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Purrose. Myo/Nog cells are the source of myofibroblasts in the lens and synthesize
muscle proteins in human epiretinal membranes (ERMs). In the current study, we exam-
ined the response of Myo/Nog cells during ERM formation in a mouse model of prolif-
erative vitreoretinopathy (PVR).

MertHops. PVR was induced by intravitreal injections of gas and ARPE-19 cells. PVR grade
was scored by fundus imaging, optical coherence tomography, and histology. Double
label immunofluorescence localization was performed to quantify Myo/Nog cells, myofi-
broblasts, and leukocytes.

Resurrs. Myo/Nog cells, identified by co-labeling with antibodies to brain-specific angio-
genesis inhibitor 1 (BAI1) and Noggin, increased throughout the eye with induction of
PVR and disease progression. They were present on the inner surface of the retina in
grades 1/2 PVR and were the largest subpopulation of cells in grades 3 to 6 ERMs. All
a-SMA-positive (+) cells and all but one striated myosin+ cell expressed BAI1 in grades 1
to 6 PVR. Folds and areas of retinal detachment were overlain by Myo/Nog cells contain-
ing muscle proteins. Low numbers of CD18, CD68, and CD45+ leukocytes were detected
throughout the eye. Small subpopulations of BAI1+ cells expressed leukocyte markers.
ARPE-19 cells were found in the vitreous but were rare in ERMs. Pigmented cells lacking
Myo/Nog and muscle cell markers were present in ERMs and abundant within the retina
by grade 5/6.

Concrusions. Myo/Nog cells differentiate into myofibroblasts that appear to contract and
produce retinal folds and detachment. Targeting BAI1 for Myo/Nog cell depletion may
be a pharmacological approach to preventing and treating PVR.

Keywords: Myo/Nog cells, proliferative vitreoretinopathy, myofibroblasts

roliferative vitreoretinopathy (PVR) is characterized by
the formation of membranes on the epiretinal or subreti-
nal surface, and, in some cases, fibrotic tissue within the
retina itself.!~> Contractions of these membranes produce
a tractional force on the retina leading to detachment
and possibly blindness.!"* PVR may arise in response to,
or following repair of a rhegmatogenous retinal detach-
ment.!~35-7 Epiretinal membranes (ERMs) also may arise
after a posterior vitreous detachment or proliferative diabetic
retinopathy and uveitis. Whereas PVR membranes can be
surgically removed, functional outcomes vary greatly, in
part because of the potential for lasting structural and
cellular damage.! To date, there are no pharmacological
approaches for the prevention or treatment of PVR that have
yielded consistent results.!»3-8-10
PVR membranes contain a variety of cell types, including
glia, fibroblasts, leukocytes, fibroblast-like cells, and retinal
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pigment epithelial (RPE) cells.">%19-17 Subpopulations of
these cells are thought to transdifferentiate into contractile
muscle-like cells called myofibroblasts.*>13:19-22 Qur anal-
yses of human ERMs obtained from patients with a previ-
ous rhegmatogenous retinal detachment revealed that alpha
smooth muscle actin (@-SMA), striated muscle myosin, and
the skeletal muscle specific transcription factor myoblast
determination factor 1 (MyoD) were exclusively expressed
in a subpopulation called Myo/Nog cells.?> The presence of
differentiated Myo/Nog cells in human PVR membranes is
consistent with the results of Shirpa et al.?* who found a
significant elevation of another member of the MyoD family,
myogenic factor 6 (Myf6), in the vitreous of patients with
rhegmatogenous retinal detachment compared to those with
a macular hole and pucker.

Myo/Nog cells were first identified in the early embryo by
their expression of the MyoD and the bone morphogenetic
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protein (BMP) inhibitor Noggin.?>"* A third marker of
Myo/Nog cells is brain-specific angiogenesis inhibitor
1 (BAIl1) recognized by the G8 monoclonal antibody
(mADb).?>~® Their expression of MyoD is the hallmark of
Myo/Nog cell’s commitment to the skeletal muscle lineage
and capacity to differentiate into multinucleated skele-
tal muscle cells and single nucleated myofibroblasts.?-33
Noggin released from Myo/Nog cells is critical for regulat-
ing the BMP signaling pathway.?>** Myo/Nog cells popu-
late tissues throughout the embryo, including the eyes.?>:32:3
Depletion of Myo/Nog cells prior to the onset of gastrula-
tion results in severe malformations of the body wall, central
nervous system, and eyes.”” Ocular defects include anoph-
thalmia, microphthalmia, lens dysgenesis, and/or over-
growth of the retina.?>%

Adult tissues also contain Myo/Nog cells that become acti-
vated by stress and injury.>'333%-40 Cataract surgery induces
the expansion and migration of the resident Myo/Nog popu-
lation and their differentiation into myofibroblasts express-
ing multiple contractile proteins.>'-33> Contractions of myofi-
broblasts produce wrinkles in the lens capsule that impair
vision in a condition called posterior capsule opacification
(PCO).*' Targeted depletion of Myo/Nog cells in the lens
with the anti-BAI1 G8 mAb and complement, or G8 conju-
gated to 3DNA nanocarriers for the cytotoxin doxorubicin,
prevents the emergence of myofibroblasts in cultures of
human lens tissue and reduces PCO to clinically insignifi-
cant levels in rabbits 31,3342

