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Temporalsingle-cell atlas of non-neuronal
retinal cellsreveals dynamic, coordinated
multicellular responses to central nervous
systeminjury
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Non-neuronal cells are key to the complex cellular interplay that follows
central nervous system insult. To understand this interplay, we generated
asingle-cell atlas ofimmune, glial and retinal pigment epithelial cells

from adult mouse retina before and at multiple time points after axonal
transection. We identified rare subsets in naive retina, including interferon
(IFN)-response glia and border-associated macrophages, and delineated
injury-induced changes in cell composition, expression programs and
interactions. Computational analysis charted a three-phase multicellular
inflammatory cascade after injury. Inthe early phase, retinal macroglia
and microglia were reactivated, providing chemotactic signals concurrent
with infiltration of CCR2" monocytes from the circulation. These cells
differentiated into macrophages in the intermediate phase, while an
IFN-response program, likely driven by microglia-derived type I IFN, was
activated across resident glia. The late phase indicated inflammatory
resolution. Our findings provide a framework to decipher cellular circuitry,
spatial relationships and molecular interactions following tissue injury.

Tissues vary intheir healing and regeneration capacity. Changesincell While much has been learned about each cellular component, our
states, compositions and interactions affect healing both positivelyand  understanding of the multicellular networks underlying CNS pathol-
negatively. In particular, the adult mammalian central nervous system  ogy is more limited®™.

(CNS) extensively remodels afterinsult yet generally fails to regenerate. Optic nerve crush (ONC) injury is a model for studying
Immune cells and glia help orchestrate CNS repair, but their responses  neuron-intrinsic and neuron-extrinsic processes of CNS degenera-
to insult are often insufficient and at times counterproductive’™.  tion and regeneration®. In ONC, the axons of retinal ganglion cells
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Fig.1| A single-cell atlas of the retina tissue ecosystem following ONC.

a, ScPhere embedding 0f 121,309 single-cell profiles (dots) from the retina at
baseline (0 d.p.c.)andat0.5,1,2,4,7 and 14 d.p.c., projected to two dimensions
(2D) by the Equal Earth map projection method and colored by cell type. b, The
fraction of expressing cells (dot size) and mean expression in expressing cells

(dot color) of selected marker genes (columns) across 19 cell types identified in
the analysisina, including residual neurons (rows). ¢, Two-dimensional UMAP
for 21,275 single cells profiled from the mouse posterior eyecup at baseline and at
0.5,1and 2 d.p.c. colored by cell type.

(RGCs) are crushed, resulting in ~80% RGC death within ~2 weeks; the
surviving RGCs do not regenerate new axons, and visual function is
not recovered®. Previous single-cell RNA sequencing (scRNA-seq) of
RGCs following ONC in mice has characterized 46 RGC subtypes’, with
marked differences between subtypes in the propensity to survive
ONC’®, and highlighted neuron-intrinsic programs underlying selective
resilience and regeneration”. Retinal gliaand immune cells alsoimpact
RGCsurvival and regeneration'®™, and the retinal pigment epithelium
(RPE), which constitutes the outer blood-retinal barrier (0BRB), is
a site of immune activity after injury”™". Deeper characterization of
non-neuronal retinal and RPE cells at baseline and after ONC can help
elucidate the potential of these cells for healing.

Here, we profiled immune, glial and RPE cells by scRNA-seq in
uninjured mouse retinas and at six time points after ONC to study
tissue-level dynamics after injury. We characterized cell heterogeneity
at baseline and following injury, charting a three-phase response and
multicellularinflammatory cascades, providing mechanistic insights
and a resource for generating and testing further hypotheses in the
retinaand the CNS at large.

Results

scRNA-seq captures diverse non-neuronal retinal cells
Togenerate an scRNA-seq atlas of non-neuronal retinal cells, we profiled
CD45"immune cells, GLAST* Miiller glia(MG) and CD140a" astrocytes

fromtheretina,and RPE and immune cells fromthe eyecup of uninjured
mice (day O after ONC; O d postcrush (d.p.c.)) and of mice with ONC
at0.5,1,2,4,7and 14 d.p.c. (retina) and at 0.5,1and 2 d.p.c. (eyecup;
Extended Data Fig. 1a-f). We recovered 121,309 high-quality retinal
single-cell profiles annotated to subsets by differentially expressed
marker genes (Fig. 1a,b) and designated 107,067 non-neuronal cells.
We used scPhere to integrate the data with time as a batch variable
(Fig. 1a and Extended Data Fig. 2a,b) for effective annotation before
comparing cells across time (Methods). Marker expression remained
sufficiently invariant to annotate 14 major cell subsets (Extended Data
Fig. 2c): MG (RIbp1 and Agp4), interferon (IFN)-response MG (MG'™;
Ifit3 and Oasl2), astrocytes (Gfap and Pdgfra), microglia (Tmem119
and P2ry12), cycling microglia (Mki67 and Top2a), neutrophils (Retnlg
and $100a9), monocytes/dendritic cells (DCs; Ccr2and Cd209a), Ear2*
monocytes (Far2and Ace), monocytes/macrophages (Ms4a7 and Tgfbi),
B cells (Cd79a and Ms4al), plasmaB cells (/gha and Jchain), T cells (Cd3d
and Trbc2), endothelial cells (CldnS and Ly6c1) and pericytes (Pdgfrb
and Acta2). We also profiled 21,275 eyecup cells, partitioned theminto
12 subsets and annotated them by expression signatures and marker
genes (Fig. 1c and Extended Data Fig. 2d,e)'®". RPE (RdhS, Rpe6S and
RIbpI) andimmune cells comprised 42.3% and 30% of cells, respectively,
including neutrophils (Srgn and Slpi), monocytes (Ccr2 and Ms4aé6c¢),
border-associated macrophages (BAMs; Ms4a7 and Lyz2), DCs (Cd74
and LspI) and T cells/natural killer cells (T/NK cells; Nkg7 and Trbc2).
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Other subsets included conjunctival epithelium (Kr¢15 and Gstol),
scleral fibroblasts (Dcn and Igfbp5), Kdr™ and Kdr'° endothelial cells
(Flt1and Cldns; Extended Data Fig. 2f)*°, melanocytes (Serpina3n and
Mlana), ciliary epithelium (Gpx3 and Penk) and pericytes (Rgs5 and
Mgp; Fig. 1c and Extended Data Fig. 2e). Overall, the atlas captured
diverse non-neuronal retinal and eyecup cells.

Retinal immune cell composition changes following ONC
Analysis 0f 30,427 Ptprc* (CD45") retinalimmune cellsindicated atem-
poral cascade of compositional changes with three distinct, albeit
partly overlapping, stages (Fig. 2a,b and Extended Data Fig. 3a). The
first stage (0.5-2 d.p.c.) was defined by a substantial increase in the
number of S100a8°S100a9"Retnlg* neutrophils (11.7% of immune
cells at1d.p.c. compared to 1.5% in the uninjured retina) and Ly6C*
(Ccr2'Ly6c2*Chil3'Plac8') monocytes (8.6% at 1 d.p.c. compared to
0.4% in the uninjured retina; Fig. 2b) as well as smaller populations
of Ccr2*Ccl5'CD209" monocyte-derived DCs with high major histo-
compatibility complex class Il (MHC class II) gene expression (4.8% at
1d.p.c.comparedto0.1%at O d.p.c.) and Ccr9* plasmacytoid DCs (0.1%
at0d.p.c.and 1.1% at1d.p.c.). A minor subset of Ly6C™ (Ear2'Nr4al*
Treml4") monocytes, which did not express Ccr2 or Ly6c2, increased
tol.4%at1d.p.c.from0.4% at O d.p.c. (Fig. 2b). We validated neutro-
phil infiltration by Ly6G staining in retinal sections (Extended Data
Fig.3b).Inwhole-mount retinas from Ccr2%"* transgenic mice, in which
CCR2'Ly6C" monocytes can be traced by red fluorescence protein
(RFP) expression, CCR2-RFP monocytes were concentrated around
the optic nerve head (ONH; the exit point of RGC axons from the retina
tothebrain)atld.p.c. (Fig.2c).At2 d.p.c., these cells were distributed
peripherally across the innermost layers of the retina (the nerve fiber
layer (NFL), ganglion cell layer (GCL) and inner plexiform layer (IPL))
and acquired an elongated morphology, indicating maturation into
macrophages (Fig. 2c and Extended Data Fig. 3c). Some CCR2-RFP
cells were closely apposed to SMI32" RGCs and their axons (Fig. 2d).

The intermediate phase, at 2-7 d.p.c., was characterized by
microglia proliferation (two clusters of Mki67" cycling microglia)
and the accumulation of three non-microglial macrophage subsets
(Ms4a7"MHC class II", Ms4a7"MHC class II'° and Gpnmb* macrophages)
and Ccr7' DCs (Fig. 2b). The late phase (7-14 d.p.c.) was characterized
by the accumulation of adaptive immune cells, including Igha*/chain*
plasma B cells, Trbc2*Cd3g" T cells and Gzma*Nkg7" NK cells (five to
ninefold at 14 d.p.c. compared to uninjured retina). T cells, NK cells
and Cd79a" B cells were also present in the uninjured retina (Fig. 2b),
similar to reports in the naive brain?*%, Thus, the cellular response to
CNSinjury mirrored wound healing in peripheral tissues'.

