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1 | INTRODUCTION

The lens is a transparent eye tissue with an essential role of fo-
cusing images onto the retina, making it a critical component of
the visual process. While resident immune cells are integrated

Abstract

Tissues typically harbor subpopulations of resident immune cells that function as
rapid responders to injury and whose activation leads to induction of an adaptive
immune response, playing important roles in repair and protection. Since the lens
is an avascular tissue, it was presumed that it was absent of resident immune cells.
Our studies now show that resident immune cells are a shared feature of the human,
mouse, and chicken lens epithelium. These resident immune cells function as im-
mediate responders to injury and rapidly populate the wound edge following mock
cataract surgery to function as leader cells. Many of these resident immune cells also
express MHCII providing them with antigen presenting ability to engage an adap-
tive immune response. We provide evidence that during development immune cells
migrate on the ciliary zonules and localize among the equatorial epithelial cells of
the lens adjacent to where the ciliary zonules associate with the lens capsule. These
findings suggest that the vasculature-rich ciliary body is a source of lens resident im-
mune cells. We identified a major role for these cells as rapid responders to wound-
ing, quickly populating each wound were they can function as leaders of lens tissue
repair. Our findings also show that lens resident immune cells are progenitors of my-
ofibroblasts, which characteristically appear in response to lens cataract surgery in-

jury, and therefore, are likely agents of lens pathologies to impair vision like fibrosis.

KEYWORDS

fibrosis, injury, lens, resident immune cells, wound healing

among the endogenous cells of almost all tissues of the body,
the fact that the lens is an avascular tissue led to the presump-
tion that it would not be populated by resident immune cells.
Resident immune cells are a first line of defense, surveilling
tissues in response to infectious and noninfectious insults to

Abbreviations: ARVO, Association for Research in Vision and Ophthalmology; IACUC, Institutional Animal Care and Use Committee; MAGP1, microfibril-
associated glycoprotein 1; MHC ClasslI, major histocompatibility complex class II; PCO, posterior capsule opacification; xSMA, alpha smooth muscle actin.
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maintain homeostasis.' Tissue resident immune cells such as
macrophages and dendritic cells are considered professional
phagocytes critical to removing cell debris, apoptotic cells, and
pathogens.s’6 Resident immune cells also have nonimmune-re-
lated functions within a tissue. For instance, tissue resident
macrophages are involved in long range signaling during tissue
remodeling in the adult zebrafish’ and remodeling of ducts in
mammary glands during pregnancy and lactation.® Additional
immune-related duties for these phagocytes include the ability
to present antigens to engage an adaptive immune response
and as recruiters and regulators of other leukocyte cells.”!!
The earliest stages of lens development as it pinches off from
the overlying surface ectoderm to form the lens vesicle are as-
sociated with the presence of macrophages in both the mouse
and chicken.'*"? Macrophages were observed between the
ectoderm and the developing lens and within the lens vesicle
and lens epithelium.'>'® These early studies were focused on
identifying phagocytic cells that can remove cellular debris and
apoptotic cells as the lens develops.u’13 In these early studies,
it was not considered whether these immune cell populations
take up residence in the lens. In the mouse lens study, the mac-
rophage marker F4/80 was not detected later in lens develop-
ment."? It is now understood that when an immune cell takes
residence within a tissue, a distinct transcriptional signature is
typically acquired along with changes in their metabolism,*!*!3
These changes are critical to establish distinct resident immune
cell identity within a specific tissue and to ensure that resident
immune cells live in sync with their local tissue environment.
Each tissue has its own unique complement of immune cells
with distinct micro-niche locations within the tissue.*'*'® The
local niche microenvironment helps to shape the identity of the
tissue resident immune cells.'>'” Whether the avascular lens
contains resident immune cells is an important unanswered
question for lens biology and the visual sciences that could im-
pact our understanding of lens development, homeostasis, and
disease. Another important consideration is how and when im-
mune cells are delivered to the lens, a tissue of the body that is
noninnervated, stroma- and vascular-free.

While the lens was long believed to be immune privileged,
a property considered essential to limit a damaging inflamma-
tory response that could result in loss of visual function,'®'? it
is now appreciated that the avascular lens can engage an im-
mune response as a result of dysgenesis of the lens,”® corneal
wounding,21 and cataract surgery.22 In N-cadherin lens-condi-
tional knockout mice, the lenses become dysgenic and develop
opacities. It was discovered that immune cells are recruited to
these dysgenic lenses, first macrophages, followed by B- and
T-cells, both associated with the adaptive immune response.zo
We then found that immune cells are induced to surveille the
lens in response to corneal wounding traveling to and along the
surface of the lens on the ciliary zonules that link this tissue to
the vasculature-rich ciliary body. These immune cells are then
able to migrate from the superficial surface of the lens across
the lens basement membrane capsule.21 Studies also show that

circulating neutrophils and macrophages are recruited to the
mouse lens post-cataract surgery wounding following expres-
sion of pro-inflammatory cytokines by the lens epithelium.22
Immune cells such as macrophages and giant cells are also
found associated with implanted intraocular lenses in rabbits,
post-cataract surgery.23'25 It remains unknown whether there is
a population of lens resident immune cells that provide a first
line of defense for this tissue with the ability to initiate recruit-
ment of circulating innate and adaptive immune cells.

Resident immune cells can alter their phenotype and tran-
scriptional programs in response to local signals within the
microenvironment revealing their highly plastic nature.'”°
The tradeoff of this powerful trait is that an altered tissue en-
vironment can lead to tissue resident immune cell dysfunction.
Therefore, not surprisingly, resident immune cells which serve
important protective roles in tissues are also known to cause
chronic inflammation and pathoge:ne:sis.27'30 There is a major
interest in understanding how this dysfunction occurs with the
aim to prevent disease outcomes by resident immune cells.
Lens injury induced by cataract surgery often leads to the lens
fibrotic disease, Posterior Capsule Opacification (PCO) in
age-related cataract, with epidemiological reports stating the
incidence ranges from 20% to 50%, while in in pediatric cata-
ract patients this fibrotic injury response is reported to approach
100% prevalence.3 132 Elucidating if the lens contains popula-
tions of resident immune cells that could be dysregulated by an
altered injury environment and contribute to lens pathologies
such as fibrosis is an important consideration.

Here, we provide evidence that resident immune cells
populate human, mouse, and chick lenses. We show that they
locate among the cells of the lens epithelium. Our findings
demonstrate that these immune cells associate with the avas-
cular lens during lens development and support the conclu-
sion that the vascular-rich ciliary body is a source of lens
resident immune cells, with these cells traveling to the lens
along the ciliary zonules. The resident immune cells of the
lens are the first responders to damage, including the injury
that occurs upon cataract surgery. When activated in response
to a sterile lens tissue injury, this immune cell population rap-
idly emerges from its niches and migrates to the wound edge.
We found that subsets of lens resident immune cells have an-
tigen presenting ability, consistent with the ability to engage
an adaptive immune response. In addition, lens resident im-
mune cells activated by lens cataract surgery are highly sus-
ceptible to acquiring a myofibroblast phenotype, indicating
their potential to become agents of lens fibrosis.