Myo/Nog cells also become activated in the retina in
response to hypoxia and cell death’%% In the mouse
model of retinopathy of prematurity, targeted depletion of
Myo/Nog cells increases photoreceptor cell death.® In a
light damage model, injection of Myo/Nog cells into the
rat vitreous promotes photoreceptor survival and func-
tion.® Similar neuroprotective activity of Myo/Nog cells was
observed after focal injury to the rat brain.*® Thus, the effects
of Myo/Nog cells can be beneficial or pathologic depend-
ing on the environment and stimuli that trigger their activa-
tion.25:31,33,35,38,39,43

In this study, we examined the response of Myo/Nog cells
in a mouse model of PVR induced by the combination of
vitreous detachment caused by injection of gas and intro-
duction of human ARPE-19 cells into the intravitreal space.*
The grade of PVR in this model was classified by retinal
thickening, formation of ERMs and retinal folds, and partial
to complete retinal detachment.*! ERMs that form following
injection of gas and ARPE-19 cells resemble that of other
species, including humans.”% In this study, we tested the
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hypothesis that Myo/Nog cells are activated by the presence
of ARPE-19 cells and are the source of myofibroblasts in
ERMs and the retina.

METHODS
PVR Induction

Eight- to 10-week-old, female C57BL/G] mice were
purchased from Jackson Laboratory (Bar Harbor, ME, USA).
All experiments adhered to the ARVO Statement for the Use
of Animals in Ophthalmic and Vision Research and were
approved by the University Committee of Animal Resources
of the University of Rochester.

Intravitreal injections were performed as described previ-
ously* and diagrammed in Figure 1. Briefly, a puncture
was made just posterior to the corneal-scleral junction
using a 30 G needle. A 10 pL Hamilton syringe (Hamil-
ton, Reno, NV, USA) and a 33 G needle were used to
inject 0.5 pL of SF6 gas (Alcon Laboratories, Fort Worth,
TX, USA) into the vitreous. One week later, the site where
gas was injected was re-punctured and 1 pL of phosphate
buffered saline (PBS) containing 2 to 8 Xx 10* human
ARPE-19 cells*® (ATCC, Manassas, VA, USA) or PBS alone
was injected with a 10 pL Hamilton syringe and 33 G
needle.

Analyses of PVR Development

PVR development and progression was characterized as
described previously.** Fundus imagining was performed
weekly. The pupil was dilated with an ophthalmic solu-
tion of phenylephrine 2.5% (Paragon Bioteck Inc., Portland,
OR, USA) and tropicamide 1% (Akorn Inc., Lake Forest, IL,
USA). GenTeal lubrication gel (Alcon, Fort Worth, TX, USA)
was applied to prevent ocular surface drying. Eyes were
imaged using the bright-field view of the Micron III Reti-
nal Imaging System (Phoenix Instruments, Naperville, IL,
USA) and StreamPix software (Norpix, Montreal, Quebec,
Canada). The presence of vitreous and epiretinal cells and
membranes, and changes in retinal structure were monitored
by optical coherence tomography (OCT) after applying a
contact lens using the Heidelberg Spectralis HRA + OCT
imaging system (Heidelberg Engineering, Franklin, MA,
USA).

Eyes were collected at 4 days or 1 to 4 weeks post injec-
tion of PBS or ARPE-19 cells, depending on PVR grade. Eyes

RPE Injection

One Week
Later

/S

Intravitreal
RPE cell (PBS)
injection

Procedure for inducing PVR. SF; gas was injected into the vitreous posterior to the corneal-scleral junction. Seven days later,

the site where gas was injected was re-punctured and ARPE-19 cells introduced in PBS.
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were fixed in 4% paraformaldehyde for 24 hours, washed,
embedded in paraffin, and sectioned at 10 uM.

PVR Grading

PVR severity was based on previous grading schemes*” and
reproducible phenotypes observed in mice using fundus
imagining, OCT, and histology.** All PBS injected control
eyes had grade 0 PVR in which the retina appeared normal,
cells were not observed in the vitreous, and membranes
were not present. Grade 1 PVR was characterized by the
presence of cells in the vitreous and on the inner retinal
surface. In grade 2 PVR, cells had migrated to the blood
vessels on the inner retinal surface and the retina was thick-
ened. By grade 3 PVR, membranes had formed on the retinal
surface and were accompanied by small pockets of subreti-
nal fluid and/or focal areas of retinal elevation and folds.
Grade 4 PVR exhibited multiple, focal retinal detachments
involving less than 25% of the tissue and small pockets of
subretinal fluid in close proximity to tractional ERMs on the
surface of the retina. In grade 5 PVR, 25% to 75% of the retina
was detached. Complete retinal detachment and a promi-
nent, tractional ERM was present at grade 6 PVR.