Because RGCs generally fail to regenerate (unlike wound heal-
ing), we assessed cellular and intercellular events in the retina and
eyecup that could drive the inflammatory cascade and its impact
on RGCs. To assess whether the increase in immune cells observed
between 0.5 and 2 d.p.c. was due to infiltration through the oBRB,
we analyzed 6,415 immune cell profiles from the eyecup of uninjured

and ONC mice. BAMs, which expressed Aif1, Csf1r, Cd68, Ms4a7, Mrcl
(encoding CD206), Pf4and Stabl, were the predominantimmune cell
subset in the uninjured eyecup (Fig. 2e) and ranged in expression of
several genes associated with MHC class II" and MHC class II'° BAMs
in other CNS compartments®** (Fig. 2f). We validated the presence
of Ms4a7" and MHC class II'CD206" BAMs in sections of uninjured
eyecup (Fig. 2g and Extended Data Fig. 3d). Similar to the retina, we
observed a transient increase in SI00a8°S100a9 Retnlg" neutrophils
at 0.5d.p.c. and a proportional decrease in BAMs, followed by an
increase in Ccr2'Ly6c2'Chil3" monocytes at 1-2 d.p.c. (Fig. 2e,h). The
relative reductionin BAMs was likely due to increased monocytes and
neutrophils, as absolute BAM numbers were comparable to those
observed in uninjured control eyecups (Fig. 2g and Extended Data
Fig. 3e). Immunohistochemical (IHC) staining in whole-mount eye-
cups from Ccr2®"* mice indicated that most CCR2-RFP cells were
posterior to the RPE in the naive eye (Extended Data Fig. 3f) and likely
represented choroidal short-lived monocyte-derived macrophages'®,
while at 1-2 d.p.c., CCR2-RFP cells were associated with the RPE"
(Fig. 2h and Extended Data Fig. 3g) and mostly concentrated around
the ONH (Fig. 2i). Together, with center-to-periphery spreading of
CCR2-RFP monocyetes across the GCL, this indicated that the ONH
was the predominant site of leukocyte infiltration into the retina.
Interactions between chemokines and their receptors were enriched
between BAMs, neutrophilsand monocytes throughout thetime course
(Fig. 2j,k and Methods). Thus, immune cell composition was dynami-
cally remodeled across the retina following ONC, with a likely role
for eyecup-resident macrophages in peripheralimmune infiltration.

Gliareactivationincludes cues forimmune infiltration
Togaininsightintoretinal cues thatdrive the progression of the inflam-
matory response, we analyzed resident MG, astrocytes and microglia.
RIbpI"Agp4 Glul MG (Extended Data Fig. 4a; -3% of naive retina cells)
span the retina’s entire thickness and contact all neuronal layers®,
while Pdgfra’'S1I00b* Gfap* astrocytes (Extended Data Fig. 4a; ~0.2% of
retinal cells) reside in the GCL and NFL in tight contact with the inner
retina blood vessels*. Microglia (-0.5% of naive retina cells) showed
decreased expression of signature genes (for example, P2ry12 and
Tmem119) from 0.5 d.p.c. (Extended DataFig. 4b) and increased prolif-
erationat2-4 d.p.c. (Fig.3a,b), consistent with responses to other CNS
insults'***, At 4 d.p.c., cycling Ki67* microglia were localized in the
GCL, IPL and outer plexiform layer (OPL) in situ (Fig. 3c and Extended
DataFig.4c,d). There wasamoderate increase inamicrogliasubset that
expressed IFN-stimulated genes (ISGs; for example, Ifit3, Isgl5 and Irf7),
which we termed IFN-response microglia (microglia™}), also detected in
the naiveretina (10.5%at 7 d.p.c.compared to 8.1% at 0 d.p.c.; Fig. 3a,b).
MG profiles formed an expression continuum (Fig. 3d,e). A small
subset of MG'™-expressed ISGs, such as [fit3, Isg15 and Bst2 (Fig. 3e),
increased in frequency (3.6% of all MG at 1d.p.c. compared to 1.9% in
naive retinas) and peaked at 4 d.p.c. (8.4%; Fig. 3f). Reactive MG***' had
higher expression of Gfap and Vim (encoding intermediate filaments)

Fig. 2| A temporal inflammatory cascade of infiltrating leukocytes and
expanding resident macrophages after ONC. a, ScPhere embedding of
30,427 immune cell profiles (dots) from theretinaat 0,0.5,1,2,4,7and 14 d.p.c.,
projected to 2D by the Equal Earth map projection method and colored by
celltype. b, Row zscores showing the changes in relative abundance of
eachimmune cell subset across time; mo-DC, monocyte-derived DCs; pDC,
plasmacytoid DCs. c¢,d, Representative images of IHC on retina whole mounts
from Ccr2¥"* mice showing CCR2-RFP monocytes (red) in the retinal GCL
(RBPMS, blue) at1-2 d.p.c. (c) and at 2 d.p.c. among SMI32* RGC somas and
axons (d; green). GS-IB-4 isolectin (blue) labels blood vessels and activated
monocytes/macrophages (n = 2-3 mice per time point per experiment; data are
representative of two independent experiments). e, Fraction (y axis) of immune
cell subsets isolated from the eyecup at 0,0.5,1and 2 d.p.c. (xaxis). f, Feature
plots of BAMs in the eyecup colored by expression of pan- (top), MHC class

1I"- (middle) and MHC class II'- (bottom) BAM genes®. g, Representative

image of smFISH for Ms4a7 (green) in naive (O d.p.c.) mouse eyecup (n =3 mice).
h,i, Representative images of IHC on eyecup sections (h) or whole mounts (i)
from Ccr2¥*/* mice, showing CCR2-RFP monocytes (red) in the eyecup at 0,1and
2d.p.c. (n=2mice per time point; data are representative of three independent
experiments). j, Fraction of expressing cells (dot size) and normalized expression
level (dot color) of chemokines and their receptors (rows) by BAMs, neutrophils
and monocytes (columns) inthe eyecup at 0, 0.5,1and 2 d.p.c. k, Distribution

of expression of Cxcl2 and Ccl2 by eyecup BAMs over time (0 d.p.c., n =215 cells;
0.5d.p.c.,n=115;1d.p.c.,n=99;2d.p.c., n=473). Box plots denote the medians
and the interquartile ranges (IQRs). The whiskers of abox plot are the lowest
datum still within 1.5x the IQR of the lower quartile and the highest datum still
within1.5x the IQR of the upper quartile; scale bars, 50 pm.
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and lower expression of the MG markers Sicia3, Rlbpl and Glul
(Fig.3e).Reactive MG were most prevalentat 0.5 d.p.c. (13.3% of all MG
comparedto 0.26% in naive retinas; Fig. 3f) and expressed high levels of
excitotoxin-and lightinjury-induced genes® (for example, Nfkb1, Bmp1
and Hmgal; Extended Data Fig. 4e), suggesting induction of programs
common across various retinal injury models.

Astrocytesincluded reactive astrocytes that expressed Lcn2, Chill
and Cp (Fig.3g,h), recapitulating expression programs from CNSinjury
and disease models® ¢, Reactive astrocytes increased at 0.5 d.p.c.
(25.4% of astrocytes compared to 0.9% at baseline) and gradually
decreased from1d.p.c. (Fig.3i). From 0.5 d.p.c.to14 d.p.c.,compared
to 0d.p.c., all astrocytes increased the expression of a pan-reactive
astrocyte signature of genes known to be upregulated after ischemic
stroke and lipopolysaccharide (LPS)-induced neuroinflammation’**,
with higher expression of these genesin reactive astrocytes (Extended
DataFig. 4f).Rare cycling astrocytes (-0.3% of all astrocytes) expressed
cell cycle genes and neural progenitor markers (Nes and Fabp?) at
2-4d.p.c. (Fig. 3h-j)*. The proportion of Igf2" astrocytes decreased
at 0.5d.p.c. (22.2% compared to 45.9% at O d.p.c.; Fig. 3i). Igf2" astro-
cytes expressed the highest levels of angiogenesis factors Igf2, Angpt4
and Vegfa (Fig. 3h), possibly reflecting interactions with blood ves-
sels. ISG-expressing (Ifitl, Ifit3 and Isg15) astrocytes (Astro'™; Fig. 3h)
represented a small subset, and their frequency doubled at 4 d.p.c.
(4.3% versus 2% at O d.p.c.; Fig. 3i). From 0.5 d.p.c., all astrocytes
increased the expression of a disease-associated astrocyte gene sig-
nature characterized in Alzheimer’s disease®, including Ctsb, Vim,
Osmr, Serpina3n, Gsn and Ggtal (Fig. 3k). A classifier trained on our
astrocyte profiles predicted the presence of the ONC-reactive subset
after systemic inflammation with LPS*® (Fig. 31 and Extended Data
Fig.4g,h),indicating that shared expression programs are activated in
astrocytes across CNS pathologies. We further analyzed the expression
of glial metal metabolism and microglia-to-astrocyte signaling genes
(Supplementary Notes 1and 2). Thus, glial reactivation started early
after injury, before substantial RGC loss’.