2 | METHODS

2.1 | Animals

All animal studies performed were approved by the Thomas
Jefferson University Institutional Animal Care and Use
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Committee (IACUC) and comply with all relevant guide-
lines. These studies also comply with the Association for
Research in Vision and Ophthalmology (ARVO) Statement
for the Use of Animals in Ophthalmic and Vision Research
(https://www.arvo.org/About/policies/statement-for-theuse-
of-animals-in-ophthalmic-and-vision-research). Mice were
analyzed at embryonic day (E) 18.5 and as adults (2 years or
older). Chick embryo studies were performed with embryo-
nated eggs (Poultry Futures, Lititz, PA, USA and Charles
River, Wilmington, MA, USA), removed from their shells at
the developmental times indicated and decapitated. For im-
munolabeling of cryosections of whole eyes, the eyes were
removed, fixed directly in 4% paraformaldehyde for 24 hours,
cryoprotected in 30% sucrose, and then, placed in OCT freez-
ing media (Polyscience, Niles, Illinois, USA). To prepare
mouse lens explants, lenses were first isolated from adult
mouse eyes and the posterior lens capsule was removed using
apointed tip forceps, exposing the fiber cell mass, which were
pulled from inside the lens with the forceps. This approach
results in isolation of the remaining mouse lens capsule to-
gether with its closely associated epithelial and immune cells.
This tissue fraction was pinned as an explant, cell side up, to
the culture dish using the pointed tips of the forceps. The lens
epithelial explants were fixed directly in 4% paraformalde-
hyde. For preparation of ex vivo mock cataract surgery ex-
plant cultures lenses are removed from isolated chick embryo
eyes, mock cataract surgery performed and placed in culture
as previously described.* The clinically relevant mock cata-
ract surgery wound-repair cultures were developed to paral-
lel human cataract surgery and investigate the mechanisms
promoting both tissue regeneration and fibrosis in response
to lens injury with large numbers of age-matched tissue. For
these studies, microsurgery is performed ex vivo on isolated
E15 chick embryo lenses. A large region of the anterior cap-
sule is removed with sharp-tipped forceps providing access
to the lens fiber cell mass, which is removed by hydroelution.
This approach removes these differentiated fiber cells from
their attachment sites on the posterior lens basement mem-
brane capsule resulting in what is referred to as a capsular
bag. The wounded lens epithelium remains as an intact sheet
attached along the equatorial and remaining anterior surfaces
of the capsule together with their closely associated resident
immune cells. The cataract surgery wound-edge is located
where the fiber cells had bordered the lens epithelium. Then,
cuts are made perpendicular to the lens equator with sharp-
tipped forceps, beginning at the edge of the site where the
anterior capsule had been removed, which introduces addi-
tional injury sites on the anterior facing edge of the equatorial
epithelium. This technique makes it possible to flatten the
wounded epithelial cells and their closely associated resident
immune cells on the culture platform, creating a star-shaped
explant with the lens epithelial cells surrounding the fiber
cell-denuded native basement membrane (Figure S1). These

%ASEBJOURNALJ—

ex vivo mock cataract surgery explants were cultured in com-
plete media containing Media 199 (ThermoFisher Scientific,
Waltham, MA, USA) that included 1% penicillin/streptomy-
cin (Mediatech-Cellgro, Manassas, VA, USA), and 1% l-glu-
tamine (Mediatech-Cellgro, Manassas, VA, USA) with 10%
fetal calf serum (ThermoFisher Scientific, Waltham, MA,
USA) and fixed at indicated times. Cultures were maintained
in a humidified incubator at 37°C in 5% CO.,.

2.2 | Human samples

Anterior lens capsule with attached anterior lens epithelial
cell samples from pediatric cataract patients undergoing
manual anterior curvilinear capsulorrhexis (all >2 years old)
were collected after obtaining informed consent according
to the protocol approved by the Institutional Review Board
of Wills Eye Hospital (Philadelphia, PA, USA) and Thomas
Jefferson University (Philadelphia, PA, USA). Anterior lens
capsule explants were attached to the tissue culture dish
using Corning Cell-Tak Cell and Tissue Adhesive (Millipore
Sigma, St. Louis, MO, USA), fixed directly or cultured
with complete media containing Media 199 (ThermoFisher
Scientific, Waltham, MA, USA),1% penicillin/streptomycin
(Mediatech-Cellgro, Manassas, VA, USA), 1% l-glutamine
(Mediatech-Cellgro, Manassas, VA, USA) with 10% fetal
calf serum (ThermoFisher Scientific, Waltham, MA, USA)
and fixed at indicated times. Cultures were maintained in a
humidified incubator at 37°C in 5% CO,.

2.3 | Immunofluorescence

For immunolabeling studies of mouse eyes, whole mouse eyes
were removed immediately after euthanasia fixed overnight
at 4°C in 3.7% paraformaldehyde, washed in PBS, cryopro-
tected in 30% sucrose, and frozen in OCT. 20 um thick cryo-
sections were cut. Sections were permeabilized (0.5% Triton
X-100 in PBS (Mediatech-Cellgro, Manassas, VA, USA), for
1 hour, incubated in block buffer (5% goat/donkey serum, 3%
bovine serum albumin (BSA) in PBS, 0.25% Triton X-100)
for 2 hours, incubated in primary antibody diluted in block
buffer overnight at 37°C, washed, and then, incubated for
1 hour in secondary antibody (Jackson ImmunoResearch
Laboratories, West Grove, PA, USA) diluted in block buffer.
Samples were counterstained with fluorescent conjugated
Phalloidin (ThermoFisher Scientific, Waltham, MA, USA)
to detect F-actin and/or DAPI (Biolegend, Sand Diego, CA)
to detect nuclei. Primary antibodies used included MAGP1
(gift, R. Mecham, Washington University, St. Louis) and
CD45 (Biolegend, San Diego, CA, USA).

For immunolabeling of sections of chick embryo eyes,
whole eyes were removed after decapitation, fixed as stated
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above, cryoprotected in 30% sucrose, frozen in OCT, and
then, cut into 20 um thick sections. Sections were then
permeabilized (0.5% Triton X-100 in PBS) for 1 hour, in-
cubated in block buffer (5% goat/donkey serum, 3% bovine
serum albumin in PBS, and 0.5% Triton X-100) for 2 hours,
incubated in primary antibody diluted in block buffer over-
night at 37°C, washed and incubated for 1 hour in second-
ary antibody diluted in block buffer. Primary antibodies used
included VE-Cadherin (Abcam, Cambridge, MA, USA),
Fibrillin-2 (JB3, DSHB, Iowa City, lowa, USA), Tenascin-C
(Millipore Sigma, Burlington, MA, USA), KULO1 (Bio-Rad,
Hercules, CA, USA), and MHC-II (Bio-Rad, Hercules, CA,
USA). For VE-cadherin staining sections were blocked over-
night at room temperature following permeabilization, in-
cubated with antibody to VE-cadherin for 4 hours at 37°C,
then, washed overnight at 37°C followed by incubation with
secondary antibody for 1 hour as described above. Sections
were counterstained with fluorescent conjugated Phalloidin
(ThermoFisher Scientific, Waltham, MA, USA) to detect
F-actin and/or DAPI (Biolegend, Sand Diego, CA) to detect
nuclei.