Immunofluorescence Localization

Myo/Nog cells were identified in tissue sections by double
labeling with the anti-BAI1 G8 IgM mouse mAb*® and
the anti-noggin goat polyclonal anti-serum (AF719; R&D
Systems, Minneapolis, MN, USA), as described previ-
ously.?>*° Double labeling also was carried out with the IgM
BAI1 mAb and IgG mAb antibodies to «-SMA (F3777 diluted
1:250; Sigma-Aldrich, St. Louis, MO, USA), striated muscle
myosin II (ab58899 diluted 1:200; Abcam, Cambridge,
MA, USA), the leukocyte markers CD68 (ab201340 diluted
1:200; Abcam), CD45 (ab10558 diluted 1:200; Abcam),
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and CD18 (MA1819 diluted 1:100; ThermoFisher Scientific,
Waltham, PA, USA), and human nucleoli (ab190710 diluted
1:100; Abcam). The «-SMA mAb was directly conjugated
with fluorescein. Other primary antibodies were visual-
ized with AffiniPure Fab fragment subclass and species-
specific secondary antibodies conjugated with Rhodamine
Red or Alexa 488 (Jackson ImmunoResearch Laboratories,
Inc., West Grove, PA, USA). The level of background fluores-
cence was determined by incubating sections in secondary
antibody only. Apoptotic cells were identified with fluores-
cent terminal deoxynucleotidyl transferase-dUTP nick-end
labeling (TUNEL) reagents (Roche Diagnostics, Mannheim,
Germany). Coverslips were applied with Dapi Fluoro-Gel II
Mounting Medium (Electron Microscopy Sciences, Hatfield,
PA, USA).

Tissues were analyzed with the Nikon Eclipse E800
epifluorescence microscope (Nikon Instruments Inc.,
Melville, NY, USA) equipped with 10 x, 60 x, and 100 x
lenses, the Infinity 3S camera (Teledyne DALSA, Waterloo,
Ontario, Canada) and Image Pro Plus image analysis soft-
ware program (Media Cybernetics, Rockville, MD, USA)
and the Olympus Confocal Fluoview 1000 microscope
equipped with a 60 x oil immersion lens and Fluoview
software program (Olympus Corp., Tokyo, Japan). Adobe
Photoshop version 23 (Adobe Inc., San Jose, CA, USA) was
used to adjust photographs for brightness and contrast, and
assembly and annotation of figures.

Quantitation of Fluorescently Labeled Cells and
Statistical Analyses

Cells were scored for the presence of one or both fluores-
cent antibodies in ERMs, the retina, ciliary body, lens, cornea,
and on the zonules of Zinn in each section. The number of «-
SMA stained cells did not include smooth muscle surround-
ing blood vessels. The number of fluorescent cells in tissue

TasLe 1. Number of Cells Labeled With Antibodies to Markers of Myo/Nog Cells and Muscle in ERMs and the Retina

Downloaded from iovs.arvojournals.org on 03/06/2023

ERMs Grade E/S BAIl1+/Noggin— BAIl1+4/Noggin+ BAIl1-/Noggin+
8 3/4 3/10 0 13 + 4 0
C 5/6 3/11 0 400 + 258 0
9 Grade E/S BAI1+/0a-SMA— BAI1+/a-SMA+ BAIl1—/a-SMA+
A 3/4 3/11 02 + 0.6 10 + 2 0
— 5/6 3/13 80 + 100 270 £ 124 0
g Grade E/S BAIl+/Myosin— BAIl+/Myosin+ BAIl1—/Myosin+
n 3/4 4/17 5+3 9 +£8 0
S 5/6 4/18 47 + 18 98 + 139 0.1+0.2
o Retina Grade E/S BAIl1+/Noggin— BAIl1+/Noggin+ BAI1-/Noggin+
= 0 3/22 0 3+1 0
(@)] 1-2 3/14 0 11+ 4 0
ke 3-4 3/8 0 12 + 2 0
o 5-6 3/11 0 106 + 45 0
g Grade E/S BAIl1+/0a-SMA— BAI1+/a-SMA+ BAIl1—/a-SMA+
8 0 3/11 6+5 0 0
E 1-2 3/14 5+6 7+5 0
o 3-4 3/11 1+ 2 13 £ 3 0
@) 5-6 3/13 5+ 4 62 + 43 0
[0)) Grade E/S BAI1+/Myosin— BAIl1+/Myosin+ BAI1—/Myosin+
= 0 3/12 7+1 0 0
© 1-2 3/15 10 + 2 0 0
2 3-4 4/30 342 6+7 0
8 5-6 4/14 38 + 14 23 + 12 0
E Sections were double labeled with the anti-BAI1 mAb and antibodies to noggin, a-SMA, and striated muscle myosin. Values are the mean

=+ standard deviation of double (+/4) and single labeled cells (+/— and —/+) in each section. The number of eyes (E) and sections (S) are
indicated for each grade and pair of antibodies.
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sections from PVR grades 1 and 2, 3 and 4, and 5 and 6 were
combined to represent early retinal changes and moderate
to severe PVR, respectively, as described above. Data from
eyes receiving intravitreal injections of 2000 to 8000 ARPE-
19 cells were pooled for the same PVR grade.

The data represent the means and standard deviations of
single and double labeled cells. The unpaired ¢-test was used
to compare the means and standard deviations in different
tissues as a function of PVR grade with a P value of < 0.05 for
statistical significance. Graphs were assembled with Prism
GraphPad version 9.3.1. The percentage of Myo/Nog cells
expressing muscle proteins was calculated by dividing the
mean of the number of double labeled cells by the total
number of BAI1+ cells and multiplying by 100.

