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Abstract

While the eye is considered an immune privileged site, its privilege is abrogated
when immune cells are recruited from the surrounding vasculature in response
to trauma, infection, aging, and autoimmune diseases like uveitis. Here, we
investigate whether in uveitis immune cells become associated with the lens cap-
sule and compromise its privilege in studies of C57BL/6J mice with experimental
autoimmune uveitis. These studies show that at D14, the peak of uveitis in these
mice, T cells, macrophages, and Ly6G/Ly6C+ immune cells associate with the
lens basement membrane capsule, burrow into the capsule matrix, and remain
integrated with the capsule as immune resolution is occurring at D26. 3D surface
rendering image analytics of confocal z-stacks and scanning electron microscopy
imaging of the lens surface show the degradation of the lens capsule as these lens-
associated immune cells integrate with and invade the lens capsule, with a subset
infiltrating both epithelial and fiber cell regions of lens tissue, abrogating its im-
mune privilege. Those immune cells that remain on the surface often become en-
twined with a fibrillar net-like structure. Immune cell invasion of the lens capsule
in uveitis has not been described previously and may play a role in induction of
lens and other eye pathologies associated with autoimmunity.
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1 | INTRODUCTION

The avascular properties of tissues in the central light
path of the eye, like the lens, create an ocular environ-
ment long classified as immune privileged.' This privilege
is abrogated in autoimmune diseases such as uveitis and
diabetes, and can lead to blindness.? Uveitis often occurs
following injuries to or infections of the eye® and is also
a consequence of autoimmune or other inflammatory
disorders that occur outside of the eye, such as spondy-
1oarthropathies.4‘6 In uveitis, an inflammatory intraocular
disease with an adaptive immune component,” immune
cells populate many different regions of the eye where
inflammation results in destructive effects.>”~° The most
common type is anterior uveitis, with other forms classi-
fied as intermediate (primarily vitreous), posterior (retina
and choroid), and panuveitis (across many regions of the
eye).w’12 When untreated, uveitis can result in the scar-
ring, swelling or detachment of the retina, damage to the
optic nerve, and glaucoma, as well as lens cataract.>1>13
Uveitis is also clinically linked to many post-cataract sur-
gery complications, including the lens fibrotic disease
Posterior Capsule Opacification (PCO), glaucoma, macu-
lar edema, and retinal detachments.'* '8

The aqueous and vitreous humors, both compartments
in which inflammatory cells are prominent in uveitis,
are in direct contact with the lens. The aqueous humor, a
proteinaceous fluid whose composition is similar to that
of arterial plasma, occupies the anterior chamber of the
eye.'”?' The vitreous humor is a gel-like, extracellular
matrix-rich substance that occupies the posterior cham-
ber in the space between the lens and the retina.***
Autoimmune diseases like uveitis and diabetes have long
been associated with the development of eye pathologies
that include lens cataracts."* However, the possibility that
the immune cells present in the environment of the lens
could invade the lens capsule in these and other inflam-
matory conditions had not been previously considered.
The lack of previous studies has stemmed from the fact
that the lens is an avascular tissue and the belief that its
basement membrane capsule provides a barrier to im-
mune cells that confers the lens with immune privilege.

The finding that immune cells become associated
with and then invade the superficial surface of the lens
basement membrane capsule within one day post-cornea
wounding injury?* raised the possibility that inflamma-
tory cells in the environment of the lens in autoimmune
diseases like uveitis can also associate with this tissue.
In the corneal wounding scenario, the lens-associated
immune cells travel from the vascular-rich ciliary body
along the avascular zonule fibrils that anatomically link
these two tissues, from where they then associate with the
equatorial and anterior surfaces of the lens.” The subset

of immune cells that migrate along the lens capsule sur-
face in response to corneal injury include macrophages/
monocytes and neutrophils. In a longer-term study with a
lens conditional N-cadherin knockout mouse (N-cad*'°™),
in which the absence of N-cadherin results in fiber cell
degeneration and cataract-like opacities, it was discovered
that an adaptive immune response is induced in which
macrophages, B cells and T cells populate the lens.* These
immune cells, which access the lens across an intact lens
capsule, were found to be highly susceptible to acquiring
a myofibroblast phenotype and were linked to the accu-
mulation of collagen I in the region of lens fiber cell deg-
radation that they populate.”> The development of this
immune cell-linked fibrosis is likely responsible for the
observed lens opacities in this knockout mouse.

There is a high incidence of lens opacities in patients
with uveitis, including cortical, nuclear and posterior sub-
capsular cataracts.'*?***® While the mechanism by which
this inflammatory disease leads to cataract is not known,
the potential of an immune cell-driven mechanism could
explain why cataracts often develop in patients with uve-
itis and diabetes. The clinical link between uveitis and
cataract, together with our finding that immune cells as-
sociate with the lens capsule in response to ocular trauma,
raised the possibility that immune cells are targeted to the
lens capsule in uveitis and that they can infiltrate the lens.

In this study we have investigated whether the in-
flammation seen in uveitis leads to the association of im-
mune cells with the lens capsule using a well-established
autoimmune disease model, experimental autoimmune
uveitis (EAU).?’ This induced autoimmune disease re-
sults from subcutaneous immunization of C57BL/6J
mice in their thighs and at the base of their tails with
a uveitogenic epitope of the interphotoreceptor retinoid
binding protein (hIRBP651-670).° The neural retina,
normally protected by the blood-retinal barrier,** is
targeted in EAU, with histopathological scoring of uve-
itis based on the extent of immune cell infiltration of the
retina and the level of retinal damage.29 EAU disrupts
the cytoarchitecture of the retina with varying degrees
of impact on the photoreceptor layer. In addition to this
region of significant impact in the posterior chamber of
the eye, EAU also causes inflammation in the anterior
chamber, including immune cell infiltration of the cili-
ary body and the iris.** While cataract is reported among
the ocular outcomes of uveitis, including in susceptible
mouse models of EAU,* there is little understanding
of the mechanisms that lead to lens pathologies in uve-
itis, including whether the lens is affected by immune
cells directly or by the cytokines that they secrete. Our
approach, which uses both high-resolution confocal
microscopy and scanning electron microscopy (SEM)
analyses, revealed that the inflammation that occurs in



DEDREU ET AL.

3 0f 20

the eyes of mice with EAU results in immune cells be-
coming closely linked to all surfaces of the lens capsule;
anterior, equatorial, and posterior. The integration of
immune cells with the lens capsule is maintained even
after uveitic disease has peaked and inflammation be-
gins to resolve. Many of the immune cells that associate
with the surface of the lens in uveitis burrow within the
lens capsule matrix and invade through it, with some
infiltrating lens tissue, providing a possible explanation
for inflammatory-mediated lens pathologies.

2 | MATERIALS AND METHODS

2.1 | Animals

Animal studies performed were approved by both George
Washington University's Medical Center Institutional
Animal Care and Use Committee (IACUC) and Thomas
Jefferson University's IACUC. The investigations com-
ply with all relevant guidelines. The animal studies also
comply with the Association for Research in Vision and
Ophthalmology Statement for the Use of Animals in
Ophthalmic and Vision Research. All studies were per-
formed with C57BL/6J mice (Jax Labs).