Astrocytes and microglia mediate immune cell recruitment into
the CNS by cytokine secretion®*®, Retinal astrocytes and microglia
upregulated the expression of neutrophil and monocyte chemoattract-
ants at 0.5 d.p.c. (Fig. 3m), coinciding with the emergence of neutro-
philsand monocytesin theretina. Single-molecule fluorescenceinsitu
hybridization (smFISH) in retinal sections confirmed Ccl2 expression
by Gfap* astrocytes at 0.5 d.p.c. (Fig. 3n), suggesting that astrocyte
and microgliareactivation might connectinjured RGCs and peripheral
immune cells to facilitate the immune response.

Aunique RPE cell state emerges early after ONC

To identify other early events, we partitioned the RPE cells into five
subsets by differentially expressed genes (Fig. 4a,b and Extended
Data Fig. 5a). CO and C2 were similar (RdhS5, Trf and Rgr) except for
higher expression of melanin production genesin CO (Fig. 4b). C15was

enriched for heat shock protein and immediate early genes (Hspala,
Fos and Jun; Fig. 4b). C4 was enriched for development-related genes,
such as Abhd2 (spermatogenesis regulator), Notch2 (embryonic brain
and retina development) and Spry2 (lens development; Fig. 4b and
Supplementary Note 3). CO, C2, C4 and C15 frequencies were similar
before and after ONC, but C12wasenrichedat0.5,1and 2 d.p.c. (12.1%,
16.8% and 7.12% of RPE cells, respectively, versus 2% at baseline; Fig. 4¢).

C12 cells expressed high levels of genes associated with injury
and cell stress (for example, Tnfrsfl12a, Serpina3n and Gpnmb) and
epithelial-to-mesenchymal transition (for example, Vim, encoding
vimentin, Acta2, LgalsI and Lgals3; Fig. 4b,d). We validated Tnfrsfi2a
and vimentin upregulation in eyecup sections after crush by smFISH
and IHC (Fig. 4e,f). Some C12 genes were upregulated after ONCin all
RPE cells (Extended Data Fig. 5b), including Vim, Gpnmb and Plin2, a
lipid dropletbinding proteinwith roles in the visual cycle and ininnate
immunity* (Extended Data Fig. 5c). We validated increased PLIN2
proteinexpressionat 0.5 d.p.c.in RPE whole mounts (Fig. 4g). Expres-
sion changes in all RPE cells after ONC included decreased expres-
sion of the circadian gene Dbp and increased expression at 2 d.p.c.
of Nog, which encodes the bone morphogenic protein antagonist
Noggin, which is involved in RPE differentiation*® (Extended Data
Fig. 5b,d,e). Thus, expression changes in the RPE after ONC reflected
stress-related processes, such as epithelial-to-mesenchymal transition
and dedifferentiation®.

Receptor-ligand (RL) interactions between RPE, BAMs, neutro-
philsand monocytesincreased in the eyecup after ONC (Fig. 4h), sug-
gesting an integrated response at 0.5-1d.p.c. (Fig. 4i). For instance,
eyecup myeloid cells expressed Osm (encoding oncostatin M),
a cytokine that is neuroprotective in the retina*?, while RPE cells
upregulatedits receptor, Osmr,at 0.5 d.p.c. (Fig. 4i and Extended Data
Fig. 5b). Most (82.8%) genes of the top 20 RL pairs at 0.5-1d.p.c. were
differentially expressed in C12 compared to other RPE clusters. Among
those, RL pairs uniquely expressed after ONC included Rbp4-Stra6
(retinol transport), Trf-Tfrc (metal metabolism) and Tnc-Itgav (retinal
and optic nerve pathology*’; Fig. 4j). Thus, the retinal response to ONC
extends to the outer retina, with a potential role for C12 RPE cells in
remodeling the injured RPE microenvironment.

Distinct macrophage subsets increase in the retina after ONC

During theintermediate phase of theinflammatory cascade, three sub-
sets of non-microglial macrophages, expressing markers of peripherally
derived macrophages and BAMs****** (for example, Ms4a7, Lyz2 and
Apoe; Fig. 5a), peaked at 4 d.p.c. (Extended Data Fig. 6a). Ms4a7"MHC
class II" and Ms4a7'MHC class 11" subsets (Fig. 5a) mirrored the MHC
class II" and MHC class II'° BAM subsets in the homeostatic brain and
spinal cord®** (Extended DataFig. 6b). The frequency of Ms¢a7"MHC
class1I" and Ms4a7"MHC class Il cellsamong allimmune cells increased
1.9- and 3-fold, respectively, compared to O d.p.c. (Extended Data
Fig.6a). Gpnmb* macrophagesincreased12.9-fold from0to4 d.p.c.and

Fig.3|Early reactivation of retinal glia and microgliafollowing ONC.

a,e,h, Fractions of cells (dot size) in each microglia (a), MG (e) and astrocyte

(h) subset and mean expression level in expressing cells (dot color) of genes
differentially expressed between subsets. b,f,i, Fractions of microglia (b),

MG (f) and astrocyte (i) subsets at 0, 0.5,1,2,4, 7 and 14 d.p.c. Asterisks (hashes)
indicate increases (decreases) in the microglia™ (b), MG'™ (f) or Astro™ (i)
subsetsrelative to 0 d.p.c.; *P < 0.05, **/*#P < 0.001 (Fisher’s exact test, two
sided; Benjamini-Hochberg-adjusted Pvalues). ¢, Representative IHC images

of retinal sections at 0 and 4 d.p.c. showing Ki67* (red) and CD45" (green)
microglia (n =3 mice per time point). The dashed circles depict Ki67'CD45" cells.
d,g, UMAP of 54,565 MG (d) and 18,959 astrocytes (g) from 0, 0.5,1,2, 4,7 and

14 d.p.c. colored by subset.j, Distribution of Fabp7 and Nes expression across
astrocyte subsets (astrocytes, n =10,733 cells; Astro'™, n = 597; [fg2* astrocytes,
n=4,945; reactive astrocytes, n = 2,625; cycling astrocytes, n = 59). k, Distribution
of the expression of disease-associated astrocyte (DAA)* genes (left) in

astrocytesat 0 d.p.c.(n=1,968),0.5d.p.c.(n=1,179),1d.p.c.(n=3,384),2 d.p.c.
(n=4,209),4 d.p.c.(n=4,453),7d.p.c.(n=3,223) and 14 d.p.c. (n=543) and as a
signature score across astrocyte subsets (right). Box plots denote medians and
IQRs; whiskers are the lowest datum still within1.5x the IQR of the lower quartile
and the highest datum still within 1.5 the IQR of the upper quartile; ***P < 0.001
and fold change of >1.5 over O d.p.c. (logistic regression likelihood ratio test with
Benjamini-Hochberg correction for multiple comparisons). 1, Top, UMAP of
astrocytes from LPS-induced inflammation® colored by ONC astrocyte subset.
Bottom, distribution of reactive astrocyte signature score across astrocytes from
LPS-induced inflammation® classified to ONC astrocyte subsets (Student’s ¢-test,
onesided). m, Dot plot showing the expression of chemokine genes by astrocytes
(top) and microglia (bottom) at 0, 0.5,1,2, 4,7 and 14 d.p.c. n, Representative
smFISH images of retinal sections at 0 and 0.5 d.p.c. for Ccl2 (green) and Gfap
(red; n=3 mice per time point); scale bars, 50 pm.
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expressed highlevels of Gpnmb, Fabp$, Spp1 and Lgals3 (Fig. 5a), remi-
niscent of disease-associated microglia (DAM)***° and lipid-associated
macrophages from various human tissues**°. Gpnmb*Ptprc* immune
cells expressing Ms4a7 were detected in the inner retinaat 7 d.p.c.
by smFISH (Extended Data Fig. 6¢). Analysis of data from chronic
lesions from individuals with multiple sclerosis*” demonstrated a cell
subset with an overlapping profile (GPNMB, LGALS3, LPL and CDé68;
Extended Data Fig. 6d), also reported in retinas from individuals with

glaucoma and in glaucoma mouse models*®. This signature also over-
lapped with RPE C12 cells (Extended DataFig. 6e), suggesting ashared
injury-induced program across cell types with potentially overlapping
functions.