IOVS | February 2023 | Vol.64 | No. 2 | Article 1 | 4

RESULTS

Myo/Nog Cells Increase in Response to
Intravitreal Injection of Human RPE Cells and
PVR Progression

Myo/Nog cells were localized in the eye by double labeling
for BAI1 and noggin. All BAI1+ cells synthesized noggin
and vice versa in the posterior and anterior segments in
Grades 0-6 PVR (Tables 1, 2), thereby confirming their iden-
tity as Myo/Nog cells. Consistent with our previous study of
murine eyes,*® Myo/Nog cells were present in low numbers
throughout the eye following intravitreal injections of PBS
(PVR grade 0;)(see Tables 1, 2; Figs. 2A-C; Figs. 3A, 3B).

Tasre 2. Number of Cells Labeled With Antibodies to Markers of Myo/Nog Cells and Muscle in the Ciliary Body, Lens, and Cornea

Downloaded from iovs.arvojournals.org on 03/06/2023

Ciliary body Grade E/S BAIl1+/Noggin— BAIl1+/Noggin+ BAIl1—-/Noggin+
0 3/19 0 0.2 +£ 0.4 0
1/2 3/14 0 1+1 0
3/4 3/7 0 9+5 0
5/6 3/11 0 18 + 17 0
Grade E/S BAIl+/0a-SMA— BAIl1+/a-SMA+ BAIl1—/a-SMA+
0 3/11 1+1 0 0
1/2 3/14 04 £ 1 0.2 £ 0.4 0
3/4 3/11 04 £+ 1 11 + 8 0
5/6 3/13 1+£1 12 £ 10 0
Grade E/S BAI1+/Myosin— BAIl+/Myosin+ BAIl1—-/Myosin+
0 3/12 1+£1 0 0
1/2 3/17 5+6 2+3 0
3/4 4/30 04 +1 0.1 + 0.1 0
5/6 4/18 5+ 4 1+3 0
Lens Grade E/S BAI1+/Noggin— BAI1+4/Noggin+ BAIl1-/Noggin+
0 3/18 0 1+1 0
1-2 3/14 0 7+6 0
3-4 3/10 0 4 +3 0
5-6 3/11 0 9 +8 0
Grade E/S BAI1+/¢-SMA— BAI1l+/a-SMA+ BAI1—/a-SMA+
0 3/11 1+1 0 0
1-2 3/14 1+1 4+ 5 0
3-4 3/11 0 2+ 2 0
o) 56 3/13 0 10 £ 6 0
8 Grade E/S BAIl+4/Myosin— BAIl+/Myosin+ BAIl—/Myosin+
o) 0 3/12 2£1 0 0
i3] 1-2 3/17 241 0 0
w 3-4 4/30 141 0.2 £ 0.6 0
E 5-6 4/18 1+1 0 0
> Cornea Grade E/S BAIl1+/Noggin— BAIl1+/Noggin+ BAIl1—-/Noggin+
D 0 3/21 0 1+1 0
> 12 3/14 0 11+ 11 0
o3 34 3/7 0 343 0
3 5-6 3/9 0 5+5 0
o Grade E/S BAIl+/0a-SMA— BAIl1+/a-SMA+ BAI1—/a-SMA+
o 0 3/11 1+1 0 0
= 1-2 3/14 0.1 £ 03 8+ 11 0
© 3-4 3/11 0 1+1 0
< 5-6 3/13 0 2+ 2 0
< Grade E/S BAIl+/Myosin— BAIl+/Myosin+ BAIl1—-/Myosin+
8’ 0 3/12 1+1 0 0
1-2 3/17 04 +1 0 0
Q 34 4/20 12 03 £ 1 0
'g 5-6 4/18 22 0 0
ko Sections were double labeled with the anti-BAI1 mAb and antibodies to noggin, @-SMA, and striated muscle myosin. Values are the mean
"(7)' =+ standard deviation of double (+/+) and single labeled cells (+/— and —/+) in each section. The number of eyes (E) and sections (S) are
() indicated for each grade and pair of antibodies.
E " External surface of the lens capsule.
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BAI1/N in

Figure 2. Localization of BAI1 and Noggin in ERMs and retina. Sections of mouse eyes with PVR grades 0 (A-C), 5 (D-F), and 3 (G-I)
were double labeled with antibodies to BAI1 (red) and noggin (green). Nuclei were stained with DAPI (blue). The overlap of red and green
appears yellow in merged images. BAI1 and noggin were co-localized in a small number of cells in the grade 0 retina A to -C. BAI1+/noggin+
cells were present throughout the ERM D to F and throughout the retina G to I. GCL = ganglion cell layer; IPL = inner plexiform layer;
INL = inner nuclear layer; OPL = outer plexiform layer; ONL = outer nuclear layer. Bar = 9 pM.

The number of Myo/Nog cells increased significantly in the
posterior segment with PVR progression (Figs. 2D-I; see
Fig. 3A). Myo/Nog cells were present on the inner retinal
surface (IRS) in grades 1/2 PVR and increased significantly
in ERMs from approximately 54% to 72% of the total cells in
ERMs between grades 3/4 and 5/6 (P = 0.0025; see Fig. 3A;
Table 3). They were found in all layers of the retina
(Figs. 2, 4, 5).