2.2 | Induction of EAU, disease
scoring, and numbers of animals
for analysis

Induction of EAU by active immunization was per-
formed as described previously.® Briefly, C57BL/6J
mice (Jax Labs) were immunized subcutane-
ously with 150 mg IRBP651-670 peptide (sequence
LAQGAYRTAVDLESLASQLT), that was emulsified in
an equal volume of Complete Freund's Adjuvant contain-
ing 2.5 mg/ml M. tuberculosis. These mice also received
an intraperitoneal injection of 1.0 mg Bordetella pertussis
toxin (Sigma-Aldrich, St. Louis, MO) on the day of immu-
nization as reported previously.* Clinical EAU evaluation
was performed by fundus examination using a scale of 0-4
that is based on the severity of inflammation.**® Clinical
scoring for these studies was performed at days 10, 12, 14,
and 17 after disease was initiated (Figure S1). Consistent
with previous findings,**” disease severity peaked at D14.
A minimum of three mice were used for each day post-
induction of uveitis examined—D14, D19 and D26. One
eye per mouse was used for immunofluorescent/confocal
analysis, the other for SEM analysis. For the immunolo-
calization/confocal imaging studies whole eyes were enu-
cleated and prepared for cryosectioning; for SEM analysis
lenses were isolated from the enucleated eyes.

FASE‘BJOURNAL

2.3 | Immunofluorescence

Immunolabeling studies were performed as described
previously.** Briefly, whole mouse eyes removed im-
mediately following euthanasia were fixed overnight
at 4°C in 3.7% paraformaldehyde, washed in PBS, cryo-
protected (30% sucrose in DPBS [2.7 mM KCIl, 1.5 mM
KH,PO,, 137.9 mM NaCl, 8.1 mM Na,HPO,-7H,0,
Corning]), frozen in Polyfreeze Tissue Freezing Media
Red (Polyscience #25115) and cryosectioned using a
Microm HM 550 Cryostat to produce 20 um thick cryo-
sections. Whole eye cryosections were permeabilized
(0.5% Triton X100 in DPBS) for 1 h and incubated in
block buffer (5% goat/donkey serum, 3% bovine serum
albumin (BSA) in 0.5% Triton X-100-containing DPBS)
for 2 h prior to overnight incubation at 37°C with pri-
mary antibody diluted in block buffer. Primary antibod-
ies used in these studies included CD45 488 (Biolegend,
103122), CD45 594 (Biolegend, 103144), CD68 488
(Biolegend, 137012), GR1 594 (Ly-6G/Ly-6C, Biolegend,
108448), microfibril associated protein-1 (MAGPI;
Santa Cruz, sc-50084), Perlecan (Santa Cruz, sc-33707),
and TER-119 (Biolegend, 116218). Following washing,
the sections were incubated for 1 h with an appropri-
ate fluorescent-tagged secondary antibody (Jackson
ImmunoResearch Laboratories) diluted in block buffer
that included Alexa Fluor 488 donkey anti-goat #705-
545-147, Alexa Fluor donkey anti-rat #712-545-153,
Alexa Fluor 594 donkey anti-rat #712-585-153, and
Alexa Fluor 594 goat anti-rat #112-585-167. F-actin
was labeled with either Alexa Fluor 647 phalloidin
(A22287, Invitrogen) or Alexa Fluor 594 phalloidin
(A12381, Invitrogen), and nuclei labeled with DAPI
(Biolegend, 422801) during the incubation with sec-
ondary antibody. The immunolabeled whole eye sec-
tions were mounted using ProLong Diamond Antifade
Mountant (Invitrogen, P36970) and coverslipped with
Fisher Scientific's Premium Cover Glass.

2.4 | Confocal image analysis
Fluorescent-labeled whole eye sections were imaged with
the Zeiss LSM800 confocal microscope system which in-
cludes a 3PMT System, an URGB laser module with 4 laser
Lines: 405, 488, 561, and 640, and a Zeiss Axio Imager Z2
microscope with a motorized XY scanning stage. Images
were acquired in different regions of the eye with the Zeiss
Plan-Apochromat 40x/1.3 Oil DIC M27 (WD = 0.20 mm)
UV-IR objective. The Zeiss confocal operates with Zen
software. Confocal z-stacks were acquired with the Zeiss
40x Plan-Apochromat objective, consisting of single opti-
cal slices of 0.5 um.
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2.5 | Imaris 3D surface rendering
image analytics

Imaris 3D surface rendering software is a voxel-based tech-
nique that avoids visual artifacts by using the hierarchical
Vector-to-Closest-Point (VCP) representation, which im-
proves surface approximation quality of grid-based repre-
sentations.*® Imaris 3D rendering was applied directly to
the high-resolution z-stacks at the magnification that they
were acquired as described previously.*® The automatic
algorithm is used as default with the shortest distance cal-
culation checked. These studies used the Imaris default
smoothing factor, which doubles the voxel size, and the
number of voxels Img = 1 default filter, after which step
the algorithm is complete. The completed 3D surface ren-
dering is accurate at arbitrary zoom-ins from a VCP grid,
making it possible to zoom in without losing resolution.
Therefore, Imaris creates the 3D surface structure at the
magnification that the image was acquired, with voxel
technology making it possible to enlarge the created sur-
face rendering to view at higher zooms without compro-
mising the original created 3D surface structure image.

2.6 | Scanning electron microscopy

For SEM analysis lenses were isolated from the eyes of
normal mice and mice with EAU and the vitreous gently
removed from the lenses prior to fixation in sodium caco-
dylate buffer containing 2.5% of glutaraldehyde and 1%
of paraformaldehyde. Three control and 6 uveitic lenses
were used per time point analyzed. The samples were
rinsed and then postfixed in 1% osmium tetroxide. Serial
dehydration in ethyl alcohol was followed by critical point
drying (Autosamdri-931, Tousimis, Rockville, MD, USA).
A thin layer of gold was sputtered onto the surface of the
samples (Cressington 208HR, Ted Pella Inc, Redding, CA,
USA) before imaging them in the FEI Teneo LV Scanning
Electron Microscope (Thermo Fisher, Hillsboro, OR,
USA). Imaging conditions were 2.0 KV with a working
distance of 8.7 mm using the Everhart Thornley detector.

3 | RESULTS

3.1 | Immune cell distribution in regions
of the eye surrounding the lens in the EAU
model

The distribution ofimmune cells in the microenvironments
surrounding the lens was examined by high-resolution
confocal microscopy imaging at D14, D19, and D26 post-
immunization of C57BL/6]J mice with the uveitogenic

hIRBP651-670 epitope. In this uveitis model, disease peaks
at D14 with immune resolution in progress by D26.%%*74
The evaluation of disease severity post-induction of EAU
by fundus examination as used in our study showed D14
as the height of posterior eye disease (Figure S1). Whole
eye cryosections were immunolabeled for the common
immune cell antigens CD45 or 2 integrin. CD45 is a trans-
membrane receptor-like protein-tyrosine phosphatase and
one of the most abundant immune cell surface proteins.*
B2 integrin/CD18 is an immune cell-specific integrin that
mediates immune cell migration and infiltration of tis-
sues.*? In order to examine immune cell association with
the ciliary zonules, the zonule fibrils were immunolabeled
for MAGPI1, an extracellular matrix protein that binds to
fibrillin, the backbone of the zonule fibrils.* The sections
were also labeled for F-actin and nuclei. Confocal micros-
copy z-stacks were collected in the aqueous humor (an-
terior chamber of the eye), along the ciliary zonules (the
tendon-like fibrils that separate the anterior and posterior
chambers and link the lens at its equatorial plane to the cil-
iary body), and across the vitreous humor (posterior cham-
ber of the eye), as identified in the schematics (Figures 1,
D19 and S2-S4). Data for D19 are presented in Figure 1
both as single optical planes from the z-stack, and as 3D
surface structure renderings that were created from the
z-stacks using Imaris advanced image analysis software.
The results obtained at D19 are compared to those obtained
at D14 and D26 in Figures S2-S4.