For immunolabeling of ex vivo mock cataract surgery
explants, human lens explants and mouse lens explants
were fixed as stated above, permeabilized (0.25% Triton
X-100 in PBS) for 10 minutes, incubated in block buffer
(5% goat/donkey serum in PBS) for 30 minutes, and then,
incubated in primary antibody diluted in 0.1% Tween20 in
DPBS for 30 minutes at 37°C, followed by 30 minutes in-
cubation in secondary antibody diluted in 0.1% Tween20.
Primary antibodies for the chick lens study used included:
MHC-II (Bio-Rad, Hercules, CA, USA), CD45 (BioRad,
Hercules, CA, USA ), CD14 (BioRad, Hercules, CA, USA),
Vimentin (Abcam, Cambridge, MA, USA) Vimentin (gift,
P. Fitzgerald, University of California, Davis, CA), p2-in-
tegrin (Santa Cruz Biotechnology, Santa Cruz, CA, USA),
and CD45 (Abcam, Cambridge, MA, USA). The CD45
(Biolegend, San Diego, CA, USA) primary antibody was
used for the mouse explant study. Primary antibodies for the
human explants study included: CD44 (H4C4, DSHB, lowa
City, Iowa, USA), CD45 (Novus Biologicals, Centennial,
CO, USA), and aSMA (Abcam, Cambridge, MA, USA).
Cultures were counterstained with fluorescent conjugated
Phalloidin (ThermoFisher Scientific, Waltham, MA, USA)
to detect F-actin and/or DAPI (Biolegend, Sand Diego, CA)
to detect nuclei.

2.4 | Image analysis

Images of immunolabeled samples were examined using a
Zeiss LSM500 or LSM800 confocal microscope. Confocal
Z-stacks with 0.33 or 0.49 pum optical sections were collected

and analyzed using Zeiss Zen software and 3D images were
created using Imaris software (Version 9.5).

3 | RESULTS

3.1 | Resident immune cells locate among
the epithelial cells of human, mouse, and
chicken lenses

Most tissues are populated by resident immune cells whose
purpose it is to function as immediate responders to injury or
a pathological insult."***3° The fact that the lens is avascu-
lar was previously believed to preclude the possibility that
the lens harbored this self-protective cell type. Given their
likely importance to lens homeostasis, we examined whether
resident immune cells populate the lens in studies with lens
epithelia across species. For these studies, we prepared
epithelial explants from pediatric human, adult mouse, and
embryonic D15 chick lenses, which consist of both the lens
epithelium and its endogenous basement membrane, the lens
capsule, and pinned them to a culture dish capsule side down.
The explants were fixed immediately for immunolocalization
analysis with antibody to either the leukocyte common anti-
gen CD45 (Figure 1A-F) or the leukocyte integrin f2 (CD18)
(Figure 1G-I) and co-labeled with DAPI to detect nuclei.
Confocal imaging showed for the first time that resident im-
mune cells are localized among the cells of the normal epi-
thelium of human (Figure 1A), mouse (Figure 1D), and chick
(Figure 1G) lenses. Three-dimensional (3D) surface structure
renderings created with Imaris software from the confocal z-
stacks from which Figure 1A,D,G are single optical planes
that highlight the morphology of the resident immune cells
and demonstrate that many of them extend dendritic-like pro-
cesses that reach around and between individual lens epithe-
lial cells (Figure 1B,C,E,F,H.I).

The localization of lens resident immune cells in the
lens was also examined by immunolabeling cryosections
of E18.5 mouse eyes for the common immune cell surface
protein CD45. These sections were co-labeled with fluo-
rescent-conjugated phalloidin which detects F-actin and
reveals lens cell cytoarchitecture, DAPI for nuclei and mi-
crofibril-associated glycoprotein 1 (MAGP1) to detect the
ciliary zonules along the surface of the lens. Confocal mi-
croscopy image analysis shows that resident immune cells
become localized among the cells of the lens epithelium
during lens development, shown here in the region of the
lens equator (Figure 2B). 3D surface structure renderings
of the confocal z-stack of which a single optical plane is
shown in Figure 2B reveal the immune cells are integrated
between the lens epithelial cells, their cell bodies pre-
dominant along the basal surfaces of the lens epithelium
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FIGURE 1 Resident immune cells
are present among the human, mouse, and Yosrie
. . . Epithelial
chicken lens epithelium. CD45 and 32 Cells

integrin+ resident immune cells (green)

are found localized among the epithelial
cells (indicated by double arrows) in
explants from (A-C) human, (D-F) mouse,
and (G-I) chick lens tissue. Lens tissue

was counterstained with DAPI to identify
nuclei (blue). Within the lens tissue from
each species, many of these CD45+ and

2 integrin+ immune cells have dendritic
morphologies indicated by the arrowheads.
The dendritic-like processes of resident
immune cells indicated by asterisks in A, D,
G are highlighted by 3D surface structures
created by Imaris software from confocal
z-stack images and shown in (B, C, E,

F, H, and I). In 3D structure images, the
dendritic processes of immune cells are seen
reaching between the lens epithelial cells.
Magnification bars = 20 um. Studies are
representative of at least three individual

lenses

- Epithelial> -
~“Cells

defined here by the basal actin cytoskeleton (Figure 2C,D).
Immune cells are also detected within the MAGP1-rich
zonules that extend anteriorly along the equatorial sur-
face of the embryonic mouse lens basement membrane
capsule (Figure 2B,C). The localization of these immune
cells traveling just outside the lens suggests they may be a
source of the immune cells that populate this tissue during
development.