BAI1+ Myo/Nog cells also increased significantly in the
anterior segment in response to PVR induction (see Fig. 3B).
The peak of Myo/Nog cells in the lens and cornea was in
eyes with PVR grades 1/2, and ciliary body and zonules
of Zinn at grades 5/6 (see Fig. 3B). Although the number
of Myo/Nog cells was increased in the anterior segment
with intravitreal injection of ARPE-19 cells, the extent of the
Myo/Nog cell response was minimal compared to posterior
segment (see Figs. 3A, 3B; Tables 1, 2).

Muscle Proteins are Localized to Myo/Nog Cells

BAIl+ cells lacked detectable levels of «-SMA+ in grade
0 control eyes injected with PBS only (see Tables 1, 2).
Injection of ARPE-19 cells stimulated the expression of «-
SMA+ in Myo/Nog cells throughout the eye (see Tables

Downloaded from iovs.arvojournals.org on 03/06/2023

1, 2; Figs. 4A-H). In grades 3/4 and 5/6 ERMs, the percent-
ages of BAI1+ cells containing «-SMA were approximately
98% and 77%, respectively (see Table 1). Within the retina,
the percentage of BAI1+ cells with «¢-SMA increased from
approximately 58% in grades 1/2 PVR to 93% in grades 3 to
6 (see Table 1). Most to all Myo/Nog cells in the ciliary body,
lens, and cornea were labeled with the «-SMA by grades 3/4
(see Table 2). BAI1+/a-SMA+ cells were observed on the
internal and external surfaces of the lens capsule (Figs. S5N-
Q). Except for vascular smooth muscle cells, all «-SMA+- cells
were co-labeled with the anti-BAI1 mAb in all ocular tissues
and grades of PVR (see Tables 1, 2), including ERMs and the
retina (see Figs. 4A-H).

No cells in the posterior and anterior segments were
labeled with the mAb to striated muscle myosin II heavy
chain in eyes injected with PBS (see Tables 1, 2). Striated
muscle myosin was detected later in disease progression
than a-SMA (see Tables 1, 2). Greater than 60% of BAI1-+
cells were myosin+ in grades 3 to 6 ERMs (see Table 1;
Figs. 41-P). Only one myosin+ cell lacked BAI1 labeling in
ERMs within 35 sections from 8 eyes (see Table 1).

BAIl1+/myosin+ cells were present throughout the retina
at higher PVR grades (see Figs. 4I-P). The approximate
percentage of double labeled cells in grades 5/6 retinas was
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Ficure 3. Number of BAI1+ cells per grade in a mouse model
of PVR. Tissue sections of the eye were fluorescently labeled with
the anti-BAI1 G8 mAb. The numbers of BAI1+ cells were counted in
each section on the inner retinal surface (IRS; (grade 2), epiretinal
membrane (ERM; grades 3-6), and retina (grades 0-6) (A), and the
cornea, ciliary body, lens, and zonules of Zinn (grades 0-6) (B).
The values are the mean + standard deviation (SD) of the number
of BAI1+ cells/section. The numbers of sections labeled with the
BAI1 mAb are indicated above the SD bar. Grade 0 (injected with
PBS): 9 eyes; grades 1/2: 7 eyes; grades 3/4 10 eyes; and grades 5/6:
13 eyes. * Indicates P values < 0.004.

lower than grades 3/4, possibly reflecting a delay in myosin
expression as the cells increase in number with disease
progression (see Table 1). In most cases, retinal folds were
overlain by ERMs enriched in «-SMA+ and striated myosin+
Myo/Nog cells (see Figs. 4A-D, I-L). BAI1+/myosin+ cells
also were present in the ciliary body and on the external
surface of the lens capsule in grades 3/4 (see Table 2). No
double labeled cells were present in the cornea at any grade
(see Table 2). All myosin+ cells expressed BAI1 in the retina
and anterior segment (see Tables 1, 2). Only a single myosin-
positive cell in lacked detectable BAI1 in 63 sections of
grades 3 to 6 PVR. This cell was present in an ERM (see
Table 1).

TaBLE 3. Percentage of Myo/Nog Cells in Developing ERMs

Grade # Eyes # Sections % Myo/Nog Cells
1/2 3 13 67 + 18
3/4 12 32 54 + 21
5/6 11 28 72 £ 21

The total number of cells identified with DAPI nuclear staining
and total number of BAI1+ cells on the inner retinal surface (IRS)
of grades 1/2 PVR and within grades 3 to 6 ERMs were counted
in each section. % Myo/Nog cells on IRS and in ERMS = number
of Myo/Nog cells + total number of cells times 100. Results are the
mean =+ standard deviation.
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Subpopulations of Myo/Nog Cells Express
Leukocyte Markers

Tissue sections were labeled with antibodies to leukocyte
markers to explore the possibility that injection of ARPE-
19 cells elicited an inflammatory response which could
contribute to the activation and migration of Myo/Nog
cells and other cell types. CD68 is expressed in cells of
the monocyte lineage, other myeloid cells, fibroblasts, and
endothelial cells.*®% CD18 and CD45 are present in all
leukocytes.>®>! CD45 also was detected in peripheral blood
insulin-producing cells.>?

