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Abstract

During chronic inflammation, tertiary lymphoid tissue (TLT) can form within an inflamed organ,
including the central nervous system (CNS). However, little is known about TLT formation in the
neuroretina. In a novel spontaneous autoimmune mouse model of uveitis (R161H), we identified
well-organized lymphoid aggregates in the retina and examined them for TLT characteristics.
Presence of immune cells, tissue-specific markers, and gene expression patterns typically
associated with germinal centers and T follicular helper (Tgy) cells were examined using
immunohistochemistry and gene analysis of laser capture microdissected retina. Our data revealed
the retinal lymphoid structures contained CD4" T cells and B cells in well-defined zonal areas that
expressed classic germinal center markers, PNA and GL-7. Gene expression analysis showed
upregulation of T follicular helper cell markers, most notably CXCR5 and its ligand CXCL13, and
immunohistochemical analysis confirmed CXCR5 expression, typically associated with CD4* T
follicular helper cells. Highly organized stromal cell networks, a hallmark of organized lymphoid
tissue, were also present. Positive staining for phospho-Zap70 in retina-specific T cells indicated
CD4* T cells were being activated within these lymphoid structures. CD138*/B220* plasma cells
were detected, suggesting the retinal lymphoid aggregates give rise to functional germinal centers,
which produce antibodies. Interestingly, eyes with lymphoid aggregates exhibited lower
inflammatory scores by fundus examination and a slower initial rate of loss of visual function by
electroretinography, compared to eyes without these structures. Our findings suggest that the
lymphoid aggregates in the retina of R161H mice represent organized TLT, which impact the
course of chronic uveitis.
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INTRODUCTION

Ectopic or tertiary lymphoid tissues (TLT) develop at sites of inflammation or infection in
peripheral, non-lymphoid organs. These tissues are structurally similar to secondary
lymphoid organs with distinct B and T cell compartmentalized areas that contain germinal
center formations comprised of T follicular helper cells (Tgw), which provide help to B cells
for the generation of long-lived plasma cells or antibodies (1). Germinal centers require Ty
cells for their formation and maintenance and are responsible for providing protective
humoral or immunological memory. TLT has been associated with local pathology in a
number of diseases resulting from chronic infection, inflammation, or autoimmunity (2—4).
For example, TLT has been reported in the joints of patients with rheumatoid arthritis, (5)
salivary glands in Sjogren’s syndrome, (6—8) the thyroid in Grave’s disease, (9) the pancreas
in diabetes, (10, 11) the central nervous system in multiple sclerosis, (1, 12, 13) and the
choroid in the late stage of sympathetic ophthalmia (14). In many cases, formation of well-
developed TLT correlates with increased severity of disease and local production of
autoantibodies (2, 4). However, there are also reports in which TLT can contribute to
protective immune responses, such as in viral infections, to promote an antiviral response
(15) and in certain cancers (16-18).

In patients, lymphoid aggregates have been reported to form in ocular tissues, despite the
immune privileged status of the eye. However, it is not always clear whether these structures
can be considered true “lymphoid tissue” due to the fact that they were reported under
malignant or benign neoplastic conditions and there is no data supporting that they express
characteristic lymphoid tissue markers. Lymphoid-like tissue in the uvea has been described
as reactive lymphoid hyperplasia or intraocular pseudotumor with benign inflammatory
disease (19). Patients with this diagnosis were reported to have long-lasting inflammatory
cell infiltrate, including plasma cells, lymphocytes, and macrophages. Lymphoid follicle
formation, based on histological criteria, has been reported in spontaneous, as well as, in
experimentally induced uveitis in horses (20, 21). However, no immunological
characterization was performed. Definitive identification and characterization of lymphoid
tissue in the human eye is complicated by the fact that chronically inflamed human ocular
tissues are limited and not readily available for these types of studies.

Recently, a spontaneous autoimmune mouse model of uveitis in R161H TCR transgenic
mice was developed by Horai et al (22). These mice express a TCR specific for the retinal
antigen interphotoreceptor retinoid-binding protein (IRBP) and develop spontaneous uveitis
with 100% incidence by 8 weeks of age. The disease is characterized by retinal and
choroidal inflammation, retinal vasculitis, photoreceptor destruction, and loss of visual
function (22—24). Thus, this model reproduces many essential clinicopathological features of
human uveitis, which is estimated to cause 10-15% of blindness in the Western world (25,
26).

