX/flox controls (n = 4-5 per age group).
Unpaired Student's t test, *p < 0.05; ****p < 0.001.
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Lymphocyte infiltration in thyroid glands and the stomach of Aire-AICA69 mice. A.
Immunohistochemical analysis of lymphocyte infiltration of thyroid glands in 8-month old
Aire-AICA69 mice. Representative cryosections of thyroid glands harvested from either the
Aire-AICA69 (upper panel), or the Ica1flox/flox (Jower panel) mice, were stained with anti-
CD4 (red), anti-CD8 (red) and anti-B220 (red) antibodies, and counter-stained with Hoechst
33342 (blue) for nuclei. B. Representative immunohistochemical images of stomach
sections of Aire-AICAG9 (left panel) and control (right panel) mice. Cyrosections were
stained with anti-CD4 antibodies, and counter-stained with Hoechst 33342 (blue) for nuclei.
C. Aire-AICAB9 mice spontaneously developed mild gastritis. Sera were harvested from
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Aire-AICAB9 mice (20-30 weeks old, n = 6), and serum gastrin levels were measured with
ELISA kit. Aged matched IcalfloX/flox mice (n = 9) were used as controls. *, p < 0.05.
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Fig. 9.
ICA69-specific autoreactive T-cells derived from Ical deficient thymi are sufficient to

transfer multi-organ autoimmunity. A. Athymic nude mice transplanted with Ical-deficient
thymi were sacrificed at 16—-24 weeks. Representative cryosections of the pancreas (PANC),
the salivary glands (SG) and the stomach (STOM) were stained with anti-CD4 (red) and
anti-insulin (green, for the pancreatic sections only) antibodies. No infiltrate was observed in
control nude transplanted with wild type thymi (not shown). B. T-cells harvested from the
Aire-AICAB9 mice were adoptively transferred to immunocompromised Ragl—-/— mice.
Representative cryosections of the salivary glands (SG), parotid glands (PG), the thyroid
(ThyG) and the tear glands (TG) were stained with anti-CD4 antibodies (red), and counter-
stained with Hoechst 33342 (blue) for nucleus.

J Autoimmun. Author manuscript; available in PMC 2016 January 07.