The labeling data for CD68, CD18, and CD45 is shown in
Table 4. The numbers of leukocytes in the vitreous and retina
were similar in eyes injected with PBS (grade 0) and ARPE-
19 cells at grades 1/2 and increased slightly at higher grades.
Low numbers of CD68+ and CD45+ cells were present in
grades 1/2 and 3/4 ERMs. CD18+ cells were detected in
ERMs by grades 5/6. CD45+ cells were more abundant than
cells with CD68 or CD18 in grades 5 and 6 ERMs. Higher
numbers of leukocytes were found in the cornea than the
ciliary body. No CD68+, CD18+, or CD45+ cells were found
in the lens at any grade.

Double labeling with the CD and BAI1 antibodies was
performed to determine whether Myo/Nog cells expressed
leukocyte markers (see Table 4). A maximum of 27% of
Myo/Nog cells were labeled with CD antibodies in ERMs and
fewer BAI1+ cells expressed CD18 than CD68 and CD45.
All CD18+ and CD45+ cells in grades 5/6 ERMs contained
BAIL. Less than 10% of Myo/Nog cells in the retina were
labeled with the CD antibodies. In the vitreous, 14% to 33%
of BAI1+ cells expressed CDG8 and CD45 at grades 3/4 and
no double labeled cells were found at grade 5/6. The cornea
contained the highest percentages of BAI1+/CD+ cells. In
this tissue, 67% of BAI1 cells were co-labeled with the CD68
mAb. CD+/BAI1- cells were found throughout the eye with
the exception of CD18 in ERMs.

Distribution of Human and Pigmented Cells
During Development of PVR

Sections were screened for ARPE-19 cells with an antibody to
human nucleoli (hNuc). The specificity of the antibody was
verified in sections of the human eye in which all nuclei
were fluorescently labeled (not shown) and confirmed by
the absence of labeling in mouse eyes injected with PBS (3
eyes and 11 sections). hNuc labeling was present in a total of
113 cells in the vitreous in 20 sections of grades 1/2 eyes, but
not in the vitreous of grades 3 to 6 PVR (32 sections). None
of the hNuc+ cells in the vitreous were labeled with the
BAI1 mADb (see Fig. 5A). Some ARPE-19 cells were undergo-
ing apoptosis as indicated by TUNEL staining (see Fig. 5B).
Thirteen hNuc+ cells were found in a total of 18 sections
of grades 3 to 6 ERMs. One hNuc+ nucleus appeared to be
present in a cell separated from two unlabeled nuclei by
BAI1 staining (see Figs. 5C-E). In the retina, no hNuc+ cells
were found in 45 sections of grades 1 to 4 PVR and only
2 cells were labeled for hNuc in 9 sections of grades 5/6.
These cells were negative for BAI1. The ciliary body, lens,
and cornea lacked ARPE-19 cells at any grade.

Early in PVR development, a few pigmented cells were
observed on the inner surface of the retina. An example of a
cell with pigment, BAI1, a normal nucleus, and a dysmorphic
nucleus is shown in Figure 5F and 5G. Grades 3 to 6 ERMs
contained a subpopulation of pigmented cells among the
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Ficure 4. Localization of BAI1 and muscle proteins in ERMs and the retina. Sections of mouse eyes with PVR grades 5/6 were double
labeled with antibodies to BAI1 (red) and a-SMA (green) (A-H) or striated muscle myosin (green) (I-P). Nuclei were stained with DAPI
(blue). The overlap of red and green appears yellow in merged images (D, H, L, P). Regions within the boxes of the low magnification
images in A, E, I, and M are shown at higher magnification in B to D, F to H, J to L, and N to P, respectively. BAI1 and «-SMA were
co-localized in the ERM located in the vicinity of a retina fold (arrow in A). BAI14/ a-SMA+ cells also were present throughout the layers of
the retina (E-H). BAI14+/myosin+ cells were located within the ERM above the retinal folds (white arrows in I, J-L) and in the retina (M-P).
ONL = outer nuclear layer; OPL = outer plexiform layer; INL = inner nuclear layer; IPL = inner plexiform layer; GCL = ganglion cell layer.
Bar=9uMin Ato D,Fto H,J to L, and N and O, 57 pM in I and M, and 135 pM in E.

Myo/Nog cells (see Figs. 5H, 5Q). Pigmented cells invaded
the retina from the RPE as PVR progressed (see Figs. 51, R-
U). In ERMs and the retina, pigmented cells resided either on
the periphery (see Figs. 5H, M, Q, S) or among dense accu-
mulations of BAIl4/myosin+ cells (see Fig. 5U). Noggin,
a-SMA and striated myosin were not detected in cells with
pigment (see Figs. 5J-M, N-Q, R-U, respectively). The zonules
also contained pigmented cells (see Fig. 5M).