While EAU is an autoimmune disease that targets the
neural retina, immune cells also populate the anterior seg-
ment, including the aqueous humor.* Immunolabeling
studies show the presence of CD45+ immune cells
throughout the aqueous humor at both D14 (Figure S2B)
and D19 (Figures 1B and S2C), with some immune cells
still detected in this region of the eye at D26 (Figure S2D).
3D surface renderings highlight the morphology of the
immune cells in the aqueous humor and their tendency
to aggregate in large clusters (Figures 1C and S2E-J). No
CD45+ immune cells were detected in the aqueous or vit-
reous humors of naive C57BL/6J mouse eyes (Figure S5).

The ciliary body is a vascularized region of the eye that,
together with the iris and choroid, comprise the uvea. The
non-pigmented ciliary epithelial cells that line the surface
of its ciliary processes secrete the aqueous humor® and
produce and maintain the ciliary zonule fibrils that link
the ciliary body to the lens,*® integrating with the lens cap-
sule.* Our previous studies show that immune cells travel
along these avascular fibrils to gain access to the lens.*
In the eyes of mice with EAU, CD45+ immune cells are
highly localized along the MAGP1-rich ciliary zonule fi-
brils at all timepoints examined, D14 (Figure S2L,0), D19
(Figures 1E,F and S2M,P) and D26 (Figure S2N,Q). 3D sur-
face renderings of a selected region of the zonules (inserts,
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Inflammatory cells populate the environments surrounding the lens in EAU. Whole eye cryosections at D19 post-induction

of uveitis were imaged by confocal microscopy following immunolabeling immune cells for CD45 or 2 integrin. Sections were co-labeled
for nuclei and F-actin and ciliary zonules detected by labeling for MAGP1. Z-stacks were collected in the regions of the eye indicated in the
diagrams including the aqueous humor (A-C), the ciliary zonules (D-F), the vitreous humor just beneath the zonules (G-I), a region of the
vitreous mid-way between the zonules and the posterior-most aspect of the eye, and the posterior vitreous humor just adjacent to the retina
(M-0). Images are shown as both a single 0.5 um optical plane (B, E, H, K, and N) and the respective 3D surface renderings (C, F, I, L, and
0). CD45 was rendered transparent in the inset in (C). The inset in E is a 3D surface structure of the region noted by an asterisk, which is
shown zoomed-in with perlecan rendered transparent in F. CB, ciliary body; CZ, ciliary zonules. Mag bar 20 um (B, C, E, H, I, K, L, N, and

0), 5 um (E insert, F), and 2 um (C insert). The data presented represents at least 3 independent studies

Figures 1E and S2L-N), which are also zoomed in with
MAGP1 rendered transparent (Figures 1F and S20-Q),
reveal the close association between these immune cells
and the ciliary zonule fibrils. The density of immune cells
associated with zonule fibrils in uveitis is much greater
than has been observed in normal mouse eyes or in the re-
sponse to corneal wounding.** These findings suggest that
immune cells traveling across the ciliary zonules from the
ciliary body are a principal source of immune cells that be-
come associated with the equatorial lens capsule in EAU.
It has been shown that there is a high concentration
of immune cells in the vitreous humor of mice with EAU,
especially in the area juxtaposed to the inner limiting
membrane of the retina.***"*® In this study, we performed
confocal imaging of immune cells in mice with EAU in
three distinct regions of the vitreous with relevance to the
lens at D14 (Figures S3 and S4), D19 (Figures 1G-0 and S3,
S4), and D26 (Figures S3 and S4) including: (1) just below
the zonule fibrils where the lens and retina are closely

apposed (Figures 1H,I and S3B-G); (2) the region just pos-
terior to that imaged in (1) (Figures 1K,L and S3I-N); and
(3) the most posterior region of the vitreous (Figures 1N,O
and S4B-G). As expected, there were high concentrations
of immune cells throughout the vitreous at days 14 and 19,
often present in clusters, with immune cell prevalence in
this region of the eye appearing lower by D26.

3.2 | Inflammation associated with
uveitis leads to immune cells closely
associating with the lens capsule

While many studies have investigated the infiltration of
the neural retina by immune cells in the eyes of mice with
EAU,*”* the impact of autoimmune inflammation on
the lens, including whether lens immune privilege is ab-
rogated, had not been previously assessed. We performed
high resolution confocal microscopy imaging for immune
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cells along 5 distinct regions of the lens capsule in whole
eye cryosections at D14, D19, and D26 following labeling
for CD45, F-actin and nuclei (Figure 2). Single optical
planes are presented of confocal z-stacks acquired along
(1) the anterior lens capsule where it faces the aqueous
humor (Figure 2A-D), (2) the lens capsule at the border of
its anterior and equatorial aspects (Figure 2E-H), (3) the
lens equatorial capsule where it links to the ciliary zonules
(Figure 2I-L), (4) the lens capsule at the border between
its equatorial and posterior aspects (Figure 2M-P), and
(5) the posterior lens capsule where it faces the vitreous
humor (Figure 2Q-T).

We discovered that by D14, the height of uveitis, many
immune cells had adhered to the lens capsule, most highly
along its equatorial and posterior surfaces (Figure 2J,N,R).
Quantification of these immunolocalization results, count-
ing only those CD45+ cells that are in direct contact with
the capsule surface, confirmed that at D14 there are signifi-
cantly lower levels of immune cells associated with the an-
terior lens capsule than the posterior capsule (Figure 3B).
This quantitative analysis provided the number of immune
cells associated with the anterior, equatorial and posterior
regions of the lens capsule relative to the immune cell bur-
den in the aqueous and vitreous humors, providing an an-
atomical distribution of immune cells. Application of this
quantitative approach to each time point in this study, D14,
D19 and D26 after induction of EAU, showed that disease
severity peaked at D14, consistent with fundus examination
scores (Figure S1). At D14, there were fewer immune cells
in the aqueous humor, as well as along the anterior and
equatorial lens capsule surfaces, than were present along
the surface of the posterior lens capsule and in the vitreous
(Figure 3B). This finding is consistent with previous stud-
ies with this uveitis model that show the immune response
begins in the retina and that disease severity peaks at this
time.*** By D19, immunolocalization analyses showed
that the association of immune cells with the different re-
gions of the lens capsule no longer suggested a posterior
bias (Figure 2C,G,K,0,S), with quantification confirming
that there were no significant differences in the number
of immune cells between these sites (Figure 3C). The sim-
ilarly high levels of immune cells along all regions of the
lens capsule at D19 was consistent with increases in the
number of immune cells populating the aqueous humor
relative to the vitreous (Figure 3C). At D26 post-induction
of EAU, when both inflammation and disease severity is
known to be resolving,™*”* immune cell prevalence is
reduced with the vitreous retaining higher levels of im-
mune cells than in the other regions assessed (Figure 3D).
However, at D26 immune cells remained closely associated
with the lens capsule (Figure 2D,H,L,P,T), and were pres-
ent at similar levels along all regions of the lens capsule
surface (Figure 3D). These results were unexpected and

suggested that inflammatory cells of uveitic eyes can es-
tablish long-lasting, stable linkages with the lens capsule.
No CD45+ immune cells were detected along the lens cap-
sule of naive C57BL/6J mice (Figure S6Aa-c), as we have
shown previously in our studies of normal BALB/c mice.*