We localized Ms4a7"MHC class 11" and Ms4a7"MHC class 11 mac-
rophages in retinal whole mounts by combined smFISH and IHC. In
naive retina, ramified IA-IE* (MHC class II') cells near the ONH and at
the retinal margins adjacent to the ciliary body***° (Extended Data
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Fig.4 | Aunique RPE cell state emerges early after ONC. a, UMAP for 8,013 RPE ligands and their cognate receptors (rows) by RPE, neutrophils, monocytes and
cells colored by subset (cluster). b, Fraction of expressing cells (dot size) and BAMs (columns) in the eyecup. Shown are interactions enriched at 0.5-1d.p.c.

normalized expression in expressing cells (dot color) of differentially expressed Jj,Unique interactions between RPE C12 and the other RPE cells. Shown are
genes (rows) between RPE clusters (columns). ¢, RPE cluster proportion changes. distributions of the expression of genes encoding ligands and their cognate

Shown are cell frequencies (y axis) of RPE clusters (x axis) out of all RPE cells at receptors by RPE subsets (C12,n=586; CO, n=3,459; C2,n=2,340; C4,n=1,228;
0,0.5,1and 2d.p.c.d, Feature plots of RPE cells colored by expression of C12 top C15,n=400); **/***p < 0.001 denotes increased/decreased expressionin
differentially expressed genes. e-g, Representative smFISH image of Tnfrsfi2a C12 compared to the other RPE clusters (logistic regression likelihood ratio
(green; e)and IHC images of VIM (green) at 0 and 1d.p.c. (f) and PLIN2 (green) at test; Pvalues adjusted with the Benjamini-Hochberg method for multiple
0and0.5d.p.c.(g; n=3mice per time point); scale bars, 50 pm. h, Changesin comparisons). Box plots denote medians and IQRs; whiskers are the lowest
interaction strength between pairs of cells from the eyecup over time. i, Fraction datum still within 1.5x the IQR of the lower quartile and the highest datum still
of expressing cells (dot size) and normalized expression level (dot color) of within1.5x the IQR of the upper quartile.
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Fig. 6f) expressed Ms4a7 (Fig. 5b). Conversely, Ms4a7*1B-4"1A-1E”
cells, likely corresponding to Ms4a7*MHC class II" cells, were ame-
boid and dispersed across the inner retinal surface (Fig. 5¢c). Thus,
Ms4a7" resident retinal macrophages included perivascular and cili-
ary body-adjacent MHC class II* populations***° and an additional,
previously undescribed, MHC class II'° subset. More Ms4a7" cells were

Cycling microglia

Cycling microglia Il

Gpnmb’ macrophage
Ms4a7'MHC class II" macrophage
Ms4a7'MHC class II'° macrophage
Ly6C" monocyte (Chil3")

Ly6C™ monocyte (Ear2")

ONC

CCR2-
RFP

Merge

ONC
MC-21

presentaround the ONH at 4 d.p.c.thanat 0 d.p.c. (Fig. 5d), including
both Ms4a7*IA-IE" and Ms4a7*1A-IE” cells (Fig. 5e).

Because Ms4a7' and Gpnmb* macrophage subsets had profiles
more similar to monocytes than to microglia (for example, Ms4aé6c,
Tgfbiand Ifitm3; Fig. 5f), we tested whether they originated frominfil-
tratingmonocytes at 0.5-2 d.p.c. Trajectory and RNA velocity analyses
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Fig. 5| Infiltrating monocytes give rise to macrophage subsets in the injured
retina with overlapping expression programs to non-microglial resident
retinal macrophages. a, Fraction of expressing cells (dot size) and mean
expression level in expressing cells (dot color) of genes (rows) differentially
expressed between Ms4a7*"MHC class II", Ms4¢a7*MHC class II'° and Gpnmb*
macrophage subsets. b,c, Representative images of combined smFISH and

IHC onretinal whole mounts from uninjured (0 d.p.c.) retina, showing Ms4a7
expression (red) inIA-IE* cells (green), around blood vessels (IB-4, blue) and at
the marginal retina bordering the ciliary body (b) and Ms4a~ (red) expressionin
IA-IE"IB-4" cells (yellow arrowheads) across the GCL (c; representative of three
independent experiments with n =1-2 mice each); CB, ciliary body. The white
arrowheadsin panel b depict Ms4a7'lA-IE* cells. d,e, Representative smFISH
and IHCimages of whole-mount retinas from 0 and 4 d.p.c. retinas showing
Ms4a7" (gray) cells (d), including Ms4a7'1A-IE* (white arrowheads) and Ms4a7'1A-
IE” (yellow arrowheads) cells (e). Azoomed-in inset from the 4 d.p.c.image in
disshownine (n=2-3mice per time point; data are representative of three

independent experiments). f, Cluster analysis showing transcriptional proximity
of mononuclear phagocyte subsets in the retina; PC, principal component.

g, Force-directed layout view of monocyte and macrophage subsets with
predicted cell transition vectors (arrows) based on partition-based graph
abstraction colored by cell type. h,i, Representative images of smFISH on retinal
sections at 2 d.p.c. for Ccr2 (red) and Ms4a7 (green; h) and of IHC of retinal whole
mounts from MC-21-treated or untreated mice at 2 d.p.c. (i) for CD45 (green), IB-4
(blue) and CCR2-RFP (red; n =3 mice per condition). The dashed square in panel
hmarks theinset shown on the right. The dashed circles depict Ccr2*Ms4a7* cells.
j, Relative frequency of Ms4a7*MHC class 1", Ms4a7"MHC class lI° and Gpnmb*
macrophage subsets in the retina at 7 d.p.c. with and without MC-21 treatment
(pool of n=5mice per condition; n = 4,633/1,551 and 2,810/96 single immune
cells/macrophages from ONC and MC-21, respectively); ***P < 0.001 (Fisher’s
exact test, two sided; Pvalues adjusted with the Benjamini-Hochberg method for
multiple comparisons); scale bars, 50 pm.

predicted that Ly6C* monocytes gave rise to Ly6C” monocytes (as in
fate-mapping studies®) and also branched into Ms4a7" and Gpnmb*
macrophages (Fig. 5g). An independent optimal transport analysis
also indicated Ly6C* monocytes as the probable precursors of these
macrophages (Extended Data Fig. 6g). smFISH showed Ccr2*Ms4a7*
double-positive cells in the retina at 2 d.p.c. (Fig. 5h). To experimen-
tally test whether infiltrating CCR2" monocytes give rise to Ms4a7"
macrophages after ONC, we depleted circulating CCR2* monocytes
during the first week after ONC using systemic administration of MC-21,
an antibody to CCR2. MC-21 treatment efficiently depleted retinal
monocytes (Fig. 5i) and reduced the frequency of Ms4a7" and Gpnmb*
macrophage subsets at 7 d.p.c., as assessed by scRNA-seq (Fig. 5j).
This suggested that infiltrating CCR2" monocytes contributed to the
increase in those macrophages after injury. Thus, the naive retina
harbors distinct subsets of resident macrophages, which are supple-
mented through monocyte infiltration after injury.

Acoordinated IFN response is activated in the injured retina

Next, we characterized microglia™, MG"™ and Astro'™, all of which
increasedinfrequency at the intermediate phase. Microglia expressing
anlFNsignature are associated with aging and neurodegeneration and
have only rarely been identified in the naive adult CNS'®**°2%* [FIT3"
myeloid cells were detected in the GCL, IPL and OPL of uninjured reti-
nas (Fig. 6a). RNA velocity analysis supported a model where cycling
microglia transitioned through the microglia™ state during maturation
(Fig. 6b). Retinal Ki67* cells at 4 d.p.c. expressed IFIT3 protein as
assessed by IHC (Fig. 6¢), consistent with reports of microglia repopula-
tion after depletioninthe adult brain®. Thirty-seven ISGs that were dif-
ferentially expressed in microglia™ (for example, Ifit3, Isg15 and Ifitm3)
were also upregulated in brain-repopulating microglia compared to
microgliafrom untreated brain from aseparate study> (Extended Data
Fig. 7a). These observations suggest that an IFN-response program

activated during microgliaself-renewal inthe retina after ONC may simi-
larly beactivated inthe brainasatransitional state toward maturation.

The presence of IFN-response gliain the uninjured retina and their
expansion after ONC suggest that these subsets are poised to respond
to immune challenge. Supporting this, Ccl2 expression at 0.5 d.p.c.
was higher in microglia™ and Astro'™ than in the other microglia and
astrocyte subsets (Fig. 6d). Expression of some ISGs (for example, Ifit3)
increased in all astrocytes and MG 4-14 d.p.c. (Fig. 6e and Extended
Data Fig. 7b), indicating IFN-response propagation. IHC confirmed
increased IFIT3 expression in GFAP" astrocytes and MG at 7 d.p.c.
compared to O d.p.c. (Fig. 6f). Atype l IFN response is upregulated in
astrocytes during experimental autoimmune encephalomyelitis®,
and rare subsets of astrocytes expressing an ISG signature are found
in the brain and spinal cord across models of pathology®. Classifiers
trained on our data identified an Astro'™ subset in mice treated with
LPS*, congruent with the IFN-response cluster (cluster 8) of that study
(Fig. 6g and Extended Data Fig. 7c).

We tested whether the IFN response after ONC was coordinated
across astrocytes, microgliaand MG using DIALOGUE to identify mul-
ticellular gene programs (MCPs) whose expression was co-regulated
in these subsets across the retinal dataset (Methods). The top MCP
inducedin ONC comparedto O d.p.c.(MCP1; peak,4-7 d.p.c.; Fig. 6hand
Extended DataFig. 7d,e) was anIFN-response program (37 of 149 MCP
genes were IFN-response genes®; Fig. 6i and Supplementary Table 1).
The microgliacomponent was enriched for DAM genes (30 of 149 MCP
genes were DAM genes'®**?; Fig. 6i,j and Supplementary Table 1).