DiscussION

The mouse model utilized in this study involves inducing
PVR by detaching the posterior vitreous with gas and inject-
ing ARPE-19 cells.* This model was adapted from a simi-
lar protocol used in rabbits to create a more cost-effective
approach to drug testing and to study mechanisms in genet-
ically modified animals.** Although the most common stim-
ulus for PVR development (retinal tear or detachment) is
not recapitulated in this model, key aspects of PVR patho-
genesis, including dispersion of RPE cells into the vitre-
ous cavity, ERM formation, and traction, are recreated with
ARPE-19 cell injection. Generating reproducible retinal tears
in a mouse or rabbit eye is technically challenging, and
therefore, the majority of PVR models have incorporated
the injection of cells (most commonly RPE cells) into the
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vitreous cavity to induce ERM formation with subsequent
retinal detachment.>*> Our results with the ARPE-19 mouse
model are similar to those we obtained with ERMs removed
from patients that had a repair of a rhegmatogenous reti-
nal detachment in which all cells with muscle proteins
expressed Myo/Nog cell markers.”

Injection of ARPE-19 cells stimulated the expansion of the
Myo/Nog cell population, identified by their co-expression
of BAIl1 and Noggin, in the posterior segment, and to a
far lesser extent, the anterior segment. They were present
on the retinal surface early in development of PVR (grades
1/2) and were the largest subpopulation of cells in ERMs.
It is possible that the Myo/Nog cells on the retinal surface
originated from those present in the ganglion cell or inner
plexiform layer where they normally reside.’®%° The ciliary
body is another potential source of Myo/Nog cells, as
evidenced by their expansion in this structure and migration
on the zonules of Zinn in response to injection of ARPE-19
cells.

ARPE-19 cells, identified with an antibody to human
nucleoli, were rare in ERMs, indicating that their induc-
tion of PVR was indirect. Their presence in the vitreous
did not appear to elicit a large influx of CD+ leukocytes.
In addition, the conjunctivas were white and quiet, and
there were no signs of discomfort. These results suggest that
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Ficure 5. Localization of Myo/Nog, human, and pigmented cells in PVR. Sections of mouse eyes with PVR were double labeled with
antibodies to BAI1 and hNuc (A, C-E), hNuc, and TUNEL reagents (B), and BAI1 and striated muscle myosin (F-H, R-U), noggin (J-M), or
a-SMA (N-Q). The colors of the fluorescent secondary antibodies are indicated in the annotations. Nuclei were stained with DAPI (blue).
The overlap of red and green appears yellow in merged images (B, L, M, P, Q, R-U). G to -I, M, Q, S, and U are merges of red, green, and/or
blue and DIC. HNuc+ cells in the vitreous of grades 1/2 PVR were not labeled with the BAI1 mAb A. Some hNuc+ cells were apoptotic B.
BAI1+ cells lacked detectable levels of hNuc in the ERM C. One hNuc+ nucleus appeared to be present in a cell with two other unlabeled
nuclei (arrow in C, enlarged in D and E). BAI1 staining was between the three nuclei (D, E). BAI1 and pigment were present in a cell with
a normal nucleus and a dysmorphic nucleus (F, G). A pigmented cell on the surface of a grade 5/6 ERM was surrounded by BAI1+/myosin-
cells (arrow in H). A low magnification image shows pigmented cells that had invaded the retina (arrow in I). BAI14+/noggin+ cells in the
grades 5/6 ERM did not contain pigment (K-M). Pigmented cells were visible on the zonule (arrow in M). BAI1 and «-SMA were co-localized
in the ERM (ved arrow in P) and on the internal and external surface of the lens capsule (N-Q, white arrows in P). Cells with pigment were
present on the surface of the ERM (arrows in Q). Pigmented cells surrounded an aggregate of BAI14/myosin+ cells in the retina (R, S) and
were interspersed with differentiated Myo/Nog cells in grades 5/6 ERMs (T, U). INL = inner nuclear layer; IPL = inner plexiform layer; GCL
= ganglion cell layer; Z = zonule. Bar = 9 uM in A-C, F-I and K-N, 10 pM in G and H; 57 pM in J, and 12 pM in O-R.
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inflammation is not a significant trigger for the activation of
Myo/Nog and other cell types, and the formation of ERMS
in this model. An alternative stimulus for Myo/Nog cell acti-
vation are factors released from dying ARPE-19 cells that
were revealed with TUNEL staining. Support for this hypoth-
esis comes from our previous studies showing Myo/Nog cell
accumulation in areas of cell death and their phagocytosis
of cell corpses.3#:36,38:40,43

Subpopulations of Myo/Nog cells expressed leukocyte
markers, suggesting that they share mechanisms of response

Downloaded from iovs.arvojournals.org on 03/06/2023

to disruptions in homeostasis with myeloid cells. Previ-
ously, we distinguished Myo/Nog cells from macrophages
and microglia by the absence of staining with antibodies to
Ibal and F4/80 in the retina, brain and skin.3®%-53,5% Not
surprisingly, the CD68 marker for the monocyte lineage was
found in some Myo/Nog cells. Both CD68 and BAI1 are
receptors for phosphatidylserine (PS) present in the outer
leaflet of the plasma membrane of apoptotic cells.”® > The
binding of BAIl to PS initiates phagocytosis,”” a function
of cells of the innate immune system and Myo/Nog cells.*?
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Engulfment of pigmented and human cells was suggested
by the appearance of cells with BAI1, a dysmorphic nucleus
and pigment, or a human nucleolus.