3.3 | Inflammation associated with
EAU leads to association of T-cells,
macrophages, and neutrophils with the
lens capsule

While EAU is an induced T cell-mediated autoimmune
disease,”® neutrophils are also reported to infiltrate the
retina,*’ and myeloid-derived suppressor cells (MDSC) to
have an immunosuppressive role.” Therefore, we investi-
gated the subset of immune cells that become linked to the
lens capsule in the eyes of mice with EAU using antibodies
to immune cell type-specific antigens at D14 (Figure S7),
D19 (Figure 4), and D26 (Figure S8). For these studies,
whole eye cryosections were immunolabelled using anti-
bodies to the T cell antigen CD3 (Figures 4A,D,G, S7A,D,G
and S8A,D,G), the macrophage/monocyte surface protein
CDe68 (Figures 4B,E,H, S7B,E,H and S8B,E,H), or the
GR-1 antibody which recognizes the myeloid differentia-
tion antigens LY6G/LY6C expressed on neutrophils and
MDSC cells (Figures 4C,F.,I, S7C,F,I and S8C,F.I). The sec-
tions were co-labeled for F-actin and nuclei. High resolu-
tion confocal images were acquired along the anterior lens
capsule (Figures 4A-C, S7A-C and S8A-C), the equatorial
lens capsule (Figures 4D-F, S7D-F and S8D-F) and the
posterior lens capsule (Figures 4G-1, S7G-I and S8G-I).
The results show a very high association of T-cells with
the lens capsule, as well as a significant presence of both
CD68+ and GR1+ immune cells. CD3+, CD68+, and
GR1+ cells were linked to the lens capsule at the peak of
uveitis (D14) and remained associated with the lens after
resolution had begun (D26).

3.4 | Immune cells integrate with and
invade the anterior lens capsule in uveitis

In our studies of the basement membrane capsule that
surrounds the lens, perlecan has stood out as one if it's
principal components.*® As those studies showed a signifi-
cant presence of perlecan in the outer depths of the lens
capsule that extended to its superficial surfaces, we inves-
tigated the association and invasion of the lens capsule by
immune cells in uveitic eyes by co-immunolabeling for
CD45 and perlecan. As control for this study, cryosections
of naive C57BL/6] mice eyes (schematic, Figure 5Aa)
were immunolabeled for perlecan, co-labeled for nuclei,
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FIGURE 2 Immune cells become linked to the lens capsule in uveitic eyes. Whole eye cryosections from mice with EAU were co-
labeled at D14, D19, and D26 for CD45 (green), F-actin (white) and nuclei (blue), and imaged by high resolution confocal microscopy.
Z-stacks were collected in the following regions of the eye, as indicated in the diagrams: the anterior surface of the lens (A-D), the upper
region of the lens equator at its border with the lens anterior zone (E-H), the lens equator (I-L), the lower region of the lens equator at its
border with the lens posterior surface (M-P), and the posterior surface of the lens (Q-T). Red dotted lines identify the superficial surface of
the lens basement membrane capsule (LC). CD45+ immune cells were detected along all surfaces of the lens capsule at D14, D19, and D26
post-induction of uveitis. CB, ciliary body. Mag bar 20 um. The data presented represents at least 3 independent studies
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FIGURE 3 Quantification of the relative distribution of immune cells in different regions of uveitic eyes. Immune cell presence was
quantified as indicated in the diagram (A) for the aqueous humor, the anterior, equatorial and posterior surfaces of the lens capsule, and the
vitreous and compared at D14 (B), D19 (C), and D26 (D) post-induction of EAU. *p < .02, **p < .005, ***p < .001

Equatorial Region
CD3/Actin

Anterior Region

CD3/Actin

Posterior Region

D19 Uveitis

FIGURE 4 T cells, macrophages and Ly6G/Ly6C+ immune cells become associated with the lens surface in the eyes of mice with
EAU. Whole eye cryosections from mice with EAU at D19 were immunolabeled for the T-cell antigen CD3 (A, D, and G), the macrophage
antigen CD68 (B, E, and H), or the Ly6G/Ly6C antigen (GR-1) expressed by leukocytes and myeloid-derived suppressor cells (C, F, and I)
and co-labeled for F-actin and nuclei. Single optical planes (0.5 pm) from confocal z-stacks acquired along the lens anterior, equatorial and
posterior capsules show that T cells, macrophages and Ly6G/Ly6C+ immune cells associate with the lens capsule in uveitic eyes. White
dotted lines identify the superficial surface of the lens basement membrane capsule (LC). Mag bar 20 pm. The data presented represents at

least 3 independent studies

and imaged by confocal microscopy. Both a single opti-
cal plane of 0.5 um (Figure 5Ba) and a 3D volumetric sur-
face rendering (Figure 5Bb) are presented of a confocal
z-stack acquired along the anterior capsule where it in-
terfaces with the aqueous humor in these normal mice.
The 3D image is rotated to visualize the anterior capsule’s
superficial surface face on, showing that it is relatively
smooth, lacking pits or holes. This study also shows that
the preparation of whole eye cryosections maintains the
normal properties of the lens capsule, with no evidence of
mechanical deformation.

The association of immune cells with the anterior lens
capsule in uveitic eyes was analyzed in whole eye cryosec-
tions from mice with EAU at D14, D19 and D26 following

co-labeling for perlecan, CD45 and nuclei (Figure 5).
Confocal z-stacks were acquired at the interface of the
anterior lens capsule and the aqueous humor. Single op-
tical planes (0.5 um) from the acquired z-stacks show
that immune cells become integrated with the anterior
lens capsule of uveitic eyes (Figure 5Ca,Da-c,Ea), some-
times moving completely across the capsule and position-
ing themselves amongst the cells of the lens epithelium
(Figure 5Ea, arrow). As they invade the basement mem-
brane of the anterior lens capsule they create pits and holes
in this perlecan-rich matrix, with the degradation of the
capsule emphasized in images with only the perlecan label
displayed (Figure 5Dc,Eb). The digestion of the lens cap-
sule by immune cells and the alterations of lens basement
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membrane structure were further analyzed by creating
3D surface structure renderings, both with all fluorescent
channels represented (CD45+ immune cells, perlecan and
nuclei, Figure 5Cb,Dd,f,gEc,e,f) and with the perlecan
channel alone (Figure 5Cc,De,Ed). The 3D renderings of
just perlecan revealed the structure of the pits and holes
in the anterior lens capsule in the spaces occupied by the

invading immune cells, with indentations in the superfi-
cial surface of the lens anterior capsule at D14 becoming
craters of significant size that envelop the immune cells by
D19 (Figure 5Dd,e). By D26 some regions of the perlecan
matrix have been completely digested away (Figure 5Ed).
A great advantage of the Imaris 3D rendering software
is its use of voxel technology, which makes it possible
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FIGURE 5