= 5of 19
FASEBJOURNALJ;O

uewnyH

Epithelial
Cells

asno

uaxdIyo

3.2 | The ciliary zonules provide a conduit
for immune cells traveling to the lens during
development

Our previous studies show that, in response to corneal
wounding, immune cells surveille the adult lens after trave-
ling along the ciliary zonules that link the ciliary body to
the lens. These immune cells continue to migrate along the
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FIGURE 2 Resident immune cells associate with the zonule fibers closely linked to the lens capsule and locate to the mouse lens during
development. A, Overview confocal image of a cryosection of E18.5 mouse embryo eye co-immunolabeled for the ciliary zonule protein MAGP1
(red) and the immune cell protein CD45 (green), co-labeled for F-actin (white) and nuclei (blue) at high magnification in B. B, Single optical plane
from a confocal z-stack of an E18.5 mouse embryo eye cryosection in the region of the lens adjacent to the ciliary zonules at high magnification
following co-labeling for MAGP1 (red), CD45 (green), F-actin (white), and nuclei (blue). CD45+ cells are present along ciliary zonule fibers
associated with both the anterior and equatorial surfaces of the lens, and as resident cells of the equatorial epithelium. The lens epithelium is
indicated by the arrow and the lens capsule by a double arrow. C, Imaris 3D surface structure rendering from the confocal z-stack of which panel B
is a single optical plane highlights the position of CD45+ (green) immune cells associated with MAGP1 enriched zonule fibers (red) and resident
immune cells located among the lens epithelium. D, Zoomed in view of the 3D structural image in C showing the position of CD45+ lens resident
immune cells integrated among the lens epithelium. Single and double asterisks denote the CD45+ lens resident immune cells within each panel

(B-D). Magnification bars A = 200 um, B = 20 um

zonules extended along the lens surface and migrate across
the lens capsule.”’ The immunolabeling studies of E18.5
mouse embryos above suggested that that there may be a
similar path that leads to resident immune cells populating
the lens during development. However, in the mouse embryo
the lens is surrounded by a fetal vasculature comprised of
the anastomosed anterior pupillary membrane and the tunica
vasculosa that could also be a source of the resident immune
cells that populate the mouse embryo lens.”” The presence of
the fetal vasculature so near the mouse embryo lens makes
this a complicated model for investigating the potential role
of the ciliary zonules in delivering resident immune cells to

the lens. Unlike mammals, the lenses of most non-mamma-
lian vertebrates like chickens develop in the absence of an
associated fetal vasculature.”” We confirmed the lack of a
fetal vasculature in association with the chick embryo lens
by co-immunolabeling cryosections of E9 chick embryo
eyes for the vascular-specific endothelial cell protein VE-
cadherin and the ciliary zonule protein fibrillin-2, together
with DAPI labeling to detect nuclei, and imaging by confocal
microscopy (Figure 3A). These studies show the high level of
vascularization of the ciliary body and the absence of a vas-
culature along ciliary zonules that link the ciliary body and
the lens or in association with the surface of the chick embryo
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lens (Figure 3A). The movement of immune cells between
the ciliary zonules and the lens during development would,
therefore, occur in the absence of a vasculature.

The molecular components of the ciliary zonules, which
include fibrillins, MAGP1 and matricellular proteins like
‘[hrombospondin—l,21’38'40 provide a matrix environment that
is consistent with one permissive for cell migration. We in-
vestigated whether immune cells travel to the embryonic
chick lens along the ciliary zonules during development. For
these studies, cryosections of E15 chick embryo eyes were
co-immunolabeled for tenascin-C, which we show to be a
component of the ciliary zonules in the chick and KULO1, an
antibody that is specific to chick monocytes/macrophages.41
The sections were co-labeled with DAPI to detect nuclei
and fluorescent-conjugated phalloidin which binds F-actin
and denotes lens cytoarchitecture. Confocal image analysis
revealed the presence of KULO1+4 immune cells with pro-
cesses extended suggestive of a migratory phenotype along
the tenascin-C+ ciliary zonules that link the lens to the cili-
ary body (Figure 3B, higher magnification in inset). To better
understand the relationship between these immune cells and
the ciliary zonules, we created 3D surface renderings from
the confocal z-stack of which Figure 3B is a single optical
plane (Figure 4A-D). For this analysis, we either kept all
channels opaque which precludes fluorescence overlay in this
imaging modality (Figure 4A) or rendered tenascin-C trans-
parent (Figure 4B-D). Under conditions where all fluores-
cent channels are kept opaque, the movement of monocytes/

Ciliary Body Vasculature

macrophages within the zonule fibers is obscured by any
overlaying zonule fibrils (Figure 4A). In contrast, when te-
nascin-C was made transparent the KULOI+ immune cells
traveling within the ciliary zonule fibrils that link the lens to
the ciliary body are revealed (Figure 4B,C). The inclusion
of F-actin labeling in the structural rendering highlights the
position of the lens cells in relation to both the migrating im-
mune cells and the zonule fibrils (Figure 4B). This image
also shows that tenascin-C+ zonules become coincident with
the lens capsule. This structural analytic approach also pro-
vided evidence of KULO1+ immune cells moving within te-
nascin-C-rich region of the lens capsule (Figure 4D). These
findings suggest that resident immune cells are sourced from
the vascular-rich ciliary body during development and show
their movement along ciliary zonule fibrils to the lens from
where they can transit the lens capsule to take up residence
in the lens.

3.3 | Response of lens resident immune cells
to cataract surgery wounding

We investigated the response of the lens resident immune
cell population to a sterile tissue injury. For these studies,
we performed ex vivo mock cataract surgery on E15 chick
embryo lenses. In this microsurgery procedure, the differ-
entiated fiber cells that comprise the mass of lens tissue
are removed from their attachment sites on the posterior

Ciliary Zonules

FIGURE 3 The ciliary zonules provide a path for immune cells to travel from the local vascular-rich ciliary body to take entry into the lens

during development. A, Co-immunolabeling of E9 chick embryo eye cryosections for fibrillin-2 (green), a basic structural component of the ciliary

zonules, the vasculature specific cell-cell adhesion protein VE-cadherin (red), and nuclei (blue) shows the rich vasculature of the ciliary body (CB,

arrowhead) and confirms the absence of a vasculature along the ciliary zonules (CZ, arrow) and in association with the lens capsule (LC, arrow).

B, Immunolabeling of E15 chick embryo eye cryosections for KULO1 (green), which is specific to chick monocytes and macrophages, with the

ciliary zonule protein tenascin-C (red) and nuclei (blue) reveals that immune cells travel along the ciliary zonules during development; inset high

magnification of KULO1+ cells migrating along the TN-C rich zonules. Magnification bars = 20 yum
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FIGURE 4

Structural imaging of resident immune cells moving along the ciliary zonules and inserting into the lens capsule. A-D, 3D surface

structures were created with Imaris software from confocal z-stack images of E15 chick embryo eye cryosection presented as a single optical

section in Figure 3B that were immunolabeled for the monocyte/macrophage marker KULO1 (green), the ciliary zonule protein tenascin-C (red),

and nuclei (blue). A, 3D structural image in which the fluorescent channels are kept opaque shows KULO1+ cells located along the ciliary zonules.