To identify potential cellular sources of IFN that could activate
the MCP, we analyzed the expression of /fn transcripts in the atlas.
Ifnb1 was mainly expressed by microglia (including microglia™), and
by astrocytes, MG, RGCs and Ms4a7' macrophages (Fig. 6k). Ifng was
mostly expressed by Tand NK cells (Fig. 6k). Retinas from mice treated
with PLX5622, a CSFIR inhibitor that depletes microglia and other

Fig. 6| The IFNresponse is coordinated in the retina after ONC.

a,c, Representative IHC images on retinal whole mounts showing IFIT3" (green)
microglia (IBA1; magenta, white arrowheads) in the naive (O d.p.c.) retinaat

the GCL, IPL and OPL (a) and Ki67'IFIT3"IBA1" microglia (white arrowheads) at

4 d.p.c.(c). Theyellow and magenta arrowheads depict IFIT3'Ki67 IBA1" and
IFIT37°Ki67 IBA1" microglial cells, respectively (n = 3 mice per time point).

b, Force-directed layout view of microglia subsets with partition-based graph
abstraction vectors colored by cell subset. d, Distribution of expression of Ccl2
by astrocyte (left) and microglia (right) subsets at 0.5 d.p.c. (astrocytes, n = 586
cells; Astro™, n =32; Ifg2" astrocytes, n = 262; reactive astrocytes, n = 299;
microglia, n=1,970; microglia™, n =151); exp., expression. e, Distribution of Ifit3
expression levels at each time pointin MG (left: 0 d.p.c.,n=12,757;0.5d.p.c.,
n=7,064;1d.p.c.,.n=7,626;2d.p.c.,n=8,417;4d.p.c..n=5,741;7 d.p.c.,.n=6,635;
14 d.p.c., n=6,235) and astrocytes (right: values of n are the same as in Fig. 3k). In
dande, **P<0.001 (logistic regression likelihood ratio test; Pvalues adjusted
with the Benjamini-Hochberg method for multiple comparisons). Box plots

denote medians and IQRs; whiskers are the lowest datum still within 1.5x the IQR
of the lower quartile and the highest datum still within 1.5x the IQR of the upper
quartile. f, Representative IHC on retinal sections from 0 and 7 d.p.c. stained for
IFIT3 (green) and GFAP* astrocytes and MG (red; n = 3 mice per time point); blue,
DAPI. g, Distribution of an Astro™™ signature score across astrocytes from LPS-
induced inflammation® classified to ONC astrocyte subsets (Student’s t-test, one
sided). h, Distribution of MCP1 expression scores across astrocytes, microglia
and MG from uninjured (control, gray) and ONC (light blue) retinas. i, Average
expression (zscore, red/blue bar) of upregulated genes (columns) in MCP1sorted
by cell type and across time (right color bar). The blue and red ticks indicate
IFN-and DAM-related genes (enrichment of IFN-response and DAM genes was
determined by Fisher’s exact test; P < 0.001). j, Dot plot showing expression

of MCP1DAM genes on microglia across time. k, Distribution of /fnbI and Ifng
expression by retinal cell types (x axis) across time. I, Representative IHC for IFIT3
(green) and GFAP (red) onretinal sections at 7 d.p.c. from PLX5622-treated mice
(PLX) and untreated controls (ONC; n = 3 mice per condition); scale bars, 50 pm.
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Fig.7 | Multicellular interactions in the injured retinainvolve glial activity

and decreased RGC function. a, Changes in interaction strength between pairs
of retinal cell types (RGCs, MG, astrocytes and microglia) across time (0,0.5,1,2,
4,7and 14 d.p.c.). b-e, Distribution of expression across time of genes encoding

RL pairs by RGCs (n=71,055 cells), MG (n = 54,565), astrocytes (n = 18,959) and
microglia (n=24,559). Box plots denote medians and IQRs; whiskers are the
lowest datum still within 1.5x the IQR of the lower quartile and the highest datum
still within 1.5x the IQR of the upper quartile.

myeloid cells, showed diminished IFIT3 and higher GFAP expression
by IHC, indicating increased glial reactivation (Fig. 6l). Thus, ONC
involved co-regulation between gliaand myeloid cells, with microglia
the likely predominant source of IFN.

Multicellular interactions in the retina change after injury
To assess other cell-cell interactions regulating cellular dynamics and
impacting RGCs after ONC, we computed potential RL interactions

between all the major retinal resident cells, including RGCs’. Across
all time points, microglia were the strongest interactors (Fig. 7a),
illustrating their constant microenvironmental surveillance. At
0.5-1d.p.c.,astrocytes were prominent interactors, including through
extracellular matrix remodeling genes (for example, FnI-ltgav and
Timpl-Cdé63; Fig. 7b) and the interleukin-1 axis (Supplementary
Note 2). At 7-14 d.p.c., interactions involving microglia, astrocytes
and MG reflected immunoregulation and restoration of homeostasis
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(for example, Grn-Tnfrsfla*®, Serpinfl-Plxdc2 (ref.>), Psap-Gpr37/
Gpr3711 (ref. °°) and the transforming growth factor-f axis®’; Fig. 7c).
RGC-RGC interactions weakened from 4 d.p.c. (for example, neuro-
trophic signaling (Ntrk3-Ptprd), neuronal firing (Fgfl13-Scn8a) and
axon guidance (Slit2-Robo2); Fig.7a,d), reflecting a decline of injured
RGC homeostatic functions’. Similarly, at4 d.p.c., RGC-MGinteractions
weakened (Fig. 7a), including adhesion molecules that modulate neu-
ronal functions (VignI-Nrxn2/Nrxn3 and Slitrk2-Ptprs/Ptprd). While
RGC-astrocyte and RGC-microglia interaction strengths remained
similar over time (Fig. 7a), RL pairs at the later time points included
Axl-Gasé6 (Fig. 7e), which might mediate phagocytic clearance of apop-
totic RGCs®. The limited change inRGC interactions may be due to their
death, the dominance of RGC-intrinsic events or because the dearth
of interactions contributes to RGC death. Finally, we used our atlas to
assess the expression of genes in mice whose human orthologs are
associated with human retinal diseases (Supplementary Note 4). Col-
lectively, these findings highlighted the dynamic multicellular events
associated with RGC degeneration (Extended Data Fig. 8).

Discussion

Here, we charted the tissue response to severe acute CNS injury
and provided an atlas of the non-neuronal cells in the retina during
this process.

Whilea coordinated IFN response was activated after injury, MG,
Astro'™ and microglia™ were present at baseline. Anti-inflammatory
astrocytes are also present in the uninjured spinal cord®, and rare
IFN-response microglia are present in the healthy brain®. Itis possible
that homeostatic IFN signaling may keep low-grade inflammation
in check, with resident cells poised to rapidly respond to perturba-
tion®. Supporting this, early chemokine expression by astrocytes and
microglia was higher in Astro™ and microglia™. Further activation
ofthe IFN program 4-7 d.p.c. coincided with peak RGC loss’, possibly
in response to DNA damage during RGC apoptosis®>. Future studies
are needed to elucidate this response and to determine whether this
is primarily a type I or type Il response. Although there were a few
Ifng-expressing retinal T and NK cells, microglia, the most abundant
retinal IFN producer, expressed /fnb1, and their depletion reduced the
IFN signal, suggesting a predominantly type I response. Retinal type
I1FN signaling is mostly associated with protective immunosuppres-
sion®**, suggesting that its expansion after injury may help with later
inflammatory resolution. Inaspinal cord injury model, PLX-mediated
microglia depletion decreased ISG expression and impaired recov-
ery®.Moreover, anIFN program was activated in RGCs by regenerative
interventions after ONC’. In microglia, type I IFN and DAM programs
correlate and partly overlap in aging and neurodegeneration'®**>¢",
These programs in ONC may be related to clearance of dying RGCs”.
ThetypelIFNresponse was activated during microglial renewalin the
adultretinaafterinjury andin the repopulation of brain microglia after
depletion***, but its involvement in homeostatic microglia self-renewal
remains to be studied.

Spatially segregated MHC class II" and MHC class II' resident
macrophages recur across mouse and human tissues**%, We identified
non-microglial resident retinal Ms4a7*MHC class II" and Ms4a7"MHC
class II' macrophages and characterized BAMs at the oBRB, whose
molecular markers were previously lacking”. The localization of resi-
dent macrophages at border regions implicates them as tissue senti-
nels®. Future studies can help define their functional relevance.

Our findings support a model where, during ONC, CCR2* mono-
cytes give rise to Ms4a7" and Gpnmb* macrophage subsets. Whether
these cellsintegrate as resident macrophages is unknown. Most brain
BAMs are derived from embryonic precursors, butinadulthood, menin-
geal and choroid plexus macrophages are replenished by circulating
monocytes™?, At baseline, the vast majority of retinal resident mac-
rophages are of embryonic origin, but a population of shorter-lived
MHC class [I" macrophages has been described'**°. These distinctions

are blurred in ONC and other neuroinflammatory conditions, where
blood-derived myeloid cells infiltrate, and resident macrophages
change phenotypically**. As resident macrophages are prone to
replacement by blood-derived myeloid cells after injury®®, ONC might
invoke similar replacement. Fate mapping and spatial genomics can
help decipher this.

Gpnmb* macrophages expressed genes associated with lipid
metabolism and phagocytosis (for example, Lgals3, Lpl, Cd63, Cd68
and Spp1), which were also enriched in microglia at 4-7 d.p.c., rem-
iniscent of the DAM signature®®%. Similar profiles were described
in microglia and monocyte-derived macrophages in different CNS
pathologies'*****8 and in microglia in the early postnatal brain®
and retina during developmental neuronal apoptosis’’. Outside
the CNS, similar signatures were reported in tissue-resident and
monocyte-derived macrophages fromvarious healthy and pathologi-
cal contexts**¢. This program may functionin non-myeloid cells, aswe
reportintheinjury-induced C12 RPE subset. Selectively and temporally
perturbing these populations could provide functional insight or
translational value.