Immune cells induced in the eyes of mice with EAU become integrated with and migrate within the matrix of the anterior

lens basement membrane capsule. Confocal z-stacks of whole eye cryosections of normal (B) and uveitic eyes at D14 (C), D19 (D), and D26
(E), were acquired along the lens anterior capsule, as indicated in the schematic (Aa). Normal eyes were co-labeled for perlecan and nuclei,
uveitic eyes for CD45, perlecan and nuclei. Images are presented either as single 0.5 um optical planes (Ba; Ca; Da-c; Ea,b) or 3D surface
renderings (Bb; Cb,c; Dd-g; Ec-f) of the acquired z-stacks. The 3D surface renderings showing the integration of immune cells with the
lens capsule at D14 (Cb), D19 (Dd) and D26 (Ec) were also created for the perlecan label alone (Cc, De, Ed, respectively) to show the impact
of the immune cells on the degradation of the perlecan matrix. Zoomed-in views at D19 (Df) and D26 (Ee) are also shown with perlecan
rendered transparent (Dg and Ef), which reveals the highly migratory morphology of the CD45+ immune cells as they burrow within the
anterior lens capsule and the morphology and position of the CD45+ immune cells that have located within the lens capsule. The single
optical plane of a uveitic eye at D26 (Ea) shows regions of the perlecan matrix that have been removed by the immune cells (arrowheads),
and immune cells that have migrated across the lens capsule and come to reside amongst the cells of the lens anterior epithelium (arrow).
SEM images acquired along the anterior surface (schematic, Ab) of lenses isolated from uveitic eyes at D14 (Cd,e), D19 (Dh,i), and D26
(Eg,h) provide a unique view of the morphology of the immune cells associated with the anterior capsule and their movement within the
capsule matrix. Mag bars: 50 um (Eg), 20 um (Ba,b; Ca,d; Da,b,c,h; Ea,b,h), 10 um (Cb,c,e; Dd,e; Ec,d), 5 um (Di), 3 um (Ee,f), 2 um (Df,g).

The data presented represents at least 3 independent studies

to enlarge images without compromising the 3D image
created at the magnification at which the z-stack was ac-
quired.*® This technology provided the opportunity for a
close examination of the integration of immune cells with
the anterior lens capsule in uveitic eyes and to determine
their morphology as they invade within this matrix struc-
ture. This objective was accomplished by first zooming in
on the 3D surface structures (Figure 5Df,Ee), and then
rendering the perlecan label transparent (Figure 5Dg,Ef),
revealing the cells within the perlecan matrix. This an-
alytical approach showed that in uveitic eyes immune
cells are burrowed in just below the surface of the ante-
rior lens basement membrane capsule and that these cells
have a flattened morphology with lamellipodial leading
edges that are characteristic of migrating, invading cells.
Immune cells express integrins that give them the ability
to adhere to and migrate across the lens capsule including
the immune cell specific p2 integrins, a2f1 integrin, and
a6p1/a6p4 integrins, > as well as secrete proteases that
digest basement membrane proteins such as those that
comprise the lens capsule including matrix metallopro-
teinases (MMPs) and (:athepsin.53"56

Scanning EM studies of lenses isolated from uveitic
eyes at D14, D19, and D26 (schematic, Figure 5Ab) pro-
vide a unique view of the immune cells as they adhere to
and invade within the anterior surface of the lens capsule.
SEM performed at D14 shows that many of these immune
cells have extended dendritic-like processes along the
surface of the anterior lens capsule (Figure 5Cd), some
with the lamellipodia and trailing edges characteristic of
migratory cells (Figure 5Ce). The SEM images also re-
vealed pits or craters along the capsule surface that ap-
pear to represent areas where immune cells had begun to
integrate with the lens capsule and had either migrated
to another spot or been removed during sample prepa-
ration (Figure 5Cd). In addition, there were cells with a
dimpled appearance (Figure 5Ce), whose morphology is

suggestive of mouse erythroid cells. However, immunola-
beling of whole eye cryosections for the erythroid marker
TER-119 failed to demonstrate the presence of TER-119+
cells along the surface of the lens (Figure S6Ba). This
finding suggested that the dimpled cells are immune cells
actively burrowing into the capsule surface, a morphol-
ogy consistent with the 3D surface structure rendering
of a CD45+ immune cell at D14 shown in Figure 5Cb.
At D19, SEM imaging showed that many immune cells
appeared to become localized underneath the surface of
the anterior capsule (Figure 5Dh), while others remain-
ing closer to the capsule's superficial surface were covered
with a thin layer of matrix-like material and surrounded
by a cratered capsule surface (Figure 5Di). At D26, the
SEM images show that at the anterior capsule surface im-
mune cells were integrated within the capsule surface and
covered by a fibrillar, net-like substance (Figure 5Eg,h).
The area along the anterior capsule from which these
SEM images were obtained also are provided at low mag-
nifications alongside these higher magnification views in
Figures S9A,Ai,Aii,B,Bi,Bii (D14), S10A,Ai,B,Bi (D19),
and S11A,Ai (D26).

3.5 | Inuveitic eyes immune cells
invade the equatorial lens capsule just
adjacent to the ciliary zonules

The lens equatorial capsule is a unique matrix environ-
ment with two laminin/perlecan-rich basement mem-
brane lamella.”* The more prominent one is located
within the outer regions of the thick equatorial capsule
and is an integration site for the ciliary zonules.”*** As a
control for our studies of the association of immune cells
with the equatorial lens capsule in uveitic eyes, we exam-
ined the surface structure of this region of the capsule in
cryosections of naive C57BL/6J mouse eyes (schematic,
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Figure 6Aa), which were co-labeled for perlecan, the ciliary
zonule protein MAGP1, and nuclei. Confocal microscopy
z-stacks were collected, and the perlecan/nuclei labels are
shown together as both a single optical plane of 0.5 pm
(Figure 6Ba) and a 3D volumetric surface rendering that is
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Isolated Lens for SEM

SEM

rotated to view the equatorial capsule's superficial surface,
revealing a linear structural patterning on an otherwise
smooth external facing surface (Figure 6Bb). Including
the MAGP1 channel in this 3D surface rendering shows
the MAGP1+ zonule fibers extended anteriorly along the
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FIGURE 6 Immune cellsinduced in the eyes of mice with EAU rapidly become integrated with and migrate within the lens equatorial
capsule. Confocal z-stacks of whole eye cryosections of normal (B) and uveitic eyes at D14 (C), D19 (D), and D26 (E), were acquired at the
equatorial zone of the lens capsule, as indicated in the schematic (Aa). Normal eyes were co-labeled for perlecan, nuclei, and MAGP1,
uveitic eyes for CD45, perlecan and nuclei. Images are presented either as single 0.5 um optical planes (Ba; Ca; Da,b; Ea) or 3D surface
renderings (Bb,c; Cb-d; Dc-f; Eb-e) of the acquired z-stacks. The 3D surface renderings created to view immune cells association with the
lens capsule at D14 (Cb), D19 (Dc,e) and D26 (Eb,d) were also created for the perlecan label alone (Cd; Dd.f; Ec,e, respectively), revealing the
degradation and removal of the perlecan matrix by the immune cells as they invade the lens capsule over time. The zoomed-in view at D14
(Cb) is also shown with perlecan rendered transparent (Cc) to reveal this immune cell burrowing into the perlecan matrix. SEM images are
presented of ciliary zonules on the surface of the equatorial capsule of lenses (schematic, Ab) isolated from normal eyes (Bd,e), and of the
immune cells associated with the surface of the equatorial lens capsule at D14 (Ce,f), D19 (Dg,h), and D26 (Ef,g) post-induction of uveitis.
These images highlight the rounded morphology of the immune cells associated with the equatorial capsule and the fibrillar structures that
link them to the capsule surface. Mag bars: 40 um (Ce), 30 um (Cf), 20 um (Ba-e; Ca; Da-d; Dg; Ea—c; Eg; Eh), 5 pm (Dh), 3 um (Cb-d), 2 um
(De,f; Ed,e). The data presented represents at least 3 independent studies

surface of the lens from their site of contact and integration
at the lens equator (Figure 6Bc). SEM imaging of the equa-
torial surface of lenses from naive C57BL/6J mice details
the organization and distribution of the lens-associated
ciliary zonule fibrils and the absence of any immune cells
(Figure 6Bd,e), as shown in our previous findings.** In ad-
dition, the SEM imaging of naive C57BL/6J mice provide
evidence of the absence of pits and holes in the normal
capsule surface as well as the absence of any amorphous
material associated with the lens capsule.