Interestingly, approximately 40% of R161H mice develop well-organized retinal lymphoid
aggregates with a distinct histology reminiscent of TLT. In this study, we thoroughly
characterized the retinal lymphoid aggregates using laser capture microdissection and
immunohistochemistry with respect to the defining TLT attributes, namely, presence of
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distinct cellular markers for B&T cell segregation, presence of high endothelial venules
(HEVs) and development of follicular dendritic cell (FDC) networks that support germinal
center responses, such as formation of Tgy cells. Multi-color immunohistochemical staining
was chosen in preference to flow cytometry to (i) preserve the spatial organization of the
localized TLT, (ii) to facilitate visualization of cellular expression patterns within the TLT
and (iii) to exclude infiltrating cells that are present outside the aggregates, which would
confound interpretation of the TLT if analyzed by flow cytometry. Our findings lead to the
conclusion that the retinal lymphoid aggregates in R161H mouse retinas represent TLT with
organized germinal centers that contain B cells and T follicular helper cells within an
extensive stromal cell network and show evidence of immune cell signaling, activation, and
plasma cell formation. Unexpectedly, while presence of immunologically active lymphoid
structures would likely contribute to disease progression, clinical scores, as well as, retinal
function of mice with TLT indicated the opposite. Retinas of mice with aggregates showed
less active inflammation and a slower deterioration of visual function than retinas of mice
without these structures. It remains to be established whether formation of TLT within the
retina is the result of a slower and more chronic disease process, or its cause.

MATERIALS AND METHODS

Animals

Antibodies

IRBP TCR transgenic R161H mice on the B10.RI1I1 background, described by Horai et al.
(22) aged 8-16 weeks were used in all experiments. Age matched wild-type (WT) B10.RIII
were used as controls. Animal care and use were in complete compliance with the guidelines
of the National Institutes of Health and with the ARVO statement for the Use of Animals in
Ophthalmic and Vision Research.

The following antibodies were used for confocal microscopy at 1:25-1:100 concentrations.
Primary antibodies to anti-CD4-alexa fluor 660 conjugated, anti-B220-FITC conjugated,
anti-CD8, biotin labeled-PNA, anti-GL-7, biotin labeled-anti IgD, anti-Ki-67, anti-Bcl-6,
anti-CD80, and anti-Gata-3 were all purchased from eBioscience (San Diego, CA). Anti-
CD11c-FITC and anti-PNAd was purchased from BioLegend (San Diego, CA). Anti-
CXCRS5, anti-MHC I1 (IA/IE), anti-FDC-1, anti-CD138, anti-MAdCAM-1, and anti-CD35
were all purchased from BD Biosciences (San Diego, CA). Anti-F4/80 was purchased from
AbD Serotec, (Raleigh, NC) anti-phosph-Zap70 was obtained from Cell Signaling
Technologies (Beverly, MA) and anti-1ba-1 was acquired from Wako Chemicals USA
(Richmond, VA). Both anti-CD3 and anti-CXCL13 were obtained from R&D (Minneapolis,
MN). The IRBP p161-180/MHCII/IgG dimer reagent was made in our lab (27) and is not
commercially available.

Clinical Evaluation and Scoring of Uveitis

For clinical examinations (funduscopy) and experimental procedures (ERG, fluorescein
angiography) systemic anesthesia was administered by intraperitoneal injection with a
ketamine/xylazine mixture (77mg/kg+4.6mg/kg respectively). Local ocular surface
anesthesia was applied (0.5% Alcaine drops). The pupils were dilated with 0.5%

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



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kielczewski et al.

Histology

Page 4

Tropicamide and 0.5% phenylephrine hydrochloride. All mice were examined for clinical
signs of uveitis using a binocular fundus microscope with coaxial illumination. Mice with
distinct retinal aggregates were identified. These lesions are generally bright, circular white
aggregates, with a well-defined structure seen under the microscope. Clinical uveitis was
scored on a scale of 0 (no disease) to 4 (maximum disease) in half point increments based on
the number of retinal lesions and severity of inflammation as previously described (24).

Eyes were harvested and fixed in 4% paraformaldehyde, cryo-embedded in Optimum
Cutting Temperature (OCT) Tissue-Tek media (Fisher Scientific) with 20% sucrose, and
sectioned at 10 microns through the optic nerve plane using a cryostat (Leica Microsystems,
Mannheim, Germany). The tissue sections were stained with hematoxylin-eosin (H&E) and
imaged using a Zeiss Imager microscope (Carl Zeiss, Munich, Germany).

Immunohistochemistry

Eyes were collected and cryopreserved in 2:1 OCT with 20% sucrose. The tissue blocks
were stored at —80 degrees until cutting into 10 micron sections onto slides that were stored
at —80 degrees until use. Frozen retinal sections were allowed to defrost at room temperature
and were then fixed in acetone for 10 minutes followed by blocking with 10% normal goat
serum at room temperature for 1 hour. The tissue was washed with PBS for 10 minutes.
Primary antibodies were applied at 1:25-1:100 dilution for 1-2 hours at room temperature or
overnight at 4°C in humid chambers to prevent the slides from drying out. The sections were
then washed with PBS three times for 10 minutes. If the primary antibody was not directly
conjugated to a fluorochrome then an Alexa Fluor-568, 594, or 488 secondary or a
streptavidin 568 or 488-labeled secondary antibody (Life Technologies, Grand Island, NY)
was applied at 1:500 for 1 hour at room temperature. The slides were then washed three
times in PBS and mounted with Vectashield containing DAPI (Vector Labs, Burlingame,
CA).