In conclusion, our atlas of non-neuronal cells in the adult mouse
retina helped identify key events during neuronal degeneration. Many
of these features recur in other CNS pathologies, offering a broadly
applicable resource for neuroimmunology and CNS repair.
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Methods

Mice

All animal experiments were approved by the Institutional Animal
Care and Use Committees at Harvard University and Children’s Hos-
pital, Boston. Mice were maintained in pathogen-free facilities under
standard housing conditions with continuous access to food and
water. All experiments were performed in adult mice from 6 to 16
weeks of age and included both males and females. The following
mouse strains were used: C57BL/6J (JAX, 000664), Vglut2-IRES-cre
(Slc17a6™Crotowlj7y crossed to the Cre-dependent reporter
Thy1-STOP-YFP line 15 (B6.Cg-Tg(Thy1-EYFP)15Jrs/)’*) and Ccr2f*?
(B6.129(Cg)-Ccr2™1/J; JAX, 017586)” crossed to C57BL/6) mice to
generate heterozygotes.

ONC

ONC injury was performed as previously described”"”. Briefly, after
anesthesiawithketamine/xylazine (ketamine100-120 mg kgand xyla-
zine10 mg kg ™), the optic nerve was exposed intraorbitally and crushed
with fine forceps (Dumont 5, FST) for 2 s approximately 0.5-1 mm
behindthe opticdisc. Allsurgeries were performed by an experienced
surgeon who visually confirmed ONC during the procedure.

Cell preparation and flow cytometry

Mice wereintracardially perfused with PBS. After dissection, eyes were
visually inspected for damage or blood, which were used as criteria
for exclusion.

Retina. Eyes were dissected in AMES solution (equilibrated with95% O,
and 5% CO,). Retinas, separated from the eyecup and ciliary body, were
digested in papain and dissociated to single-cell suspensions using
manual trituration in ovomucoid solution. Cells were centrifuged at
450g for 8 min and resuspended in AMES + 4% bovine serum albumin
(BSA) to a concentration of 10 million cells per 100 ml.

RPE. RPE sheets wereisolated from posterior eyecups based ona pro-
tocol adapted from Fernandez-Godino et al.”*. Briefly, eyecups were
dissected in HBSS™+HEPES and incubated in 0.25% trypsin/EDTA for
45 minat 37 °C, after which RPE sheets were released by manual shaking
into 20% fetal bovine serum in HBSS*+HEPES, centrifuged at 340g for
2 min and incubated in 0.05% trypsin/EDTA for 10 min at 37 °C. Cells
were washed, resuspended and triturated 50 times in 5% fetal bovine
serum/HBSS*+HEPES and filtered for staining and cell sorting. For
scRNA-seq experiments, eyecups from four to eight mice were pooled
per condition.

The following antibodies were used and conjugated to various
fluorophores: anti-CD90.2 (Thyl.2, clone 53-2.1, Thermo Fisher Sci-
entific), CD45 (clone 30-F11, BD Pharmingen), CD11b (clone M1/70,
BioLegend), CD115 (clone AFS98, BioLegend), Ly6C (clone HK1.4, Bio-
Legend), CD140a (clone APAS, BioLegend) and GLAST (clone ACSA-1,
Miltenyi Biotec). A detailed list is included in Supplementary Table 4.
Cellswereincubated with antibodies for 15 min, washed with an excess
of medium, centrifuged and resuspended again in AMES + 4% BSA ata
concentration of 7 million cells per ml. The live cell marker Calcein Blue
(Thermo Fisher Scientific) was added just before FACS. Cellular debris,
doublets and dead cells were excluded, and cells were sorted onaMoFlo
Astrios (Beckman Coulter) through a100-pum nozzle using the ‘Purity’
mask. For scRNA-seq, cells were gated on CD45, GLAST (EAAT]I, Sicla3)
and CD140a (PDGFRa) to enrich forimmune cells, MG and astrocytes,
respectively. Because GLAST is expressed by both MG and astrocytes,
and the former are much more abundant, astrocytes were specifically
enriched using the marker CD140a (PDGFRa), which is expressed by
retinal astrocytes”’®. Cells were collected into 100 pl of AMES + 4% BSA
per 25,000 sorted cells. Following collection, cells were centrifuged
and resuspended in PBS + 0.1% non-acetylated BSA at a concentration
range of 500-2,000 cells per pl for droplet-based scRNA-seq per the

manufacturer’s instructions (10x Genomics). From the retina, two to
fiveindependent experiments were performed for scRNA-seq per time
point.Ineach experiment, retinas from two to eight mice were pooled to
collectenough cells for sequencing. Because MG are the most abundant
of our enriched cell populations, they were separately loaded intoinde-
pendent channels, whereas the rarer cell types were pooled together
and loaded together into channels. Thus, throughout the study, we
only compared intracompartment frequencies of cell subsets across
time points (for example, frequencies of different subsets of glia or of
different subsets ofimmune cells) but not cross-compartment frequen-
cies (for example, between immune and glia cells).

3’-Droplet-based scRNA-seq

Single-cell libraries were prepared using the asingle-cell gene expres-
sion3’v2orv3kiton the Chromium platform (10x Genomics) following
the manufacturer’s protocol. On average, approximately 7,000-12,000
single cells were loaded on each channel, and approximately 3,000-
7,000 cells wererecovered. Quantification and quality control analyses
were performed using the Agilent Bioanalyzer high-sensitivity DNA
assay. Libraries were sequenced on an lllumina NextSeq 500 or HiSeq X
platforms (paired-end reads: read 1,26 bases; read 2, 55 bases for Next-
Seq and 98 bases for HiSeq). From the retina, two to five independent
experiments per time point were performed for scRNA-seq. From the
eyecup, one experiment was performed for each time point.

Histological methods and imaging

Eyes were collected from mice intracardially perfused with 4% para-
formaldehyde and postfixed in 4% paraformaldehyde for an additional
15-30 min or 1 h for RPE whole mounts. Eyes were transferred into PBS
until dissection, following which retinas or eyecups were either used for
whole-mount IHC or posterior eyecups were submerged in 30% sucrose
andembeddedintissue freezing medium (OCT) to cryosectioninto 20-
to 25-um-thick cross-sections. For formalin-fixed paraffin-embedded
(FFPE) sections, eyes from mice intracardially perfused with PBS were
postfixed in 10% formaldehyde at room temperature overnight and
transferred to 70% ethanol before paraffin embedding and sectioning
into 5-um-thick sections.

To immunostain retinal/RPE whole mounts, retinas or posterior
eyecups with the retina removed were incubated in protein block
(5% normal serum, 0.3% Triton X-100 and 1x PBS) for 3 hat room tem-
perature or overnight at 4 °C, followed by incubation with primary
antibodies (in protein block) for 3-7 d and secondary antibodies (in
1x PBS) overnight. All antibody incubations were performed at 4 °C
with gentle rocking.

For IHC on cryosections, slides were incubated for 1 h in protein
block, incubated with primary antibodies overnight and incubated
with secondary antibodies for 2-3 h. Initial block and secondary anti-
bodyincubations were performed at room temperature, and primary
antibody incubations were performed at 4 °C.

For IHC on FFPE sections, slides were baked at 60 °C for 30 min,
followed by deparaffinization and rehydration through aseries of suc-
cessive incubationsin xylenes, ethanol (100%, 95%, 70% and 50%) and
finally distilled water. Antigen retrieval was performed with antigen
unmasking solution (Vector Laboratories) in a vegetable steamer.
Sections were blocked in CAS-Block histochemical reagent (Thermo
Fisher Scientific) for 30 minat room temperature and incubated over-
night with primary antibodies in CAS-Block at 4 °C in a humidified
chamber. After washesin PBS, sections were incubated with secondary
antibodies in PBS for 1 h at room temperature before mounting with
DAPI. A detailed list of antibodies used in this studyisincludedin Sup-
plementary Table 4.

FISHwas performed on FFPE sections using the commercially avail-
able RNAscope fluorescent multiplex assay (ACD) or on whole-mount
retinas with HCR (Molecular Instruments), according to manufactur-
ers’instructions.
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Zeiss LSM 710 and Olympus FV-1000 confocal microscopes
were used for imaging. Images were merged, cropped and optimized
using Image] (Fiji)’”” and Adobe Photoshop and arranged using Adobe
lllustrator.

Antibody treatment for monocyte depletion

CCR2"monocytes were depleted by intraperitoneal injections of mono-
clonal antibody to CCR2 (MC-21 (ref. ®); 400 pg) starting 1d before
ONC and every other day until the experimental endpoint (up to five
injections). Depletion efficiency was confirmed in the blood using
flow cytometry.

PLX5622 treatment for myeloid cell depletion

Mice were fed with control chow (AIN-76) or with chow containing
1,200 ppm of the CSF1R antagonist PLX5622 (Plexxikon), as previously
described”, starting 1 week before ONC and for an additional 1 week
until the experimental endpoint.

scRNA-seq preprocessing

CellRanger 2.1.0 (10x Genomics) was used for read demultiplexing,
alignment to the mouse genome and unique molecular identifier (UMI)
counting and collapsing. The top 6,000 cells from each experiment
with the largest number of UMIs were used for further analysis’. In total,
121,309 cells expressing at least 400 genes per cell were retained for
downstream analysis.