Our studies above show that the ciliary zonules in the
eyes of mice with EAU are populated by many immune
cells from D14 through D26 (Figures 1E,F and S2L-Q),
and suggest that the zonule fibrils are a path for the im-
mune cells that come to associate with the surface of the
lens equatorial capsule (Figure 1E). To investigate the de-
gree of integration and stabilization of the immune cells
that locate to the lens equatorial capsule in uveitic eyes,
whole eye cryosections were co-labeled for CD45, per-
lecan, and nuclei, and confocal microscopy z-stacks ac-
quired of the region of the equatorial capsule juxtaposed
to the ciliary zonule fibrils. Single optical planes of the
z-stacks (0.5 um) at D14, D19 and D26 show that these
immune cells, most with a rounded morphology, are in-
tegrated with the surface of the perlecan-rich equatorial
basement membrane capsule by D14 (Figure 6Ca), and
that over time these immune cells cause significant deg-
radation of the perlecan matrix as they invade through
this region of the capsule (D19 and D26, Figure 6Da,b,Ea,
respectively). Zoomed in views of a 3D surface rendering
created of the immune cell that appears in the single op-
tical plane at D14 shows early stages in the integration of
these cells with the perlecan matrix at the lens equatorial
surface (Figure 6Cb). Rendering perlecan transparent in
this 3D image reveals the portion of this cell that is bur-
rowing within the lens capsule (Figure 6Cc). A further en-
largement of this same region for perlecan alone, created
without the immune cell channel, shows how the cell

has degraded the perlecan-rich capsule as it integrates
within it (Figure 6Cd). 3D surface renderings of whole
eye cryosections co-labeled for CD45, perlecan, and nu-
clei at D19 (Figure 6Dc) and D26 (Figure 6Eb) show that
many immune cells are still located near the lens capsule
equatorial surface, and retain their rounded morphology
while they degrade the perlecan matrix and invade into
the capsule. The impact of this invasion on the perlecan-
rich capsule is revealed when these 3D renderings are
created of the perlecan channel alone (Figure 6Dd,Ec).
These images show that the immune cells invading the
surface of the equatorial lens capsule create pits and holes
in the perlecan matrix, which are shown in detail with
zoomed in views in Figure 6De,f,Ed,e. While the integra-
tion of the immune cells with the equatorial surface of the
lens has similar impact on the capsule to those invading at
its anterior aspects, the morphology of these cells as they
invade the capsule matrix in these two regions of the lens
is distinct.

SEM images of the surface of lenses from mice with
EAU (schematic Figure 6Ab) confirm the rounded mor-
phology of the immune cells directly associated with the
surface of the equatorial lens capsule. At D14 these im-
mune cells were shown to be entwined with the ciliary
zonules that are located along the surface of the equato-
rial capsule (Figure 6Ce,f). By D19 many of the immune
cells are well-integrated within the surface of the capsule
matrix (Figure 6Dg), while others that remain along the
capsule surface are still associated with ciliary zonules
(Figure 6Dh). SEM images acquired at D26 show that by
this later stage in the eyes of mice with EAU many of the
immune cells exposed on the surface of the lens equatorial
capsule are covered with fibrillar-like nets (Figure 6Ef,g).
The area along the equatorial capsule from which these
SEM images were obtained are provided at low magni-
fication alongside these higher magnification views in
Figures S9C,Ci,D,Di,E,Ei (D14), S10C,Ci,D,Di,E,Ei (D19),
and S11B,Bi,C,Ci,D,Di,E,Ei (D26).
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3.6 | Immune cell interactions with the
vitreous-facing posterior lens capsule
in the eyes of mice with EAU

The primary inflammatory reaction in EAU occurs in
the posterior eye chamber with immune cells infiltrating
and causing damage to the retina.”****” Therefore, while
our results show that immune cells are also recruited to
the anterior and equatorial regions of the lens capsule in
EAU, their impact on the posterior capsule has particular
relevance to this model. Our control studies of the pos-
terior lens capsule where it interfaces with the vitreous
in whole eye cryosections (schematic, Figure 7Aa) from
naive C57BL/6J mice co-labeled for perlecan and nuclei
show that perlecan is a major component of this region of
the capsule (Figure 7Ba, single optical plane; Figures 7Bb,
3D volumetric surface rendering) and is not detected in
the adjacent vitreous. Rotation of the 3D image to view the
surface of the lens capsule face on, shows that the super-
ficial surface of the posterior capsule in naive mice is very
smooth with no evidence of pits or holes (Figure 7Bc).
Confocal z-stacks acquired in this region of the pos-
terior capsule in whole eye cryosections from mice with
EAU at D14, D19 and D26 co-immunolabeled for CD45,
perlecan, and nuclei are represented here as both
0.5 pm single optical planes (Figure 7Ca,Da,Ea) and 3D
surface renderings (Figure 7Cb-g,Db-g,Eb-e). Analysis
of uveitic eyes at D14 and D19 shows that the immune
cells associated with the posterior capsule are primar-
ily rounded and clustered together. They are sometimes
linked to larger immune cell clusters that extend into
the vitreous, suggesting that they have been recruited
from the vitreous. 3D surface renderings of the poste-
rior capsule region at D14, created with (Figure 7Cb)
and without (Figure 7Cc) the CD45 and nuclear chan-
nels, show that the regions occupied by immune cells
have created pits and small holes as they integrate with
the posterior capsule's perlecan matrix. A closer view
of this degradation of the posterior capsule by immune
cells is shown by zooming in on this 3D surface render-
ing (Figure 7Cd-g). As occurs in other regions of the
lens capsule, the degradation of the lens capsule matrix
by the associated immune cells increases between D14
and D19, with numerous holes and craters created as im-
mune cells invade the posterior capsule (Figure 7Db-g).
Distinct from the equatorial zone at D19, immune cells
that burrow into this capsule zone have a flattened
morphology (Figure 7Df). By D26, as inflammation in
the vitreous compartment is resolving, a population of
immune cells remains closely associated with the sur-
face of the posterior capsule (Figure 7Ea,b), most with
a spread morphology and well-integrated with the per-
lecan matrix (Figure 7Eb,d). The degradation of the
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perlecan matrix at D26 by the posterior capsule associ-
ated immune cells is seen as the loss of perlecan under
the cells in the single 0.5 um optical plane (Figure 7Ea),
with the structure of these degraded regions of the cap-
sule shown in the 3D surface rendering of perlecan
created in the absence of the associated immune cells
(Figure 7Ec,e). The generally rough appearance of the
superficial surface of the posterior capsule at D26 in
regions where no immune cells were detected suggests
that remodeling of this matrix was executed by immune
cells that had previously populated this region of the
capsule.

