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Muller glia (MG) play a central role in reactive gliosis, a stress
response associated with rare and common retinal degenerative
diseases, including age-related macular degeneration (AMD). The
posttranslational modification citrullination targeting glial fibrillary
acidic protein (GFAP) in MG was initially discovered in a panocular
chemical injury model. Here, we report in the paradigms of retinal
laser injury, a genetic model of spontaneous retinal degeneration
(JR5558 mice) and human wet-AMD tissues that MG citrullination is
broadly conserved. After laser injury, GFAP polymers that accumu-
late in reactive MG are citrullinated in MG endfeet and glial cell pro-
cesses. The enzyme responsible for citrullination, peptidyl arginine
deiminase-4 (PAD4), localizes to endfeet and associates with GFAP
polymers. Glial cell-specific PAD4 deficiency attenuates retinal
hypercitrullination in injured retinas, indicating PAD4 requirement
for MG citrullination. In retinas of 1-mo-old JR5558 mice, hyperci-
trullinated GFAP and PAD4 accumulate in MG endfeet/cell processes
in a lesion-specific manner. Finally, we show that human donor
maculae from patients with wet-AMD also feature the canonical
endfeet localization of hypercitrullinated GFAP. Thus, we propose
that endfeet are a “citrullination bunker” that initiates and sustains
citrullination in retinal degeneration.
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M uller glia (MG) are the principal reactive cells of the ret-
ina that respond to stress via a process known as reactive
gliosis (1). The posttranslational modification (PTM) citrullina-
tion (2) of glial fibrillary acidic protein (GFAP) can occur in
reactive MG, where citrullination driven by peptidyl arginine
deiminase-4 (PAD4) expression is closely regulated early during
gliosis in a mouse model of corneal alkali injury (3, 4). The con-
version of arginine residues on GFAP could promote its depoly-
merization (5), or potentially, citrullinated GFAP could also be
cleaved (6), and citrullinated fragments may serve as autoimmu-
nogens (7). Given the blunt nature of alkali injury, whether MG
elicit hypercitrullination in other injuries or retinal diseases is
unknown. Therefore, we used three models of retinal pathology
to investigate the PAD4-citrullination axis in MG.

Results and Discussion

We first employed the laser-induced mouse model of accelerated
choroidal neovascularization (in short, laser injury), a pathological
process that occurs in wet-AMD and pathologic myopia, to assess
retinal gliosis (8). We detected hypercitrullination of glial fila-
ments in reactive MG at the endfeet and along cell processes
reaching the outer nuclear layer (Fig. 1 A-F, and M). PAD4 shows
a similar pattern of compartmentalized staining at the endfeet
and along glial filaments (Fig. 1 G-L, and N). To test whether
PAD4 is responsible for MG hypercitrullination, we selectively
ablated Padi4 gene expression by crossing GFAP-Cre™ ™ with
Padi4"°* mice and administered tamoxifen to induce PAD4
deficiency in glial cells (PAD4 conditional knockout mice
[PAD4cKO]) (SI Appendix). Immunostaining of retinas from
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control and PAD4cKO mice subjected to laser injury (S/
Appendix) revealed loss of citrullinated GFAP (cit-GFAP) in
PAD4cKO retinas compared to control injured retinas as detected
by a site-specific (R270 and R416) anticitrullinated GFAP anti-
body (4) (Fig. 1 O and P). Western blot (WB) analysis (Fig. 10)
confirmed that PAD4cKO retinas showed significant fourfold
reduction of the total hypercitrullinated species (Fig. 1U), includ-
ing that of protein species around 250 kDa (Fig. 10, arrow
heads), 75 kDa (Fig. 10, arrow), and 50 kDa GFAP (Fig. 10, dot-
ted arrow), but not the ~100-kDa band. This attenuation paral-
leled the near sixfold reduction of PAD4 protein levels in
PAD4cKO retinas compared to injured controls (Fig. 15).

Next, we investigated citrullination in a genetic model of
spontaneous outer retinal degeneration. The CrbI1"/Jak3 ™"
double mutant mouse (JR5558 line) develops retinal lesions
leading to adult-onset retinal degeneration (9). Retinal lesions
in 1-mo-old JR5558 mice show lesion-specific GFAP overex-
pression with abundant staining of both hypercitrullinated spe-
cies (Fig. 24-D) and cit-GFAP marking the entire length of the
MG cell processes (Fig. 2 H and I). PAD4 also localizes to the
MG endfeet region overlapping GFAP (Fig. 2 E-G), further
exemplifying that the PAD4—citrullination axis is also orches-
trated during gliosis in a model of rare retinal disease.