Batch correction and clustering: retina

scPhere®, a deep learning-based method, was used to merge all
121,309 cells from different time points by taking time after crush and
mouse strain as the batch vectors. For scPhere analysis, a latent space
of dimension10 was used so each cellwas mapped toa10-sphere. The
latent representation of cells was clustered using the Louvain com-
munity detection algorithm®#to produce 45 clusters. These clusters
were assigned to 25 putative cell types/groups (including cell dou-
blets and low-quality cell clusters) using a previously described auto-
matic cell type assignment approach® followed by manual inspection
(Fig.1a,b). Cell clusters that expressed neuronal markers (‘neurons’),
expressed marker genes of two cell types (‘contaminants’) or had very
small numbers of detected genes per cell and did not express cell
subtype-specific marker genes (‘low UMI') were discarded, retaining
107,067 cells assigned to 14 broad groups for further analysis. These
107,067 cells were partitioned into three categories by cell class: astro-
cytes (18,959 cells), MG (54,565 cells) and all other cells (33,543 cells,
predominantly immune cells). As each cell category was separately
enriched and sorted, we only calculated proportions between subsets
within a category but notacross the categories. Toidentify cell subtypes
and very rare cell types, the cells from each compartment were then
analyzed separately, either by reclustering these cells using the Louvain
community detection algorithm®-*2implemented in Seurat®*, specifi-
cally using scPhere low-dimensional representations (astrocytes and
MG), or by rerunning scPhere for batch correction and dimensional-
ity reduction and reclustering scPhere results (immune cells). This
analysis further identified three MG subsets (Fig. 3d), five astrocyte
subsets (Fig. 3g) and 22 immune cell subsets, and removed another
3,116 ‘contaminant’ cell profiles from the immune cell compartment,
retaining 30,427 immune cells in total (including some stromal cell
subsets) after filtering (Fig. 2a).

Batch correction and clustering: eyecup

The datawere analyzed using the R package Seurat following previously
described methods’. Briefly, cells collected at each time point were
identified as one batch, and the function ‘sctransform’ was applied to
each batch for normalization. The top 3,000 features were used for
integration of all batches using the function ‘IntegrateData’. Markers
for each cluster were identified using the function ‘FindAlIMarkers’

with the ‘Mast’ algorithm. Cell types were annotated based on canoni-
cal markers. A low-quality RPE cluster was filtered post hoc based on
high expression of mitochondrial genes together with a low number
of genes per cell relative to the other RPE clusters.

Differential gene expression analysis

Logistic regression was used for differential gene expression analysis,
taking both the log,-transformed total number of detected genes in
each celland the mouse strain as covariates and the Seuratimplementa-
tion for differential expression analysis®*.

Gene Ontology enrichment analysis

Toidentify biological processes enriched in RPE clusters, we tested for
enrichment in Gene Ontology biological process gene sets from the
Molecular Signatures Database®®, which uses the hypergeometric
distribution.

Gene signature analysis
Gene signature scores were calculated, as previously described®, with
implementation in the Seurat package®. The IFN gene signature was
obtained from ImmGen®.

MC-21 (monocyte depletion) data analysis

To help annotate cells from MC-21 antibody-treated mice and control
mice, cell profiles were coembedded using scPhere® with allimmune
cell profiles (Fig. 2a). A k-nearest neighbor classifier (k=15) trained
on the immune cells with cell state annotations (Fig. 2a) was used to
annotate cells from both control and MC-21-treated mice. Before this
analysis, likely non-immune cell contaminants were first separately
removed from the profiled cells from both control and MC-21-treated
mice. Specifically, toremove these non-immune cells, the full analysis
was performed with scPhere for batch correction and dimensional-
ity reduction taking experiment as batch vector, and then scPhere’s
low-dimensional representations of cell profiles (in five dimensions)
were clustered using the Louvain algorithm®-*? as implemented in
Seurat®*. Non-immune cells were manually annotated and removed
before further analysis.

Optimal transport and RNA velocity analysis

The Waddington-OT package® was used with default parameters asin
the Waddington-OT online tutorial (https://broadinstitute.github.io/
wot/tutorial/) totracethe likely ancestors of cells from two subsets of
Ms4a7" macrophages.

For myeloid cell differentiation trajectory analysis, velocyto® and
scVelo’ were used. Specifically, after running CellRanger, velocyto was
used to calculate the intronic and exonic UMIs for each cell passing the
initial filtering, and then scVelo was used to calculate the likely differ-
entiation potential for each cell. Although scVelo can be impacted by
batch effects (for example, samples confounded with time), there was
noapparentstrong batch effect between monocytes, macrophages and
DCs. Thus, scVelo was run with velocyto results as inputs.

Identification of multicellular programs

The DIALOGUE method was used to identify multicellular programs”
only with resident cells (astrocytes, MG and microglia) without parti-
tioning them into more granular cell states. We followed the default
settings for DIALOGUE analysis. The number of MCP k was set to 6.
We only considered ‘ctrl’ or ‘crush’ and tested the association of this
binary feature with MCPs (DIALOGUE only supports binary feature
for the current version, the ‘pheno’ parameter). DIALOGUE also takes
batchvectorsas covariantinanalysis, and we used mouse strain as the
‘conf’ parameter. DIALOGUE needs the full non-sparse matrix of each
compartmentas aninput. Thus, for each compartment, we randomly
subsampled 20,000 cells for analysis if the total number of cells from
that compartment was greater than 20,000.
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RL-based interaction analysis

A set of 2,392 manually curated RL pairs (Supplementary Table 3),
obtained from recent publications’>** and manually updated (remov-
ing pairs that did not have mouse homologs or convincing literature
support in mice, correcting homologs, ultimately adding 13 pairs),
was used toidentify putative cell-cellinteractions between cell types.

There are several challenges for current methods for inferring the
cell-cellinteractions from scRNA-seq data. First, cell types expressing
receptors or ligands whose cognate partner is highly expressed ubiq-
uitously across all cells can become interaction hubs. Second, some
methods consider only pairwise interactions but not multisubunit
complexes. Third, because of measurement errors (for example, ambi-
entRNAs), ligand or receptor expression can be detected at least at low
levelsin cell types that do not actually express these genes and will add
noise to theinteraction strength ranks between cell types. Thisis likely
given the large number of RL pairs scored (above 2,000).

To address these problems, a k-nearest neighbor approach was
used to estimate the interaction strength between cell types. Specifi-
cally,foragenegofacelltype,itsscores,is defined as the total number
of detected UMIs of gene gin that cell type divided by the total number
of UMIs of gene gacross all cell types. If gisamember of amultisubunit
complex with m subunits, the weight for that complex is defined as
the geometric mean of scores of all members. Then, the final interac-
tion score between an RL pair is the product of the weights of the two
interaction complexes. For any two cell types i and, the interaction
score is calculated for each RL pair. Finally, the interaction strength
betweentwo cell typesisthe sumofthe top kinteractionscores. These
interactionstrength scores are used to rank the interaction partners of
acell type. Only the top k interaction pairs were used to decrease the
influence of the background interaction noise.

Astrocyte classifier analysis

To check for overlapping expression profiles of ONC astrocytes in
astrocytes from other pathological conditions, data from LPS-induced
inflammation® and experimental autoimmune encephalomyelitis®*
were analyzed. Because of batch effects between and within stud-
ies (for example, due to different scRNA-seq technologies, mouse
strains and experimental time points), a neighborhood component
analysis® was used to map our astrocytes to a 50-dimensional latent
space, and the learned neighborhood component analysis map-
ping function was used to project the other datasets to the same
50-dimensional latent space. Next, a k-nearest neighbor classifier
(k=11) trained on our data was used to predict cell identities of the
test data (allin the 50-dimensional latent space). To help visualize rare
cell states (for example, Astro'™) such that they would not be obscured
by abundant cell states, for astrocyte subsets with over 2,000 cells,
we randomly subsampled 2,000 cells for presentation and created a
uniform manifold approximation and projection (UMAP) using the
subsampled data.

For validation, gene signatures of our Astro"™ and reactive astro-
cyte subsets were scored on the predicted cells. Gene signatures
for each subset were the top 100 upregulated genes in that subset
compared to the main astrocyte subset. To establish the connection
between our identified astrocyte subsets and the astrocytes identi-
fied by Hasel et al.”>, we additionally scored our astrocytes using their
genesignatures. To further rule out the possibility that these astrocyte
subsets were artifactsinduced during cell dissociation, we also scored
all astrocytes for a tissue dissociation signature®.

IFN

Mapping disease genes

Theretinal disease gene lists were generated from POAG” and VDD and
VCDR’® and all other diseases from the Retinal Information Network
(RetNet, https://sph.uth.edu/retnet/), downloaded on 16 December
2021. Analysis was performed as previously described”. Briefly, the
retina and eyecup datasets were merged and renormalized before

plotting. Genes from each disease catalog were filtered to retain only
those expressed inmore than10% of cells. Values were zscaled in each
row of the heat map, and genes were ordered by the peak values in
the columns.

Statistical analysis

Age- and genotype-matched mice were randomized for in vivo experi-
ments with several groups. No statistical methods were used to prede-
termine sample sizes, but our sample sizes are similar to those reported
in previous publications’® and were based on pilot experiments. Data
distribution was assumed to be normal, but this was not formally tested.
Retinas were excluded from analysis if ONC was incomplete or if signs
of damage or bleeding were evident after dissection.