SEM images were acquired along the surface of the
posterior lens capsule following removal of lenses from
uveitic eyes at D14, D19 and D26 (schematic, Figure 7Ab).
At D14 a large number of immune cells with a rounded
morphology are closely associated with the posterior cap-
sule (Figure 7Ch,i), many of which are covered and linked
together by a fibrillar network (Figure 7Ch). These fibrils
often appear to provide a supportive covering that links
these immune cells to the surface of the posterior capsule
(Figure 7Ci). By D19, while many of these immune cells
remain close to the surface of the lens, they also appear
to have migrated within the posterior capsule matrix,
covered with an amorphous substance that could be com-
posed of extracellular matrix proteins (Figure 7Dh,i). SEM
images of the posterior capsule of lenses isolated from
D26 EAU eyes show that at this late stage following induc-
tion of uveitis there is a mix of immune cell morpholo-
gies, some rounded and others flattened and covered with
an amorphous material (Figure 7Ef) or with fibrillar nets
(Figure 7Eg). Cells with a dimpled appearance were some-
times detected. The region of the posterior capsule surface
from which these SEM images are obtained are provided
at low magnification alongside these higher magnification
views in Figures S9F,Fi,Fii,G,Gi,Gii (D14), S10F,Fi (D19),
and S11F,Fi,G,Gi (D26).

3.7 | Inflammatory cells in the eyes of
mice with EAU infiltrate the lens

The studies above show that immune cells become
integrated with the lens capsule by D14 and have de-
graded and invaded this matrix by D19 in mice with
EAU. These findings demonstrate that the capsule is
not a barrier to inflammatory cells and that immune
privilege of the lens is abrogated in uveitic eyes. While
many immune cells that associate with and become in-
tegrated with the lens capsule appear to remain within
the capsule matrix, these cells also have the potential
to infiltrate lens tissue. To examine this possibility and
potential sites of immune cell localization in the lens
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FIGURE 7 Immune cells induced in the eyes of mice with EAU become integrated with the lens posterior capsule. Confocal z-stacks of
whole eye cryosections of normal (B) and uveitic eyes at D14 (C), D19 (D), and D26 (E), were acquired along the posterior the lens capsule, as
indicated in the schematic (Aa). Normal eyes were co-labeled for perlecan and nuclei, uveitic eyes for CD45, perlecan and nuclei. Images are
presented either as single 0.5 um optical planes (Ba, Ca, Da, Ea) or 3D surface renderings (Bb,c; Cb-g; Db-g; Eb-e) of the acquired z-stacks. The 3D
surface renderings created to view immune cells association with the lens capsule at D14 (Cb,d,f), D19 (Db,d,f) and D26 (Eb,d) were also created
for the perlecan label alone (Cc,e,g; Dc,e,g; Ec,e, respectively), revealing the degradation and removal of the perlecan matrix by the immune

cells as they integrate with and invade the lens capsule over time. SEM images presented of the immune cells associated with the posterior lens
capsule (schematic, Ab) at D14 (Ch,i), D19 (Dh,i), and D26 (Ef,g) post-induction of uveitis highlight the rounded morphology of the immune cells
associated with the posterior capsule and the fibrillar structures that link them to the capsule surface. Mag bars: 50 um (Dh), 20 um (Ba; Ca—c,h;
Da-c,i; Ea-c,f,g), 10 um (Bb), 5 um (Ci), 3 um (Df,g), 2 um (Cd-g; Dd,e; Ed,e). The data presented represents at least 3 independent studies

after migrating across the lens capsule, confocal z-stacks and B2 integrin. By D14, CD45+ immune cells that had
were acquired of whole eye cryosections immunola- become integrated with and invaded through the lens
beled for immune cells using antibodies to both CD45 equatorial capsule were detected just adjacent to the
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view of the 3D image with F-actin rendered transpar-

ent (Figure 8Ad). By D19, immune cells had infiltrated
this region of lens (Figure 8Bb, 0.5 um optical section
at 10 um within the cryosection and 8Bc, 3D surface

lens epithelium, shown here as a single optical plane
within the acquired z-stack (Figure 8Ab, 0.5 pm opti-
cal section at 9 um within the cryosection), a 3D surface
structure of this z-stack (Figure 8Ac), and a zoomed in
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FIGURE 8

Infiltration of the lens by immune cells in mice with EAU. Whole eye cryosections from mice with EAU were examined at

(A) D14, (B) D19, and (C) D26 post-induction of uveitis for the presence of immune cells that had infiltrated the lens. Immune cells were
detected by immunolabeling for either CD45 or 2 integrin and the sections co-labeled for nuclei. Sections were also labeled for either
F-actin or perlecan. Confocal z-stacks were acquired in the region of the lens equatorial epithelium (Ab-d, Bb-e), the lens anterior zone
(Bg-i), and the lens cortical fiber zone, a region between the equatorial epithelium and central fiber cells (Bk-n; Cb-d), as indicated in the
diagrams. Images shown are either single 0.5 pm optical planes (Ab; Bb,g,h,k), 3D surface structures (Ac,d; Bc-e,i,l-n; Cb-d), or 3D surface
structures in which F-actin is rendered transparent to highlight the presence of the immune cells within lens tissue (Ad; Bd,e,l-n). By D19
after induction of uveitis immune cells have crossed the lens anterior and equatorial capsules and infiltrated lens tissue. LC, lens capsule.
Mag bars: 20 um (Ab, Ac, Bb, Bc, Bg, Bh, Cb), 10 um (Bi), 5 um (Ab, inserts), 4 um (Bn), 3 um (Ad, Bd, Bl, Bm, Cc, Cd), 2 um (Be). The data

presented represents at least 3 independent studies

rendering of the z-stack). Zooming into this 3D image
and rendering F-actin transparent shows that CD45+
immune cells had become localized among both the
cells of the lens equatorial epithelium (Figure 8Be) and
the adjacent nascent lens fiber cells (Figure 8Bd). By
D19, immune cells had also infiltrated the anterior re-
gion of the lens. Here, in a 0.5 um optical section located
within the z-stack with perlecan and epithelial cell nu-
clei as references (Figure 8Bg,h), CD45+ immune cells
are shown to have become located within the anterior
aspects of the lens, their morphology highlighted in a
3D surface rendering (Figure 8Bi). At D19, some im-
mune cells (B2 integrin+) had also infiltrated somewhat
deeper within the lens, shown here in an example of
immune cells located amongst lens fiber cells, their po-
sition suggesting that they had invaded the lens equato-
rial capsule (Figure 8Bk, 0.5 um optical section at 6 um
within the cryosection). Zoomed in images of 3D surface
structures are shown for a few of these cells with F-actin
rendered transparent, with both face-on and side views
provided (Figure 8Bl-n). Immune cells are still detected
in this region of the lens at D26, shown here as a 3D
surface structure with both perlecan and nuclei as refer-
ences (Figure 8Cb) and with zoomed-in views highlight-
ing immune cell morphology (Figure 8Cc-d) and their
position adjacent to the condensed nuclei of differenti-
ating lens fiber cells (Figure 8Cc). These results provide
evidence that immune cells that invade the lens capsule
in uveitic eyes infiltrate the lens and can persist as uvei-
tis improves and inflammation resolves.

4 | DISCUSSION

The avascular properties of the eye are crucial to main-
taining the transparency required for clear vision. As
such, inflammatory cells that are activated and recruited
to the eye in response to injury, trauma or pathologi-
cal conditions must be tightly regulated, with the rapid
resolution of the immune response key to preventing
persistence of immune cells that can impair vision. The
presence of inflammatory cells in the eye that occurs in

uveitis or diabetes has been linked to immune cell infiltra-
tion of the retina, leading to significant tissue damage.>”™®
While there are clinical links between uveitis and the ap-
pearance of cataracts, and poor outcomes to cataract sur-
gery leading to PCO in patients with uveitis,"*'® it was
not previously investigated whether in uveitic eyes there
is immune cell infiltration of the lens that could lead to
lens pathologies.