B-D, To better visualize the position of the KULO1+ cells moving along the TN-C- rich ciliary zonules, the fluorescent channel for TN-C was made

transparent using the Imaris software. Arrows in B indicate where the TN-C rich-ciliary zonules attach to the ciliary body (CB) and associate with

lens capsule (LC). C,D, 3D structural views at higher magnification showing KULO1+ cells (arrows) moving within the TN-C-rich zonules and

KULO1+ cell immune cell associated with both the TN-C rich zonules (arrow) entering the TN-C enriched lens capsule region (LC, arrowhead).

A single or double asterisk indicates the position of the same KULO1+ cell in each panel. Magnification bars A = 20 um, B = 10 ym, C = 2 um,

D=1pm

lens basement membrane capsule by hydroelution.”’42
The wounded lens epithelium remains attached along the
anterior and equatorial surfaces of the lens capsular bag;
the wound-edge located where the fiber cells had bordered
the epithelium. Cuts are made in the anterior aspects of
the capsular bag to flatten the wounded tissue on the cul-
ture platform, creating a star-shaped explant with the lens
epithelial cells surrounding the fiber cell-denuded native
basement membrane (Figure 5A, Figure S1A). We show
previously that regenerative repair of the mock cataract
surgery wound leads to re-epithelialization of the wounded
area within 3 days postinjury,“’43 which is accompanied
by wrinkling of the posterior capsule (Figure S1) typical
of PCO. As the lenses are isolated and the cataract sur-
gery performed ex vivo, this model is ideal for identify-
ing the response of lens resident immune cells to injury

in the absence of any contribution from immune cells that
respond to this injury from outside the lens.

The immediate response of resident immune cells to this
injury was examined by fixing the ex vivo cataract surgery
explants at 15 minutes post-wounding. The resident im-
mune cell population was detected by immunolabeling the
postsurgery explants for the leukocyte common antigen
CD45 and co-immunolabeling for vimentin (Figure 5B-H).
Co-labeling of F-actin with fluorescent-conjugated phal-
loidin delineated the cells of the wounded lens epithelium.
Confocal image analysis showed that the CD45+/vimentin+
cells were present in expanded multicellular niches located
among the wounded lens epithelium (Figure 5B,C). 3D sur-
face rendering of the confocal z-stack from which Figure 5B
is a single optical plane reveals the morphology of the acti-
vated resident immune cells in these niches, which appears to
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FIGURE 5 Activation of resident immune cells occurs in response to mock cataract surgery wounding. A, Ex vivo mock cataract surgery
culture created by performing mock cataract surgery on isolated E15 chick embryo lenses. The microsurgery procedure removes the fiber cells
from their association with the posterior lens capsule basement membrane. The fiber cell-denuded posterior basement membrane creates the central
wound area. The wounded lens epithelial cells (arrow) are located in the points of the star-shaped culture that surround the wound area. The wound
edge is (arrowhead) is located where the fiber cells once bordered the epithelial cells. B-H, Ex vivo mock cataract surgery cultures at 15 minutes
post-wounding were labeled for the leukocyte antigen CD45 (green), vimentin (red), and F-actin (white) to delineate the lens epithelium. B,C,
CD45/vimentin-rich+ cells are present in multicellular niches among the epithelium (white arrows). D,E, 3D surface structure images of CD45+
cells in niches (marked by single and double asterisk) within the lens epithelium (actin, white) were created from z-stacks of image of the single
confocal images presented in B. 3D structural renderings show activated CD45+ resident immune cells emerging from their niches located among
the lens epithelium in response to injury. F-G, CD45/vimentin-rich+ cells (arrow) migrating toward the wound edge. H, 3D structural image

from confocal z-stacks presented as a single optical plane in (F) showing CD45+ cells migrating over the lens epithelium toward the wound

edge. Asterisk indicates the location of the same CD45+ cells shown in (F). Magnification bars B,C,F,G = 20 pym, D,E,H = 5 um. Studies are
representative of at least three independent experiments

show these cells emerging from their niches (Figure 5D,E). within 15 minutes postinjury (Figure 5F,G), also viewed as
Confocal imaging at the cataract surgery wound edge re- a 3D structural rendering (Figure 5SH). The behavior of the
vealed that the activated CD45+/vimentin+ resident immune CD45+/vimentin+ immune cells population in response to
cells have migrated to positions adjacent to the wound edge lens injury parallels our previous studies that showed the
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FIGURE 6 CD45 resident immune cells co-express CD44 at the wound edge within the human pediatric lens explants. A-C, Human pediatric

explants cultured post-cataract surgery wounding were co-immunolabeled for CD45 (green) and the hyaluronic receptor CD44 (red) with nuclei

(blue). CD45+ cells are interspersed among the lens epithelium and recruited to the wound edge. At the wound edge, most of the CD45+ cells co-

express the CD44 receptor. D-G, 3D surface reconstructions from z-stacks of CD44/CD45+ rich cells presented as a single confocal plane in (B,C)

show protrusions being extended from CD45 (E,G) and CD44 (D,F) cells at the wound edge (marked by single and double asterisk). Magnification

bar = 20 um

presence of a resident vimentin-rich cell population in niches
among the lens epithelial cells of the unwounded embryonic
chick lens that is activated in response to cataract surgery,
and rapidly populates the wound edge,44 where they function
as leader cells that direct the wound repair process.“’45
There is a similar response in human post-cataract
surgery wounded explants. CD454 cells were observed

migrating toward and taking residence at the edge of the
wounded explant (Figure 6A,C,E,G). Our previous studies
showed the vimentin-rich cells that populate the leading
edge of the chick mock cataract surgery wound express the
transmembrane glycoprotein CD44,%4% 4 hyaluronic re-
ceptor expressed by immune cells.*”*® Here, we co-immu-
nolabeled the resident immune cells activated posthuman
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FIGURE 7 Resident immune cells migrate to the wound edge in response to mock cataract surgery wounding. A-H, Ex vivo mock cataract
surgery chick explants 1 hour postinjury were labeled for the leukocyte specific integrin p2 (CD18) (green, A, C, E, and F) and co-labeled for

the leukocyte antigen CD45 (red, B), vimentin (red, D) or the monocyte/macrophage lineage marker CD14 (red G, H). Explants were labeled for
F-actin (white, A-H) to delineate the lens epithelial cells. CD45/B2+ cells were also counterstained with DAPI to identify nuclei (A,B). B2 integrin/
CD45+ resident leukocytes migrated to the wound edge in response to mock cataract surgery. f2 integrin+ immune cells at the wound edge where
enriched for vimentin (C,D) and subpopulations of 2 integrin+ cells expressed CD14 (F,G), identifying that subsets of resident immune cells are
from the monocyte/macrophage lineage. E,H, 3D surface images from z-stack confocal images of images presented as single optical planes in C
and G highlight the morphology of the resident immune cells extending protrusions at the wound edge. Asterisks in (E,H) indicate the position of
the same cells shown in (C,G), respectively. Magnification bars = 20 um. Studies are representative of at least three independent experiments
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pediatric cataract-surgery wounding for CD45 and CD44
and found that the injury activated CD45+ resident immune
cells that had migrated to the wounded edge co-expressed
CD45 and CD44 (Figure 6A,B). 3D surface structure ren-
dering of these CD444/CD45+ resident immune cells
highlight the filopodial protrusions extended by these im-
mune cells (Figure 6D-G). Since CD44 expression was not
detected on the CD45+ cells that remain localized among
the lens epithelial cells postinjury (Figure 6A), it appears
that expression of CD44 is acquired after these immune
cells populate the wound edge.