Confocal Microscopy and Imaging

Retinas were imaged using a Zeiss confocal laser-scanning microscope (LSM700 or
LSM780). Images were processed for brightness and contrast using ImageJ software (http://
rsb.info.nih.gov/ij/) or Adobe Photoshop (Adobe systems, San Jose, CA). Confocal
microscopy was performed with set parameters for laser power, photomultiplier gain, and
offset, with a pinhole of diameter of 1 Airey unit. Brightest point projections of z-stacks (5—
10 optical sections, 0.5-1 mm thickness, 0.5-1 mm step size) were acquired.

Laser Capture Microdissection (LCM)

Whole mouse globes were embedded and frozen in OCT compound (BioTek) immediately
following enucleation and stored at —80 degrees overnight. The blocks were cut into 20um
sections and collected on polyethylene naphthalate RNase free glass slides (Carl Zeiss,
Munich, Germany). Sections were dehydrated with 70%, 95% and 100% ethanol and xylene
for 15 seconds each using RNase free reagents, followed by staining with Cresyl violet for
30 seconds. After the sections were air dried for 10 minutes, the retinal aggregates were
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microdissected using a Zeiss Palm LCM. The retinal aggregates were easily identified by
their distinctive morphologic appearance in the stained retinal tissue sections.
Approximately 20-30 retinal lesions were collected to maximize RNA yield. Microdissected
tissue was directly collected into LCM capture caps containing lysis buffer from the
PicoPure RNA isolation kit (Invitrogen, Eugene, OR). Typical laser settings were 7.5um
spot for diameter, 0.7-1.2 ms for duration, and 60-80 mW for laser power.

RNA isolation

RT-PCR

ELISA

Fluorescein

RNA from a total of five mice from each group was pooled together in three independent
experiments. RNA was extracted from microdissected tissue with a PicoPure RNA isolation
kit following the manufacturer’s suggested protocol. All RNA samples were linearly
amplified with an amplification kit (Invitrogen, Eugene, OR). For LCM, two rounds of
amplification were needed to provide adequate material for analysis using an AMP kit
(Invitrogen, Eugene, OR). The integrity of the RNA was assessed using a bioanalyzer
(model 2100: Agilent technologies, Palo Alto, CA) or using a Nanodrop (Fisher Scientific,
Grand Island, NY).

Isolated mMRNA was converted to cDNA using manufacturer’s protocol (Invitrogen). PCR
amplification was carried out using a Customized 48 Format Tagman plate (Life
Technologies, Grand Island, NY) on an Applied BioSystems 7500 Fast real-time PCR
system with ABI primers (Life Technologies, Grand Island, NY). Data were analyzed by
Comparative CT (DDCT) method using ABI 7500 software v2.0.6 software (Life
Technologies, Grand Island, NY). All samples were normalized to GAPDH. Gene
expression in laser captured R161H retinal aggregates was compared to adjacent R161H
retina without lymphoid aggregates. The positive control was true lymphoid follicles,
isolated from immunized lymph nodes of EAU mice 7 days after immunization.

Autoantibodies against the retinal antigen IRBP in mouse serum was analyzed by ELISA.
Briefly, 96-well ELISA plates were coated overnight with IRBP 161-180 peptide (100 pL of
5 ug/mL) in 0.1 M NaHCO3 (pH 8.2). The plates were rinsed with washing buffer (PBS pH
7.5, with 0.5% Tween 20) and were blocked with blocking buffer (PBS-Tween with 0.1%
BSA) for 2 hours at room temperature. After two washes, serially diluted serum samples
were added to the wells in triplicate, and the plates were incubated overnight at 4°C. After 4
washes, biotinylated anti-mouse IgG was applied for 1 hour, followed by 4 washes.
Streptavidin-HRP conjugate (1:5000) was added to the plate for 30 minutes at 37°C,
followed by 4 washes. Color reaction was performed with TMB (Thermo Scientific,
Rockford, IL) substrate and was terminated by addition of 2N H,SO,. The plates were read
at 450 nm with an ELISA reader (Molecular Devices, Sunnyvale CA).

Angiography

Mice were anesthetized with ketamine/xylazine. Pupils were dilated using 1% Tropicamide
and 2.5% phenylephrine. 50pl of fluorescein was injected through the tail vein and
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angiographic images were captured using a Micron I11 system (Phoenix Research Labs, Inc.

Pleasanton, CA). Initial images were taken immediately after fluorescein injection and then
1 minute later to show vascular leakage accumulation.

Electroretinography (ERG)

Retinal function was evaluated by recording of dark-and light-adapted ERG with the Espion
E2 System (Diagnosys LLC, Lowell, MA). Mice were dark adapted overnight and all
procedures were performed under dim red light. Only mice in which the ocular media was
clear (absent of cataract or corneal opacity) as determined by fundus examination were
subjected to ERG analysis. The mouse eyes were carefully examined to ensure they were
clear and free of vitreous infiltrates so as not to interfere with the accuracy of the ERG
recordings. All of the mice were anesthetized and their pupils dilated as described above.
For the ERG recordings, electrodes were placed on the center of the cornea. Reference and
ground electrodes were attached to the mouth and placed subcutaneously in the posterior
neck-back region respectively. The a-wave amplitude was measured from the baseline to the
trough of the a-wave and b-wave amplitude was measured from the trough of the a-wave to
the peak of the b-wave.