Pigmented cells were present along with Myo/Nog cells
in all grades of PVR. It is unclear how pigmented cells from
the mouse RPE would reach the inner surface of the retina
during early stages of PVR in the absence of a tear. However,
RPE cells have been identified in idiopathic ERMs in patients
without tears and OCT data has demonstrated evidence
of transretinal migration of RPE cells.?>®® Other possible
sources of pigmented cells seen on the retinal surface and
ERMs are the anterior margin of the RPE and ciliary body.??
At higher PVR grades, pigmented cells presumably migrat-
ing from the RPE extended from the outer retina into the
ERM. Lineage tracing with stably expressed reporters will
be required to define the origins of pigmented cells with
PVR progression.

Induction of PVR stimulated the expression of a-SMA
only in BAI14+ Myo/Nog cells. Progression of myogenic
differentiation was revealed by their synthesis of striated
muscle specific myosin II. BAI1, noggin, o-SMA, and striated
myosin+ myofibroblasts were often associated with retinal
folds. These findings demonstrate that Myo/Nog cells are
the source of myofibroblasts in ERMs. Given the abundance
of differentiated Myo/Nog cells in the retina in advanced
disease, they are likely contributors to intraretinal fibrosis
that occurs in some cases of PVR.!>8

Contractile myofibroblasts in PVR membranes have been
postulated to arise from a variety of sources, includ-
ing RPE and glial cells that transdifferentiate into muscle
cells.1,4510,13,15-22 RPE and Muller cells synthesize a-SMA
in culture and can produce a tractional force on a colla-
gen gel."~% The most compelling evidence for RPE cells
as the source of myofibroblasts in PVR was co-localization
of -SMA and cytokeratin-18, a marker of epithelial cells, in
human ERMs.!” This study also demonstrated co-expression
of a-SMA and the Muller and astrocyte cell marker glial fibril-
lary acidic protein (GFAP). To our knowledge, it has not been
reported that expression of «-SMA is sufficient for contrac-
tion or whether additional muscle proteins are synthesized
in either RPE or glia cells in vitro or in vivo. Knockdown
of ¢-SMA did not prevent contractions in cultures of lens
cells.%

We cannot rule out the possibility that mouse RPE cells
lost pigment following an epithelial to mesenchymal tran-
sition and transdifferentiated into cells that express BAII,
noggin, and muscle proteins. It also is possible that glial
cells transdifferentiated into Myo/Nog cells. However, we
favor the hypothesis that myofibroblasts arose directly from
Myo/Nog cells for the following reasons. First, Myo/Nog cells
normally reside within the retina and other ocular tissues,
are activated by multiple forms of stress and injury, are
inherently myogenic, and stably committed to the skeletal
muscle lineage regardless of their environment.3'-33,38,39,69
They are the primary, if not exclusive source of noggin in
the embryo and adult, including the eyes.??-2%-31,33,35,37-39,69
Noggin expression defines the Myo/Nog cells lineage and
is not a characteristic of all differentiating myoblasts.?
Furthermore, Myo/Nog cells do not express cytokeratins
in skin tumors and surrounding tissues.3® Pigmented cells
within the ciliary body epithelium, RPE, human ERMs, and
in this mouse model of PVR do not express detectable
levels of BAI1, noggin, MyoD, a-SMA, or striated muscle
myosin,?33:38:39.69 although, if they retained pigment, they
may not have fully transdifferentiated. Neither BAI1 nor
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noggin were detected in the RPE or Muller and other glia
cells in retinopathy induced by hypoxia and light damage,
and GFAP was not present in Myo/Nog cells.?®3° Although
fibroblasts also were postulated to be a source of myofi-
broblasts in ERMs,”® Myo/Nog cells have a fibroblast-like
morphology. Whereas multiple cell types clearly contribute
to ERM formation, we conclude that Myo/Nog cells are the
source of myofibroblasts within the membranes and retina,
and generators of a tractional force that causes folds and
detachment.

Depletion of Myo/Nog cells with intravitreal injections
of a cytotoxic drug specifically targeted to BAI1 will reveal
whether this is a viable approach for preventing ERM
formation and retinal detachment, as it was for preventing
the accumulation of myofibroblasts and mitigating PCO in
response to cataract surgery in rabbits.3> Cataract surgery
with phacoemulsification and an abnormal vitreoretinal
interface is a risk factor for retinal detachment and the
onset or progression of ERM formation.”"”2 It is possible that
Myo/Nog cell activation in the lens and ciliary body could
result in their migration and contribution to ERM formation.

A potential complication of targeting Myo/Nog cells in
the retina is related to their neuroprotective function. Deple-
tion of Myo/Nog cells increased photoreceptor cell death in
a mouse model of oxygen induced retinopathy, and addi-
tion of Myo/Nog cells to the rat vitreous following light
damage promoted photoreceptor survival and function.?®3°
However, killing Myo/Nog cells in the normal retina did not
affect neuronal viability, suggesting that their neuroprotec-
tive function becomes important when the retina is compro-
mised.?® Therefore, the absence of Myo/Nog cells may not be
detrimental to neurons if ERM formation and retinal detach-
ment are prevented. Myo/Nog cells continue to express BAI1
after differentiating into myofibroblasts (current study and
refs. 23:3%), Depleting Myo/Nog cells could be a strategy for
treating existing membranes before the development of reti-
nal tears and detachment, in addition to preventing ERM
formation in patients who are at high risk of developing
PVR.
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