In studies with the chick embryo ex vivo cataract surgery
model, we examined the resident immune cell response at
1-hour post-wounding by confocal microscopy imaging
at the wound edge following co-immunolocalization with
antibodies to CD45 and P2 integrin and co-labeling for
F-actin (Figure 7A,B). Both CD45 and 2 integrin are leu-
kocyte-specific antigens; p2 integrin a receptor that me-
diates both the attachment and migration of leukocytes.49
CD45+/B2 integrin+ leukocytes populate the leading edge
of the wounded lens epithelium at I-hour postsurgery
(Figure 7A,B). Co-immunolabeling for B2 integrin and
vimentin showed that the B2 integrin+ immune cell pop-
ulation is enriched for vimentin (Figure 7C,D); similar to
what was observed for CD45+ cells (see Figure 5). The 3D
surface structure for B2 integrin created from the confocal
z-stack of which a Figure 7A is a single optical plane is
shown in Figure 7E. Further characterization revealed that
the P2 integrin+ cells at the leading-edge post-wounding
express monocyte/macrophage marker CD14 (Figure 7F,G;
3D surface structure of the CDI14+ cells is provided in
Figure 7H). Together, these findings show that resident
immune cells are activated by cataract surgery wounding
and rapidly migrate to the wound edge and implicate this
wound-activated resident immune cell population as medi-
ators of the lens injury response.

3.4 | Antigen presenting immune cells are
resident to the lens and among the first
responders to injury

Resident immune cells are typically antigen presenting im-
mune cell types such as dendritic cells and macrophages that
mediate the immune response by processing and presenting
antigens.9 Major histocompatibility complex class II (MHC
Class IT) is a molecule expressed by professional antigen pre-
senting cells, their presentation on the cell surface integral to
the mechanism that activates an adaptive immune response.50
Therefore, we examined if MHCII expressing resident im-
mune cells are found within the developing chicken embry-
onic lens. Cryosections of chick embryo eyes at both ES, a
very early stage of lens development, and E15, a stage of

development by which time the lens has matured, were la-
beled with an antibody to MHC class II protein (Figure 8). ES
sections were co-labeled for tenascin-C (Figure 8A), and both
ES and E15 sections were co-labeled for F-actin and nuclei
(Figure 8). At ES, MHCII+ cells were found associated with
the tenascin-C+ zonules between the closely apposed ciliary
body and lens; however, at this early stage of development,
MHCII+ cells were not detected within the lens (Figure 8A).
3D surface structure image analysis of the z-stack containing
the MHCII+ cell in Figure 8A in which tenascin-C was ren-
dered transparent demonstrated the presence of this immune
cell within the fibrils of the ciliary zonules at this stage of de-
velopment (Figure 8B,C). In contrast, a single optical plane
and a 3D surface structure rendering of a confocal z-stack of
an E15 lens section co-labeled for MHCII, F-actin, and nuclei
revealed that by this time of development MHCII+ immune
cells had come to reside in the lens and were located between
the cells of the equatorial epithelium (Figure 8D,E). These
studies support the conclusion that the resident immune cells
that populate the lens during development originate in the
vasculature of the ciliary body and travel to the lens along the
ciliary zonules.

The response of the MHCII positive resident immune
cells present in E15 chick lenses to ex vivo cataract surgery
wounding was examined by co-immunolabeling cataract sur-
gery-wounded lens epithelial explants at 1 hour postinjury
for MHCII and vimentin (Figure 9A-D). Confocal imaging
showed that the wound-activated MHCII+ cells within the
lens epithelium exhibit a dendritic morphology, their MHCII-
rich dendritic processes inserted between the lens equatorial
epithelial cells (Figure 9A). 3D surface structure image ren-
dering revealed the morphology of these wound-activated
dendritic cells and their close relationship to the cells of
the lens equatorial epithelium, with the immune cells' den-
dritic processes interdigitated with the lens epithelial cells
(Figure 9B). This imaging study also revealed the predom-
inance of MHCII in the dendritic tails and vimentin in the
cell body of these activated immune cells (Figure 9A,B).
Within 1 hour postinjury there are also wound-activated
MHCII+ cells that have migrated to the cataract surgery
wound edge (Figure 9C). 3D structural rendering of these
MHCII+ cells show that their extension of dendritic pro-
cesses reaching around neighboring lens epithelial cells is
also a property of these cells at the wound edge (Figure 9D).
Co-immunolabeling of the ex vivo post-cataract surgery
wounded explants for MHCII and B2 integrin at 1 hour post-
injury confirmed the immune-cell identity of the MHCII+
antigen presenting cells (Figure 9E,F). The morphology
of these P2 integrin+ cells was created from the z-stack of
which Figure 9F is a single optical plane using 3D surface
rendering analytics (Figure 9G). The expression of MHCII by
these activated resident immune cells suggests that they play
arole in engaging an adaptive immune response.
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FIGURE 8 Antigen presenting cells located along ciliary zonules and resident within the lens equatorial epithelium of the E15 lens. A, Single

optical plane of a confocal z-stack of a cryosection of an ES developing chick eye labeled for MHC-II (green), ciliary zonule marker TN-C (red),

and F-actin (white). At this early time during development, the ciliary zonules (CZ) are closely apposed to the lens and MCH-I1+ cells are seen

associated with the zonules near the lens capsule. B,C, 3D surface structure renderings of the confocal z-stack at E5 from which a single optical

plane is shown in A in which the fluorescent channel for TN-C (pink) was made transparent to view the localization of an MHC-1I+- cell (green,

asterisk) within the TN-C- rich zonules near the lens (F-actin (white), nuclei (blue)), zoomed in at increasing levels of magnification. D, Single

optical plane of a confocal z-stack of a cryosection of an E15 developing chick lens labeled for MHC-II (green), F-actin (magenta), and nuclei

(blue); boxed area shown at higher magnification in the insets with and without nuclei. E, 3D surface structure rendering the of the E15 chick

embryo lens cryosection labeled for MHC II (green) with F-actin (white) and nuclei (blue) of which a single optical plane is shown in D. These

images show that MHCII+ immune cells are inserted among the cells of the equatorial epithelium by E15 (arrows). CB-ciliary body, CZ-ciliary

zonules, Magnification bars A = 20 pym, D = 20 um, D insets = 10 ym, E = 7 ym, B,C = 3 pm