Statistical Analysis

RESULTS

All data are expressed as the mean + SEM. For comparison of two groups, P values were
determined by the unpaired two-tailed Student’s t-test and paired data were analyzed by the
paired Student’s t-test. For comparison of more than two groups, significant values were
calculated via one-way or two-way ANOVA to reveal differences in the data sets followed
by Dunn’s or Tukey’s Multiple comparison post-hoc test. Statistical analyses were
performed using GraphPad Prism 6 software. Probability values of p<0.05 were considered
statistically significant.

Mice with spontaneous uveitis progressively develop retinal lymphoid aggregates in the

neuroretina

The retina is normally a neuronal structure with a well-organized architecture (Fig. 1 A-B
and Fig. 2 A-C) but inflammation can lead to loss of retinal morphology and structure. In
eyes of spontaneously uveitic R161H mice, two distinct types of disease were observed. One
type consisted of diffuse retinal damage accompanied by widespread loss of retinal
morphology (Fig. 1 C-D). This type of disease resembled the pathology often seen in
experimental autoimmune uveoretinitis (EAU) (28) induced by active immunization of WT
mice with IRBP in complete Freund’s adjuvant (CFA) (29). A second type was
characterized by development of growing retinal lymphoid aggregates that are not seen in
EAU, with relative preservation of retinal architecture outside of the lymphoid aggregate
structures (Fig. 1 E-H).

Upon closer examination, these aggregates bear a strong resemblance histologically to
secondary lymphoid structures that can be seen in spleen and lymph nodes and to tertiary
lymphoid structures that can form in chronically inflamed tissues (12). Repeated
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fundoscopic examinations revealed that these retinal lymphoid aggregates begin as small,
round lesions and typically increase in size, around 7-10 weeks of age, growing
progressively, to occupy large portions of the retina and even choroid (Fig. 1 E-H and Fig. 2
G, J). Using the scoring system developed for EAU, which quantitates the disease based on
intensity of inflammation, as well as the number, size and type of lesions, (26, 29) eyes
containing lymphoid aggregates possessed statistically lower clinical and histological
disease scores compared with age-matched mice lacking these defined lymphoid structures
(Fig. 11, J).

The retinal lymphoid aggregates appear as distinct, bright white circular lesions with sharply
defined borders in the fundus of R161H mice (Fig. 2 G, J). In contrast, eyes lacking these
lesions display diffuse inflammation throughout the retina as depicted in Fig. 2 D-F. While
the blood retinal barrier (BRB) integrity around the retinal lymphoid aggregates as shown by
leakage of fluorescein from the retinal vessels is disrupted (Fig. 2 H-I and K-L), the overall
leakage pattern in eyes with aggregates appears more focal, with less widespread disruption
to the BRB compared to eyes without retinal aggregates (Fig. 2 E-F).

Diverse immune cell types, including IRBP specific T cells, are present in retinal lymphoid

aggregates

Immunohistochemical staining revealed that the retinal aggregates are composed
predominately of B220" B cells and CD4* T cells. We counted immuno-labeled cells in
well-defined retinal lymphoid aggregates and found that approximately 30% of the retinal
lymphoid aggregates were made up of CD4" T cells, while 60% were B220* B cells.
Approximately 10% were CD8* T cells (Fig. 3 A-J). Both B cells and CD4* T cells show
evidence of proliferation by co-staining with Ki-67, a cell proliferation marker (Fig. 3 K-0).
The retinal lymphoid aggregates also contain R161H TCR*/CD4" IRBP-specific T cells, as
revealed by immunohistochemical staining with a specific IRBP161-180-MHC-class Il
dimer, (30) which detects cells bearing an IRBP-specific TCR (Fig. 3 P-T). We also
detected macrophages and microglia (Supplemental Fig. 1), both of which are able to act as
antigen presenting cells, (26, 31-33) as well as FoxP3*/CD4* T cells, which are likely to
represent regulatory T cells (Supplemental Fig. 2). On average, approximately 25% of the
CD4* T cells in the retinal aggregates were CD4*/FoxP3* as determined by counting
immuno-labeled retinal cross-sections containing distinct retinal lymphoid aggregates.