The cornea, lens, and retina are commonly known as
sites of immune privilege, a property that is essential to
maintaining transparency in the central light path of the
eye. Immune privilege of the adult lens is primarily con-
ferred by the absence of a closely associated vasculature.
It was also believed that the basement membrane capsule
surrounding the lens functioned as a barrier to immune
cells in its microenvironment, conferring immune privi-
lege. However, in studies of the corneal wounded eye it
was discovered that surveillance of the lens by immune
cells is induced and that these cells are able to invade into
the lens capsule.”* While it had been previously demon-
strated that there is an adaptive immune response to lens
dysgenesis in the presence of an intact lens capsule,®
the cornea injury studies provided the first evidence of
immune cells actively moving within the lens capsule.*
These results suggested that inflammation occurring in
the lens environment, as occurs in uveitis, could result in
immune cells associating with and populating the lens.
Now, in studies of mice with EAU we show for the first
time that the inflammatory cells induced in this model of
uveitis become linked in high numbers to the surface of
the lens capsule, and importantly, that the association of
immune cell types with the lens surface persists past the
height of EAU induced inflammation. It is likely that these
immune cell interactions with the lens capsule are depen-
dent on the activation of integrins expressed on the sur-
face of immune cells,”®*® and that MMPs expressed by the
immune cells are required for the integration of immune
cells with the capsule surface and their continued migra-
tion through the lens basement membrane capsule.®’

The types of immune cells that were associated with
the lens capsule in uveitic eyes included CD3+ T cells,
CD68+ macrophages, as well as Ly6G/Ly6C+ cells that
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could include both neutrophils and MDSCs. In future
studies, it will be interesting to determine whether MDSCs
are among the immune cells linked to the lens surface in
uveitic eyes, as this would suggest a potential role for lens-
associated immune cells in modulating the inflammatory
response and participating in immune resolution.® Our
previous finding that Ly6G/Ly6C+ cells are among the
immune cells that associate with the surface of the ante-
rior lens capsule following corneal wounding24 may also
be an example of the extracellular matrix on the lens cap-
sule surface functioning as a sink for immune cells with
functions in suppressing inflammatory responses. Along
this same line of thought is the likelihood that matrix
proteins and matrix-derived peptides released by proteo-
lytic degradation of the lens capsule as immune cells in-
tegrate within the lens capsule, such as matrikines, could
also play a role in regulating the immune response. These
matrikines could include bioactive molecules like endos-
tatin and endorepellin with anti-angiogenic, anti-fibrotic,
and immunomodulatory properties®® that could hold a
key to understanding maintenance/restoration of homeo-
stasis in uveitis.

The stability of the association between the immune
cells and the lens capsule in the eyes of mice with EAU
led us to examine how the strength of this interaction is
achieved. These studies revealed that the immune cells
that had infiltrated into the uveitic eye and associated
with the surface of the lens capsule became integrated
with the capsule’s basement membrane proteins. These
studies also revealed that, over time, many of these im-
mune cells migrate further within the lens capsule, digest-
ing the perlecan matrix as they invade into the capsule
matrix. SEM imaging provided further evidence of how
eye infiltrating immune cells in uveitis associate with the
surface of the lens capsule, and the unique properties of
this interaction in different regions of the lens. Many
of the immune cells associated with the anterior surface
of the lens capsule surface had a migratory morphology,
with both leading lamellipodial and trailing edges. In this
capsule zone many of the associated immune cells be-
come located just under the capsule surface. In contrast,
most of the immune cells along the equatorial and poste-
rior surfaces of the lens retained a rounded morphology
and appeared trapped in nets, possibly matrix fibers, that
cover the top surface of the immune cells and link them to
the lens capsule surface.

While many of the capsule associated immune cells
remain integrated within the lens capsule, often near the
capsule’s surface, our imaging studies revealed that im-
mune cells also penetrated through the entire thickness
of the lens capsule and infiltrated the lens, particularly in
the anterior and equatorial regions of the lens. Immune
cells were observed amongst the lens epithelial cells, the
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nascent, cortical fiber cells and even deeper into the fiber
cell region. These immune cells persisted even as inflam-
mation is resolving in these uveitic eyes. This discovery
could have significant implications for understanding lens
pathologies, including providing a potential mechanism
by which uveitis promotes lens cataract. Infiltration of the
lens by immune cells in uveitic eyes appears to occur pri-
marily in the anterior and equatorial regions of the lens.
This finding is likely to reflect the contribution of cyto-
kines produced by lens epithelial cells, which line the an-
terior and equatorial capsules, but not the posterior lens
capsule. The secretion of cytokines by epithelial cells that
sense danger set up a cytokine gradient that signals im-
mune cells to travel to these sites.®>®” Also relevant to im-
mune cell infiltration of the lens are previous studies that
showed the potential for immune cells recruited to dys-
genic lenses to acquire a myofibroblast phenotype.” Lens
opacities associated with cataract have often been shown
to be characterized by the presence of alpha smooth mus-
cle actin-expressing cells and their production of collagen
I, both hallmarks of fibrosis. Uveitis-linked cataractogene-
sis could also result from the impact of the physical attach-
ment of immune cells on the lens, or be an indirect effect
related to the chemokines produced by immune cells that
have infiltrated the lens or by the immune cells in the en-
vironment surrounding the lens. In future investigations,
it will be important to perform longer-term studies with
the mouse EAU model focused on investigating the fate
of the immune cells that populate the lens in uveitic eyes
and their potential role in induction of cataractogenesis.

In our studies of the association of immune cells with
the lens capsule surface in response to corneal wounding,
immune cells localized specifically along the lens’ anterior
and equatorial surfaces, no immune cells were detected
along the lens posterior surface. In contrast, in uveitis
immune cells are present along all surfaces of the lens
capsule, consistent with their population of the aqueous
humor, the ciliary zonules, and the vitreous humor, which
contact the lens anterior, equatorial and posterior capsule
surfaces, respectively. The lens-associated immune cells
could be sourced from all or just one of these regions of
the eye. Interestingly, our confocal imaging studies show
an even greater presence of immune cells along the cili-
ary zonule fibrils in uveitic eyes and along the equatorial
lens capsule than we have had observed in the response to
cornea wounding, emphasizing that the ciliary body and
the zonules that link this tissue to the lens, are likely an
important source of the immune cells that associate with
the lens in uveitis.

The discoveries that the inflammation of the eye that
occurs in uveitis leads to immune cells becoming highly
linked to surface of the lens and that these immune cells
become integrated with and then cross the lens basement
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membrane capsule to populate the lens, show that immune
privilege of the lens can be abrogated and opens many im-
portant new areas of research. Such studies suggest a novel
perspective for understanding the clinical link between
inflammation of the eye and cataractogenesis, particularly
in autoimmune diseases like uveitis and diabetes, and may
also have implications for lens pathologies associated with
inflammation of the eye that occurs with aging. Another ex-
citing area important to pursue is the possibility that a sub-
set of immune cells that become associated with the lens in
response to inflammation of the eye may play a regulatory
role in immune resolution. The new findings we present in
this study suggest that the lens, with its central position vis-
a-vis most other tissues of the eye, may play previously un-
appreciated roles in regulating inflammation in the eye and
could impact the progression of various eye pathologies.
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