3.5 | Resident immune cells are
progenitors of aSMA + myofibroblasts

While resident immune cells surveille tissues and maintain
homeostasis, they also can become agents of pathogene-
sis.>?739 Lens fibrotic disease, like fibrotic disease in most
tissues, is caused by alpha smooth muscle actin (aSMA)+
myofibroblasts.’'>* Our previous studies with the ex vivo
mock cataract surgery chick model showed that in fibrosis-
inducing environments the lens resident CD44+/vimentin-
rich cells we have now identified as resident immune cells
are induced to become aSMA+ myofibroblasts.45 We now
show that CD45+ resident immune cells present in human
pediatric post-cataract surgery explants can acquire a myofi-
broblast phenotype (Figures 10 and 11). For these studies,
tissue from the same pediatric cataract surgery patient was
divided in two and placed in different culture dishes. These
post-cataract surgery explant cultures were fixed at either
day O (Figure 10A-C) or day 6 (Figures 10D-I and 11) and

co-immunolabeled for xSMA and CD45. At day 0, there was
no expression of aSMA by either the CD45+ resident im-
mune cells localized among the injured lens epithelium or
those at the leading edge of the wound (Figure 10A-C). In
contrast, by day 6 CD45+ cells located among the lens epi-
thelium express aSMA+ (Figure 10 D-F), also shown as 3D
surface structure renderings (Figure 10G-I) . In the same pa-
tient sample at the 6 day post-wounding time period, CD45+
immune cells that had moved off the edge of the wounded
human post-cataract surgery explant onto the rigid tissue cul-
ture substrate also expressed aSMA, here, shown organized
into stress fibers typical of myofibroblasts (Figure 11). These
findings demonstrate that resident immune cells have the po-
tential to serve as agents of lens fibrotic disease progression
and show that myofibroblast emergence and persistence is
much greater in the rigid environment of the tissue culture
plastic than on the basement membrane capsule. This finding
is consistent with the general fibrosis literature showing that
rigid environments promote myofibroblast differentiation
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FIGURE 9 Resident immune cells of the lens with antigen presenting ability are among the first to respond to cataract surgery wounding.
A-D, Ex vivo mock cataract surgery chick cultures were labeled 1 hour postinjury for MHCII (red), a marker associated with professional antigen
presenting cells, vimentin (green), F-actin (white), and nuclei (blue). A, MHCII+/vimentin+ cells are shown with dendritic tails that insert between
the lens epithelial cells. B, 3D structural view of cells from the confocal z-stack of the image presented in A as a single optical section. 3D view
shows a resident immune cell (asterisk) with a vimentin-rich cell body and MHCII enriched dendritic tail wrapped around the neighboring lens
epithelial cells. C, Imaging at the wound edge shows the presence of MHC II+/vimentin+ cells and the lens epithelial follower cells demarcated by
F-actin (white). D, 3D structural view of the wound edge shows MHCII+/vimentin+ cells (indicated by asterisks in C) near the leading edge where
they are intertwined among the lens epithelial cells. E-F, Co-immunolabeling of ex vivo mock cataract surgery cultures 1 hour postinjury for MHC-
II (red) and P2 (green), counterstained for F-actin (white) and nuclei (blue) shows MHCII+ cells express 2 confirming their immune identity. G,
3D structural view of f2+ cells at the wound edge from the confocal z-stack of the image presented in F. Asterisk denotes the location of the same
B2+ cells at the wound edge in F and G. Studies are representative of at least three independent experiments. Magnification bars A,C,E,F = 20 um,

B=2um
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FIGURE 10 CD45+ resident immune cells serve as aSMA+ myofibroblast progenitors. A-I, A pediatric cataract surgery lens explant was

divided into two pieces and fixed on day O or day 6 postinjury. Cultures were co-labeled for CD45 (green) and aSMA (red) and counterstained with

DAPI to identify nuclei (blue). A-C, On day 0, CD45+ resident immune cells were present among the lens epithelium, however, no labeling for

aSMA expression was detected. D-F, By day 6, aSMA+ myofibroblasts emerged that co-localized with CD45+ cells on the lens capsule indicating

that these cells are the source of the myofibroblasts. G-I, 3D structural view of CD45+/aSMA+ cells located among the lens epithelial cells from a

confocal z-stack of the images shown as single optical planes in D-F. Magnification bars = 20 um

and proliferation,s“’55

and suggests that in the environment
of the lens basement membrane capsule the growth of my-
ofibroblasts that leads to a fibrotic outcome would be slower
than the process when the cells immediately encounter a rigid

substrate.

4 | DISCUSSION

Almost all tissues of the body rely on resident immune cell
populations to serve as sentinels to protect the tissue. They
act as first line of defense to injury and infectious insults by
producing a local rapid immune response.u' Yet, resident
immune cells were not previously considered in the lens, a

tissue of the eye whose transparency and function are es-
sential to vision. For the first time, we show that resident
immune cells populate the epithelium of chicken, mouse,
and human lenses demonstrating this is a shared feature
of the lens across species. Our studies followed the resi-
dent immune response to sterile injury to the lens, which
showed their rapid migration from single and multicellu-
lar niches to the wound edge. Resident immune cells with
antigen presenting ability (MHC Class II+) were identi-
fied within the avascular lens, equipping these cells with
the ability to engage an adaptive immune response. Our
studies also revealed that lens resident immune cells can
serve as precursors of myofibroblasts, the cell type associ-
ated with the lens fibrotic disease PCO, thereby altering
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Day 6 post-catract surgery on the tissue culture substrate

()

Resident immune cells transition into myofibroblasts with xSMA organized into stress fibers when they move off of the lens

capsule onto the rigid tissue culture substrate. A-C, Day 6 postinjury a pediatric cataract surgery lens explant was co-labeled for CD45 (green)

and aSMA (red) and counterstained with DAPI to identify nuclei (blue). B, Confocal tile image of CD45+ resident immune cells that have

moved off of the lens capsule onto the rigid tissue culture substrate. Within this rigid environment CD45+ cells are observed differentiating into

myofibroblasts with aSMA organized into stress fibers (A,C, white arrows). Magnification bars = 50 yum

our understanding about the etiology of lens pathogenesis.
Furthermore, we propose that the avascular lens provides
an ideal reductionist model system in which to study resi-
dent immune cell function as the inherent properties of the
lens include that it is avascular, noninnervated, and stroma
free. The unique ability to perform surgery on isolated
lenses to create an ex vivo mock cataract surgery culture
model makes it is possible to investigate the resident im-
mune cell response to sterile injury in the absence of the
involvement of circulating immune cells.