Retinal lymphoid aggregates express germinal center markers and Tgy associated genes,
consistent with tertiary lymphoid tissue

By immunohistochemistry, the retinal lymphoid aggregates stain positively for the classical
germinal center markers PNA and GL-7 (11, 26) (Fig. 4 A-H). They also contain GL-7*/
B220* cells, which are typically found in germinal centers (26) (Fig. 4 I-L). Furthermore,
they have low expression of IgD, which is characteristic of germinal centers in secondary
lymphoid tissue (26, 34) (Fig. 4 M—P). In order to study whether characteristic Tgy genes
are upregulated, we isolated the retinal lymphoid aggregates by laser capture
microdissection. Gene array expression profiling revealed that retinal lymphoid aggregates
express elevated Tgy genes including Gata-3, Bcl-6, and IL-6, in a pattern similar to lymph
node tissue from WT mice that had been immunized for EAU with the retinal antigen IRBP
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(Fig. 5 A). Immunohistochemical staining confirmed high expression of Gata-3 and Bcl-6 at
the protein level in the retinal aggregates (Fig. 5 B-C), both of which are important
transcriptional regulators in driving Tgy cell differentiation. Similarly, CXCRS5, which is a
chemokine receptor expressed by Ty cells, (35) as well as its ligand CXCL13 (Fig. 5 A and
Fig. 6 K-0), was statistically higher in R161H retinas with the retinal aggregates compared
to retinas of R161H mice without these structures. CXCR5*/CD4* T cells were detectable
within the retinal aggregates (Fig. 6 A-J). These data support the notion that the retinal
lymphoid aggregates represent bona fide tertiary lymphoid tissue.

Retinal lymphoid aggregates contain extensive high endothelial venules and structural
networks that can support immune cell signaling and activation

Organized lymphoid follicles typically contain high endothelial venules (HEVS). These
specialized post-capillary venous swellings are important in lymphocyte recruitment and
trafficking. HEVs typically have characteristic “plump” appearance. Characteristic markers
for HEVs include MAJCAM-1 (MECA-367) and PNAd (MECA-79). Both of these markers
were especially prominent in large retinal lymphoid aggregates (Fig. 7 F-0). In addition, we
also detected Lyve-1-positive lymphatic vessels (Fig. 7 A-E). The retinal aggregates also
contained extensive stromal and follicular dendritic cells networks (FDCs) (Fig. 8). These
structural elements are known to be essential for lymphoid tissue formation, organization
and function, and were particularly prominent in well developed retinal aggregates
containing a large number of B cells.

Since the retinal aggregates contain well-organized stromal and dendritic cell networks, we
hypothesized that they might support immune cell signaling and activation. Fig. 9 shows the
presence of IRBP-specific CD4* T cells in close association with CD11c™ cells, a marker
characteristic of professional antigen-presenting dendritic cells (Fig. 9 A-L). Positive
staining for phospho-Zap70 in these cells indicates that their TCR received a signal. We also
show that CD4* T cells are closely associated with CD11c* cells co-localized with CD8O0,
which is a co-stimulatory molecule needed for T cell activation (Fig. 9 M-R). Together,
these results suggest that endogenous IRBP is presented by CD11c* dendritic cells to
activated CD4" T cells in the retinal TLT structures (Fig. 9).

Plasma cells are present in the retinal lymphoid aggregates

Since there is evidence of T cell signaling and activation in the retinal TLT, we examined
generation of plasma cells and retina-specific auto-antibodies. By immunohistochemical
staining, CD138%/B220™ cells were found localized within the retinal aggregates (Fig. 10 A—
J). Interestingly, large well-developed retinal TLT were where CD138* cells were typically
found. This in in line with the observation that stromal cell networks are highly organized
within the large retinal aggregates, which may support immune cell signaling and promote
inflammatory cell responses. It is within the late-stage retinal TLT, where plasma cells are
most frequently seen and generated. We next examined the serum of mice with large retinal
TLT structures for the presence of IRBP-specific auto-antibodies (Fig. 10 K). Interestingly,
mice with retinal TLT had higher serum antibodies against IRBP compared to mice without
retinal TLT. It is unknown, however, how much of the serum antibody in fact originated in
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the retina and diffused into the serum through the disrupted BRB, or how much may have
leaked out of the eye into the draining lymph nodes.

Eyes with TLT initially retain better visual activity than eyes with diffuse disease, but
progressive growth of the TLT is associated with visual decline

Our previous study demonstrated that mice with uveitis, whether induced by immunization
or spontaneous onset, progressively lose visual function (23). In order to determine whether
the retinal TLT contributes to loss of visual function, we tested visual activity using
electroretinography in young mice (7-10 weeks old) with early TLT and in older mice (11—
12 week old) with large, late-stage TLT structures, compared to age-matched R161H mice
with uveitis, whose eyes were completely devoid of retinal TLT and healthy wild type
controls (Fig. 11). Notably, in mice that displayed similar clinical disease scores, eyes
containing retinal TLT were initially associated with better retention of visual function
compared to inflamed R161H eyes lacking retinal TLT, as evidenced by a statistically
higher light b wave and dark a wave ERG response (Fig. 11 B-C). However, as the TLT
becomes increasingly spread out with age and losing its focal organization, this advantage
was lost and visual function in 10-11 week old mice with late-stage TLT was similar to
R161H mice devoid of retinal TLT (Fig. 11). The mice with late-stage diffuse infiltrates are
more pathogenic on visual activity than the early-stage focal infiltrates, in part due to their
disintegration. The late-stage TLT is made up of more disorganized follicles and/or
infiltrates, which can spread throughout the retina and replace extensive areas of healthy
retinal tissue, similar to what occurs in R161H mice lacking non-retinal TLT.