Finally, we analyzed retinal tissue from advanced human
wet-AMD donor eyes for citrullination (10) (SI Appendix). The
control age-matched donor samples revealed the expected
GFAP staining in the ganglion cell layer astrocytes, with some
filamentous GFAP staining suggestive of minimal age-related
gliosis (Fig. 27). The wet-AMD retinas revealed considerable
retinal swelling and increased staining for GFAP that featured
localization to MG endfeet and through the cell processes (Fig.
2M) (11). Staining for cit-GFAP revealed low levels in the
astrocyte layer of controls (Fig. 2K), but in wet-AMD maculae
the striking abundance of cit-GFAP was particularly noticeable
in the endfeet and along cell processes, overlapping with GFAP
staining (Fig. 2N). Taken together, our findings from mouse
models and human retinal degenerative disease reveal an asso-
ciation of endfeet citrullination with pathology. Rigorous
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Fig. 1. Citrullination and PAD4 in reactive MG after laser injury. (A-F) Representative images of retinal sections from uninjured and postinjured mice immu-
nostained for GFAP (green) and citrullination (F95, red). Nuclei were visualized with DAPI (blue). Asterisks demark laser injury site. (M) Orthogonal projections
of confocal z-stacks stained for GFAP (red) and F95 (green) at high magnification. (G-L) Representative images of retinal sections from uninjured and postin-
jured mice immunostained for GFAP (red) and PAD4 (green). (N) Orthogonal projections of confocal z-stacks stained for GFAP (red) and PAD4 (green). (Scale
bars, 105 pm.) (O and P) Representative images of retinas from laser injured control and PAD4cKO (KO) mice immunostained for cit-GFAP. GCL, ganglion cell
layer; INL, inner nuclear layer; ONL, outer nuclear layer. WB analysis of retinal extracts subjected to denaturing and reducing conditions from laser-injured con-
trol and KO retinas probed for citrullination (F95; Q) and PAD4 (S). (U) Quantitation of F95 reactive bands and PAD4 were normalized to stain-free gels (R and
T), respectively (n = 5 blots; error bars are SD of mean; *P = 0.004, **P = 0.0159, ***P = 0.0159, ****P = 0.0278, *****P = 0.004) using one-way ANOVA.

validation of this potential human disease-related biomarker filaments (5) or to transport activated PAD4 to other cellular

should be established using larger sample numbers. substrates for citrullination (e.g., nuclear histones) (15). Finally,
A parsimonious view of citrullination coordination with glio-  chronic hypercitrullination may eventually alter retinal immu-

sis builds on the idea that Gfap mRNA transport to the endfeet  nity through production of anticitrullinated peptide antibodies,

for its localized translation (12) and assembly into polymeric  as in rheumatoid arthritis (7).

forms would allow for PAD4 to become associated during

GFAP polymerization. This suggests that the enzyme and sub-  Materials and Methods

strate production may be coregulated. One may postulate that  see 57 Appendix, Extended Methods for more details.

PADA4 is synthesized within endfeet and further activated in situ

by the inﬂux Of hlgh Calcium Concentrations Via the endoplas_ Mice and Laser Injury. C57BL/6J mice and PAD4cKO mice were subjected to

mic reticulum calcium sensor (13). As such, this spatially laser injuries as described (16) (see also S/ Appendix). JR5558 mice were pur-

defined, stress-induced PTM could occur concurrently with ~ chasedfromTheJackson Laboratory.

phototransduction, where such an arrangement of compart- Western Blot and Immunofluorescence Staining Analyses. Mouse retinas from

mentalized stress response would afford visual processing even  control and injured mice were subjected to WB and immunostaining (S/

during the course of an injury/stress response. Appendix). Human donor eyes from deidentified subjects (n = 4 wet-AMD; n =
In summary, compartmentalized mRNA translation and 3 normal), procured within 8 h of death, were dissected in buffered formalin

PTMs are becoming more broadly recognized in biology, espe-  and then the posterior eye cup was validated for disease stage (S/ Appendix).

cially in highly polarized neurons and astrocytes (14). We pro- C.ircu.lar 8-mm tissue puvches of the macula were cryopreseryed and sectioned.

pose the term “citrullination bunker” for the MG endfeet, Six different sets 9f sections from each donor eye V\{ere obtained and r'andomly

because this PTM becomes engaged as a polarized response chosen for analysis to ensure adequate representation of the macula tissues.

following an insult and continues into chronic pathological  statistical Analysis. Gel bands for WBs were normalized against stain-free

stages. Thus, [hyper]citrullination could serve to modulate reti-  gels using FIJI software. Data were analyzed by one-way ANOVA for signifi-

nal gliosis through depolymerization of citrullinated GFAP  cance of P < 0.05 using PRISM software.

20of3 | PNAS Palko et al.
https://doi.org/10.1073/pnas.2121875119 Compartmentalized citrullination in Muller glial endfeet during retinal
degeneration


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2121875119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2121875119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2121875119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2121875119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2121875119/-/DCSupplemental

50 pm

Data Availability. All study data are included in the article and/or S/ Appendlix.
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Fig. 2. Citrullinated GFAP in MG endfeet
of JR5558 mouse and human wet-AMD dis-
eased retinase. Localization of cit-GFAP in
JR5558 mouse retinas and human wet-AMD
macula. One-month-old JR5558 mouse reti-
nas were immunostained for GFAP, citrulli-
nation (F95), cit-GFAP, and PADA4. Lesion-
specific staining for GFAP (A; green) over-
laps with staining with F95 (B; red) and is
seen in the merged image (C). Representa-
tive higher magnification images show F95
colocalization with GFAP in endfeet (D).
Representative higher magnification
images of GFAP staining (E; green) and
PAD4 (F; magenta) showing colocalization
(G). Cit-GFAP staining in a 2-mo-old JR5558
mouse retina (H) with higher magnification
revealed at endfeet (/). Asterisks mark the
site of spontaneous retinal lesions. (J-O)
Representative tissue sections from 89-y-old
wet-AMD and age-matched control donor
maculae stained for GFAP (green) and cit-
GFAP (red). The endfeet expression of cit-
GFAP in wet-AMD macula is revealed in
high magnification images showing overlap
with GFAP staining (M-O; arrowheads),
whereas staining in controls is low (K) and
overlaps minimally with GFAP (L). NFL,
nerve fiber layer; GCL, ganglion cell layer;
INL, inner nuclear layer; ONL, outer nuclear
layer. (Scale bar, 10 pm.).
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