In our studies with the developing chick embryo eye, which
unlike mammalian embryo eyes has no lens-associated tunica
vasculosa that could serve as a vascular source of lens resi-
dent immune cells, we show that the ciliary zonules between
the ciliary body and the lens are the likely path by which im-
mune cells populate the lens during development. Since we
previously show that immune cells that surveille the lens in
response to corneal wounding are able to migrate across the
lens basement membrane capsule,21 we expect that immune
cells use this same path to take residence in the lens during
development. We also suggest that this is the pathway by
which resident immune cells repopulate the lens in the adult
as the vasculature of the tunica vasculosa of mammals is re-
moved by apoptosis prior to birth.*® In addition, it is a general
characteristic of immune cells that they alter their shape to
squeeze through small spaces, and are able to move through
basement membranes using both protease dependent- and
independent-pathways.57’58 Together, these findings support
a role for the ciliary zonules as a conduit for immune cells
to travel between the vascular-rich ciliary body and the lens
during development, and then, migrate across the lens capsule
to take residence among the cells of the lens epithelium.

In studies focused on examining the phagocytic cells
responsible for cleaning up debris and apoptotic cell rem-
nants during early stages of lens development, it was dis-
covered that macrophages were associated with the lens
primordia.lz’13 Prior to the development of the ciliary
zonules, at the lens vesicle stage, macrophages also were
identified within both the lens epithelium and the lens ves-
icle.'*!* Using embryonic chick/quail chimeras, Caudros
et al showed that lens-associated macrophages are derived
from a hemangioblastic lineage originating from the yolk
sac.'> The yolk-sac derived macrophage populations are
thought to arrive at the lens primordia by migrating through
the mesenchyme that surrounds the developing eye struc-
tures.'? While these studies were not focused on identify-
ing resident immune cells, they provide insight into how a
first wave of macrophages can take residence in the lens
during the earliest stages of lens development. Finding that
these early lens-associated macrophages are derived from
the yolk sac is significant since the ontology of resident im-
mune cells can affect their phenotype and function within
a tissue.™'” Resident tissue macrophages can self-renew
within a tissue and derive from distinct precursors that dif-
fer in origin, which include the yolk-sac erythro-myeloid
progenitors, fetal liver monocytes, or bone-marrow derived
monocytes.>!” Therefore, tissues can be populated by resi-
dent tissue macrophages that are derived from distinct ori-
gins and become established at different times.™'” Yolk-sac
derived macrophages that seed tissues of the embryo are in
large part replaced by macrophages derived from fetal-liver
monocytes.17 Moreover, after birth, bone-marrow derived
monocytes can replace and contribute to resident tissue
macrophage populations.'” Future studies are necessary
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to determine the ontology of lens resident immune cells.
We propose that as the lens continues to develop, the cil-
iary zonules offer a likely path for subsequent waves of
early immune precursors to take residence in the lens.
Furthermore, in adult animals, the ciliary zonules provide
a mechanism to replenish depleted sources of resident im-
mune cell populations that are recruited from local vascular
sources in the eye.

Since resident immune cells are a first line of defense
to insults in most tissues, we also explored the response
of lens resident immune to the sterile, clinically relevant
injury caused by cataract surgery. Our studies showed that
many of the lens resident immune cells that are activated
in response to sterile injury and populate the wound edge
express the TLR4 co-receptor CD14, identifying them
as monocytes/macrophages and/or dendritic cells.”%
Expression of the CD14 receptor by resident immune cells
links them to a role in activation of the innate immune sys-
tem since it functions together with TLR4 to detect patho-
gen-associated molecular pattern LPS and protect a tissue
against pathogen infection.®* Part of the response of tis-
sue resident leukocytes to an insult is their ability to call in
back up by producing factors that induce the recruitment
of circulating immune cells. In response to cataract sur-
gery, the lens epithelium was found to produce a number of
pro-inflammatory factors and chemokines such as CCL-2
(MCP-1) known to drive recruitment of monocytes.22
Whether injury activated resident immune cells integrated
among the lens epithelium are responsible for contributing
to the production of pro-inflammatory factors and chemo-
kines is not yet known. Lens resident immune cells pro-
vide a potential mechanism to recruit circulating innate
immune cells to the lens as has been shown to occur in
response to lens dysgenesis caused by conditional deletion
of N-cadherin, corneal wounding, and cataract surgery.zo'22

While resident immune cells play critical roles in pro-
tecting a tissue from insult, they can become dysregulated
to cause chronic inflammation and disease.””* We now
show that the injury-activated lens resident immune cells in
human pediatric cataract surgery explants are progenitors of
aSMA+ myofibroblasts. These new findings support our pre-
vious studies with the ex vivo mock cataract surgery chick
model where we showed that a subpopulation of CD44+/vi-
mentin+ cells we now identify as resident immune cells are
myofibroblast progenitors and associated with lens fibrotic
PCO.** Fibrosis often is the result of an aberrant wound
healing response characterized by myofibroblast persistence
and the excessive production of extracellular matrix proteins
like collagen I leading to the loss of tissue structure and
function.’®®’ In the lens, the fibrotic disease PCO is a major
complication of cataract surgery and is health burden with
no effective treatment strategies.68’69 Our finding that lens
resident immune cells serve as myofibroblast progenitors
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strongly suggests that these cells are mediators of PCO. In
addition, autoimmune pathogenesis has long been considered
a factor in age-related cataracts, as well as in the high inci-
dence of cataracts in autoimmune diseases such as diabetes
and uveitis.””"> Our discovery of resident immune cells in
the lens would be consistent with a role in cataractogenesis.
Resident immune cells provide a potential new therapeutic
target to consider for both PCO and cataract. How lens res-
ident immune cells become aberrantly regulated to serve as
agents of fibrotic lens disease progression remains an import-
ant unanswered question.

Subsets of lens resident immune cells were positive for
MHC-II, a molecule constitutively expressed on antigen
presenting cells including dendritic cells and macrophages,
providing these cells with the ability to engage an adaptive
immune response. In chick embryo lenses, MHC I+ cells
are integrated between the epithelial cells in the lens equa-
torial zone adjacent to the site that ciliary zonules insert into
the lens, wrapping their dendritic tails around lens epithelial
cells. When activated upon injury these cells are induced to
migrate to the wound edge, yet, it is not clear how the lens res-
ident antigen presenting cells function in mounting an adap-
tive immune response to activate naive T-cells. Typically,
antigen presenting cells travel through lymphatic vessels to
reach lymph nodes to present antigens to naive T-cells. The
lymphatics of the anterior eye,76 provide a potential path for
the antigen presenting cells of the lens to the lymph nodes.

Overall, findings from our studies show for the first time
that resident immune cells stationed within the lens epithe-
lium are the initial responders to sterile injury that can serve
as the liaisons between the innate and adaptive immune re-
sponse in this tissue. Our studies open up new avenues for
consideration in vision biology including (1) the role of res-
ident immune cells in shaping the immune response of the
lens, (2) maintaining lens homeostasis and restoring lens
function after insult, (3) how lens resident immune cell func-
tion gets dysregulated, and (4) whether dysregulation of lens
resident immune cells can contribute to the development of
other lens pathologies such as the formation of cataracts.
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