DISCUSSION

The mouse model of experimental autoimmune uveitis, or EAU, induced in B10.RIIl mice
by immunization with the retinal protein IRBP or its major pathogenic peptide
IRBP161-180, has been developed some time ago and its pathology is well characterized.
Typically, EAU in B10.RI1I mice is acute and involves destruction of retinal tissues with
widespread inflammatory infiltrates. Interestingly, in the recently developed spontaneous
uveitis model in R161H mice, also on the B10.RIII background, approximately 40% of mice
develop distinct retinal lymphoid aggregates. These aggregates start as small lesions around
2 months of age (about a month after clinical disease onset) and with time grow and
coalesce into large lymphoid structures that can also involve the choroid. Tertiary lymphoid
structures have been reported in many other chronically inflamed tissues, including the brain
and eye. However, to our knowledge, this is the first comprehensive study, histologically
and functionally, of TLT and its impact on visual function in a spontaneous model of
autoimmune uveitis. The retinal lymphoid aggregates are organized structures that appear to
function as true lymphoid follicles and support cellular interactions, whereas the typical
widespread inflammatory infiltrates seen in EAU models appear to be composed of
disorganized or diffuse cell infiltrates, which do not support a cellular niche like that of the
TLT we describe here.

Extensive analysis of cellular markers and expressed genes revealed that the retinal
lymphoid aggregates fit the criteria of organized TLT. Specifically, we show they have a
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germinal center phenotype that is PNA*/GL-7*/IgD'°. The retinal TLT contain distinct B
and T cell zones along with microglia and macrophages. Macrophages are typically found in
secondary lymphoid tissue and microglial cells share many characteristics similar to that of
macrophages (26, 36). The retinal TLT structures contain elevated T follicular helper genes.
We also detected presence of Tgy cells immunohistochemically that are CXCR5*/CD4* and
are localized directly within the retinal TLT. The retinal TLT tissue contains extensive
stromal cell and follicular dendritic cells networks, which are important in secondary
lymphoid tissue. These networks support migration of cells and inflammatory cell responses,
such as formation of antibodies in lymphoid tissue. The retinal TLT, thus, possesses the
cellular attributes of a dynamic structure that facilitates cell proliferation and activation of
immune cells.

It is interesting that only 40% of R161H mice develop these TLT structures and further
investigation is needed into what drives their formation in ocular tissues. It is an open
question whether they represent a cause, or an effect, of the more chronic nature of R161H
uveitis, compared to immunization-induced EAU. Also, of interest would be to explore their
dependence on Th17 vs. Thl cytokines. In the lung and brain, IL-17 was reported to play a
critical role in TLT formation, (37, 38) but in the stomach Th1 dependent formation of
follicles was reported (39). In contrast to these previous reports, we did not detect
upregulation of IL-17 in the retinal TLT of R161H mice. The chemokine CXCL13 is
important in cytokine production by effector T cells, and CXCL13 expression was clearly
detectable in the retinal TLT as shown in Fig. 6. However, we did not detect upregulation of
other chemokines, such as CCL19 or CCL21, which also orchestrate cell migration in
lymphoid tissue.

We believe that formation of these structures is driven at least in part by chronic antigenic
stimulation within the retina. Previous studies from others, demonstrated at the functional
level, that retinal antigen presentation and retina-specific T cell activation, and even priming
of previously naive T cells does occur in the living eye (40-43). In fact, numerous studies
indicate that antigen recognition within the retina by infiltrating uveitogenic T cells is a
prerequisite for initiation of the inflammatory cascade and induction of uveitis (40-42, 44).
An important finding of this work is, therefore, the demonstration that immune signaling in
fact occurs in the retina within the retinal TLT, as evidenced by phosphorylation of Zap70 in
IRBP-specific T cells found in close association with CD11c* (antigen-presenting) cells.
Our data do not reveal whether these are naive IRBP specific T cells encountering antigen
for the first time, or whether these are T cells previously primed in the periphery on
environmental cross-reactive antigens that are re-encountering their antigen within the retina
(45).

Irrespective of whether these are naive or memory T cells, the TLT in the retina can serve as
a source of antigen specific T cells, which can be activated (or re-activated) and proliferate
in these structures, as evidenced by co-staining for Ki67. Alternatively, the retinal
aggregates might serve to localize and sequester the antigen-specific T cells in the retina,
potentially providing an explanation as to why eyes containing the retinal aggregates
initially have a lower disease score and slower deterioration of visual function than eyes
devoid of these structures. However, as these aggregates grow and develop over time and
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show evidence of plasma cell accumulation, they can become a significant source of
autoantibody production. Our earlier data showed that antibodies contribute to the severity
of EAU (46) and there is evidence that in human uveitis, B cells may also play a pathogenic
role (47-49). It is therefore tempting to speculate that this could be one of the factors that
contribute to a higher level of serum antibodies and to increased loss of visual function in
mice with well-developed TLT in the eye. Notably, even though we detected regulatory T
cells within the TLT, it is unclear to what extent these T cells are functional and whether
they, at least initially, limit disease severity. This question warrants further exploration.

Taken together, our data suggest that the retinal lymphoid aggregates in R161H retina are
functional TLT structures which allow T cells, B cells and antigen presenting cells to
interact in a highly organized manner on a matrix made up of stromal cells and are a local
source for immune cell activation. Although lymphoid-like infiltration in human eyes with
chronic uveitis have been reported, (19, 50) it is not clear at this point whether this
represents true TLT, as inflamed retinal tissue cannot be easily obtained from patients for
extensive analysis, such as was performed in this study. Our data point to the possibility that
immunologically active TLT can form in the eye, which can have implications on clinical
aspects of the disease. Our transgenic mouse model (R161H) allows greater study of retinal
tertiary lymphoid tissue manifestation under chronic ocular inflammation and the potential
mechanisms that drive its formation.
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Figure 1. Representative H&E images of retinal lymphoid aggregates in R161H mice
A-B. Normal retina without lymphoid aggregates or inflammation under low magnification

(20x) in (A) and under high magnification (40x) in (B). C-D. R161H retina without
lymphoid aggregates at low magnification in ¢ and under high magnification in (D). There is
significant disruption of the retinal layers due to inflammation. E, G. Representative images
of lymphoid aggregates in R161H retina under low magnification (20x). Black arrows
denote a retinal lymphoid aggregate. F&H. High magnification (40x) images of the retinal
aggregates shown under low magnification as shown in (E, G). Note that the lymphoid
aggregates vary in size and shape and are present in both the retina and choroid. 1. Clinical
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scores based on fundus examination over the course of 15 weeks between R161H mice with
retinal tertiary lymphoid tissue (TLT) and without retinal TLT (n=10 mice per group). The
mice with retinal lymphoid aggregates have a statistically significant lower clinical score
(*p<0.05) compared to mice absent of these structures beginning at 12 weeks of age and
even persists at 15 weeks of age. J. Histology scores of mice with retinal TLT aggregates
and with non-retinal TLT aggregates between 8-16 weeks of age (n=20 mice per group).
There is a statistically significant difference (*p<0.007) in disease score between the two
groups based on retinal histology. P values were determined using paired Student’s t test.
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Initial

Figure 2. Fundus images showing retinal lymphoid aggregates in R161H mice and retinal
vascular leakage around the lymphoid aggregates

A. Fundus of a normal mouse. B, C. Fluorescein angiography showing no retinal vascular
leakage in a normal B10.RI111 wild type mouse. D. Fundus of a R161H mouse without
lymphoid aggregates. The fundus shows inflammation throughout the retina. E&F. Shows
diffuse retinal vascular leakage throughout the retina. G&J. Fundus images of R161H mice
with distinct retinal lymphoid aggregates. White arrows depict retinal lymphoid aggregates.
H, I, K, L. Indicates vascular leakage surrounding the lymphoid aggregates. Angiography
was repeated three times on three different mice from each group with consistent results.
Initial images (B, E, H, K) were taken immediately after fluorescein injection and then 1
minute later (C, F, I, L) to show vascular leakage accumulation.

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



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kielczewski et al.

Page 18

Figure 3. Retinal lymphoid aggregates are composed of proliferating B cells and CD4™ T cells
and contain IRBP-specific T cells

A-J. Examples of retinal lymphoid aggregates in two different R161H mice at high
magnification (40x). B, G. Significant staining for the B cell marker B220 (green). C, H.
Abundant CD4* T cell staining (magenta). D, I. Depicts a small population of CD8" T cells
(red). K-O. Both B and T cells undergo cellular proliferation in the retinal aggregates as
shown with Ki-67 (red) in (N) high magnification (40x). O. White arrows denote B220*/
Ki-67* B cells and yellow arrows show CD4*/Ki-67* T cells. P-T. Shows the presence
(white arrows) of R161TCR*/CD4*/CD3* cells expressing the T cell receptor specific for
IRBP in the retinal lymphoid aggregates under high magnification (63x).

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



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kielczewski et al. Page 19

Merged
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Figure 4. Retinal lymphoid aggregates stain positive for germinal markers PNA and GL-7 and
low for IgD expression

A-P. Retinal lymphoid aggregates. A-D. Retinal lymphoid aggregates with a distinct B cell
zone area (B220 shown in green) and staining positive for the germinal center marker PNA
(red) as shown in (C) under low magnification (20x). E-H. Retinal aggregates stain positive
for GL-7 (green) and PNA (red) under low magnification (20x). I-L. Depicts the presence
of GL-7*/B220* cells in the retinal aggregates under high magnification (40x). White
arrows shown in L denote GL-7*/B220* cells. M-P. lllustrates low IgD (red) expression in
the retinal lymphoid aggregates under high magnification (40x).

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



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kielczewski et al.

Page 20

A p——

B RI61H Retinal TLT
P < : I immunized Lymph Node

Relative Fold Change to R161H Non-Retinal TLT Control
Bl
(SR
CXCR4
[
Fe
ats
Shad
Tox21
[
Bel

Figure 5. Retinal lymphoid aggregates have elevated expression of T-follicular helper genes by
PCR analysis and immunohistochemical staining

A. Retinal lymphoid aggregates were isolated using laser capture microdissection (LCM). A
total of five pooled R161H mice with distinct retinal TLT aggregates were analyzed and
compared to R161H retina absent of retinal TLT aggregates. The positive control was true
lymphoid follicles isolated from immunized lymph node from EAU mice. Gene arrays were
repeated three times with consistent results. There was a statistically significant upregulation
(*p<0.05) of CXCL13, CXCR5, Gata-3, IL-6 and Bcl-6 in the R161H retinal TLT compared
to the R161H non-retinal TLT control retina. B. Immunohistochemical staining of retinal
lymphoid aggregate for Gata-3 (red) B220 (green) CD4 T cell marker (magenta) and DAPI
(blue) under high magnification (40x). C. Immunohistochemical staining of retinal
lymphoid aggregate for Bcl-6 (red) B220 (green) CD4 T cell marker (magenta) and DAPI
(blue) under high magnification (40x). P values were determined using Student’s t test.
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Figure 6. Retinal lymphoid aggregates contain CXCR5*/CD4* T cells and highly express
CXCL13, the ligand for CXCR5

A-J. Represents CXCR5*/CD4* T cells are located in the retinal TLT under high
magnification (40x). White arrows represent CXCR5*/CD4* cells. K-O. Shows significant
CXCL13 (red) expression in the retinal TLT.
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Figure 7. Lymphatic vessels and high endothelial venules are present in the retinal TLT
A-O. A-E. Lyve-1 staining (red) showing lymphatic vessels (white arrows 40x), enlarged in

the inset (63x, panel D). F-J. PNAd staining (red), and K-O MAJCAM-1 staining (red)
showing HEVs (white arrows, 40x), enlarged in the inset (63x panels | and N). Note their
“plump” appearance, compared to panel D, typical of HEVs. Lymphocytes are present in
and around the HEVs (J, O). Each marker was visualized on separate sections of the same
TLT aggregate to avoid artifacts due to possible cross-reactivity between secondary
antibodies.
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Figure 8. Retinal TLT stains positive for the stromal cell marker CD35 and follicular dendritic
cell marker FDC-1, indicating the formation of organized networks within the retinal structures

A-J. Retinal TLT stained positive for CD35 (red). K-T. Retinal TLT stained for FDC-1
(red) under high magnification (40x).
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Figure 9. Presence of signaling through the IRBP specific T cell receptor in the immediate
vicinity of CD11c* dendritic cells in the retinal TLT

A-L. White arrows denote co-localization between CD11c* dendritic cells (green) and
CD4* T cells (magenta) specific for the T cell receptor for IRBP (gold) co-stained with
pZap70 (red), suggesting that immune cell signaling occurs within the retinal TLT under
high magnification (63x). M—R. Shows CD4* T cells (magenta) that are MHCII (I-A/I-E)
positive (red) are closely associated with CD11c™* cells (green) co-localized with CD80™*
(yellow), which is a co-stimulatory molecule needed for T cell activation under high
magnification (63x).
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Figure 10. Retinal lymphoid aggregates contain CD138%/B220* plasma cells and mice with
retinal TLT have elevated serum antibodies to peptide 161-180 of the IRBP protein

A-J. CD138" cells (red) in well-defined retinal TLT under high magnification (40x). White
arrows represent CD138*/B220™" cells under 40x magnification. K. ELISA analysis of serum
auto-antibodies specific to the IRBP peptide 161-180 from R161H mice with and without
retinal TLT structures. The positive control is wild-type B10.RIIl mice immunized with the
IRBP peptide 161-180. There is a significantly higher serum concentration of IRBP specific
auto-antibodies in the mice with retinal TLT aggregates compared to mice without retinal
TLT aggregates (*p<0.05). ELISA was repeated three times on five different mice from
each group with consistent results. P values were determined using Student’s t test.
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Figure 11. R161H Mice with early retinal TLT have a higher ERG response than R161H mice
lacking TLT, but this advantage is lost in eyes with progressive late-stage TLT

R161H mice at 7-8 weeks of age and mice at 10-11 weeks of age were tested for visual
function by ERG. A. There was no significant difference between R161H mice with early

and late-stage retinal lymphoid aggregates for the dark b-wave ERG. B. There was a

statistically significant higher light b-wave (*p<0.05) ERG response of R161H mice with
early developing retinal TLT compared with the control R161H mice lacking retinal TLT
structures or with late-stage retinal TLT. C. There was a statistically significant higher dark
a-wave ERG response in R161H mice with early TLT aggregates (*p<0.05) compared to
R161H mice lacking retinal TLT or with late-stage retinal TLT. ERG was repeated three
times on at least five different mice from each group with reproducible results. P values

were determined using one-way ANOVA.
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