Reporting summary
Furtherinformation onresearchdesignisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

Datagenerated during this study have been deposited in Gene Expres-
sion Omnibus under accession number GSE199317. The data can be
visualized in the Broad Institute Single Cell Portal (https://singlecell.
broadinstitute.org/single_cell/study/SCP1785).

Code availability
Scripts have been deposited to https://bitbucket.org/jerry00/
onc-retina-script/src/master/.
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Extended Data Fig. 2| Changes in cell composition and stability in cell
marker expression throughout the time course. a, 2D Uniform Manifold
Approximation and Projection (UMAP) for 121,309 single cells profiled from the
retinaacross 0,0.5,1,2,4,7 and 14dpc, colored by time point (legend). b, ScPhere
embedding of 121,309 single cell profiles (dots) from the retina, projected to

2D by the Equal Earth map projection method, colored by time point (legend).

¢, Fraction of expressing cells (dot size) and mean expression levels in expressing

cells (dot color) of selected marker genes (columns) across 14 non-neuronal cell
types (rows), plotted at each time point. d, UMAP for 21,275 cells profiled from
mouse posterior eyecup at 0, 0.5,1, 2dpc, colored by time point. e, Fraction of
expressing cells (dot size) and normalized expression in expressing cells (dot
color) of selected marker genes (columns) across 12 identified cell typesin the
eyecup (rows). f, Endothelial cells collected from mouse eyecup, colored by
expression of genes associated with choroidal Kdr" (left) and Kdr' (right) cells.
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Extended Data Fig. 3| Visualizing immune cells in the retina and eyecup.

a, Fraction of expressing cells (dot size) and mean expression levels in expressing
cells (dot color) of selected marker genes (columns) across 18 identified immune
cellsubsets (rows). b,c, Representative IHC on 0 and 0.5dpc retinal sections
showing LY6G" neutrophils that express MMP9 (red) and localize proximal to

the optic nerve head (ONH) (n =3 mice per time point) (b), and on 2dpcretinal
whole-mounts from CCR2%""* mice showing CCR2-RFP* cells (red) in the GCL

and IPL (c). Higher magnification inset of the outlined region in cis shownin Fig.
2d (n=2).Scalebar, 50 um. d, Representative IHC on Odpc eyecup sections for
IA-IE (MHC-11, magenta) and CD206 (green). Scale bar, 50 um. Inset shows double
positive cells, scale bar, 10 pm. BF, brightfield (n = 2-3 mice, representative of

2 dpc

Ccr2 Ms4a7 DAPI

f Choroid =——>» RPE
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two independent experiments). e, Representative image of smFISH on 2dpc
sections showing Ms4a7*Ccr2 cells (green) in the eyecup. Thisis a subset of the
image presented in Fig. 5h. Scale bar, 50 pm. f,g, Representative images of IHC

on eyecup whole-mounts (f) from CCR2¥"* mice showing that the majority of
CCR2-RFP* cells (red) in naive eyecup are located posterior to the RPE, at the level
of the choroid. ZO-1(green) depicts tight junctions between individual RPE cells
and nuclei are stained with Hoechst (blue) (n = 2 mice, representative of three
independent experiments), and sections from 2dpc (g) showing that infiltrating
CCR2-RFP’ cells (red) express the macrophage marker, IBA1 (green) (n = 2 mice).
Arrowhead points to the RPE. Scale bars, 50 pm.
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Extended Data Fig. 4 | Glial reactivation and microglial proliferation after
ONC. a, Distribution of expression of genes differentially expressed between
Miiller glia (MG; n = 54,565 cells) and astrocytes (n = 18,959 cells). b, Fraction of
expressing microglia cells (dot size) and mean expression levels in expressing
cells (dot color) of microglia signature genes across time (0dpc (n = 4,479
cells); 0.5dpc (n=2,136); 1dpc (n=1,712); 2dpc (n = 3,616); 4dpc (n = 2,950),
7dpc (n=4,433);14dpc (n =5,233)). ¢,d, Representative smFISH on 4dpc
retinal sections (c) showing P2ry12* microglia (green) expressing Mki67 (red)
(n=3mice), and IHC on 4dpc retinal whole-mounts (d) of KI67* (red) IBAT*
microglia (green) (n =3 mice). Scale bars, 50 um. e, Fraction of cells (dot size)
ineach MG subset, and mean expression level in expressing cells (dot color)
of light and excitotoxin injury-induced genes®. f, Distribution of expression

scores for signature genes of pan-reactive astrocytes® across the astrocyte

and astro'™ subsets throughout the time course (Astrocyte/Reactive astro:
0dpc (n=1,009/17 cells); 0.5dpc (n = 586/299); 1dpc (n =1,780/767); 2dpc
(n=2,268/439); 4dpc (n=2,671/652), 7dpc (n =2,051/396); 14dpc (n =368/55)).
g,h, Distribution of expression scores for Cluster 4 (‘inflammatory’) signature
from LPS-induced astrocytes™ (g) and for a tissue dissociation signature (h) on
astrocytes from LPS-induced neuroinflammation® classified to ONC astrocyte
subsets (left) and across the ONC astrocyte subsets (right) (Student’s t-test, one
sided). Boxplotsinaand fdenote medians and IQRs; whiskers are the lowest
datum still within 1.5 IQR of the lower quartile and the highest datum still within
1.51QR of the upper quartile.

Nature Immunology


http://www.nature.com/natureimmunology

Resource https://doi.org/10.1038/s41590-023-01437-w

b c ‘
Sostdc1 Percent S Plin2
= | RPE Db P expression B
P b4 o 50 8 41 \
Os‘mr- @ © g 2 sl :
Plin2 . 70 2 2
A2m- . 6 § o 0
Retina Thbs1+
Slc12a2- . 90
Acsl3 Normalized d
Slc26a7- epression g Nog
9 & [73
: Gpnmb- I
RPE6S DAPI g 075 85 2] e
y 23 £
R 0.50 o~ 1 15
amp2 > 1.0
0.25 5 w0
Nog =2 04 0.0
0.00

RPE

DAPI Nog DAPI

Extended Data Fig. 5| ONC-induced expression changes in the RPE. on RPE cells by time (left; 0dpc (n = 2,605 cells); 0.5dpc (n=1,746); 1dpc (n = 631);
a, Representative image of IHC on ocular sections, depicting the RPE with 2dpc (n=3,031)) and across subsets (right). Boxplots denote medians and IQRs;
specific staining (RPE65, green) in relation to the retina and optic nerve. Scale whiskers are the lowest datum still within 1.5 IQR of the lower quartile and the
bar, 50 um. b, Fraction of expressing cells (dot size) and normalized expression highest datum still within 1.5IQR of the upper quartile. e, Representative

level in expressing cells (dot color) of differentially expressed genes in the RPE image of smFISH on 0 and 2dpc RPE for Nog (green) (n =3 mice per time point).

between 0, 0.5,1and 2dpc. ¢,d, Distribution of expression of Plin2 (c) and Nog (d) Scale bar, 50 pm.
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Extended Data Fig. 6 | Dynamics of resident and infiltrating mononuclear
phagocytesin theretina, and conserved signature of Gpnmb* macrophages.
a, Changes in frequency of Ms4a7"MHC-II", Ms4a7"MHC-II° and Gpnmb*
macrophages across 0,0.5,1,2,4,7,and 14dpc. b, Distribution of expression of
genes associated with MHC-1II" and MHC-II'* BAMs? on retinal Ms4a7*MHC-II"
(n=741) and Ms4a7"MHC-II® macrophages (n =1,406). Boxplots denote medians
and IQRs; whiskers are the lowest datum still within 1.5 IQR of the lower quartile
and the highest datum still within 1.51QR of the upper quartile. ¢, Representative
image of smFISH on 7dpc retinal for Gpnmb (blue), Ms4a7 (red) and Ptprc
(green) (n=3 mice). Scale bar, 25 um. d, Distribution of expression of Gpnmb*
macrophage marker gene orthologs inimmune cell scRNA-seq data from chronic
lesions in human patients with multiple sclerosis*. e, Fraction of expressing cells

(dotsize) and normalized expression level in expressing cells (dot color)
ofthe top 30 differentially expressed genes of Gpnmb* macrophages across
the RPE cell clusters. f, Representative IHC on uninjured (O dpc) retinal
whole-mounts showing perivascular and CB-adjacent IA-IE* (green) cells.
Blood vessels are labeled with IB4 (red) (representative of five independent
experiments with n =1-3 mice each). The middle panel shows azoomed-in
image of the perivascular macrophage in the inset of the leftimage. Scale bars,
50 umg, Force-directed layout view of monocyte and macrophage subsets
with optimal transport analysis. Each dot is a cell, color-coded by ancestor
probabilities for Ms4a7"MHC-II" (top row) and Ms4a7"MHC-II macrophages
(bottom row), as estimated by Waddington-OT®,
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Extended DataFig.7| A co-regulated IFN-response program in the injured
retina. a, Distribution of expression of genes differentially expressed in
microglia™ by microglia repopulating the brain after depletion (Repop)
compared to microglia from control brain®* (Mann-Whitney U test, two sided).

b, Distribution of Ifit3 expression across time in MG (top) and astrocytes
(bottom) across subsets. ¢, Distribution of a signature score of Cluster 8 (‘I1SG)
astrocytes from LPS-induced neuroinflammation® in the LPS-induced astrocytes
as classified to the ONC astrocyte subsets (left) and across the ONC astrocyte
subsets (right) (Student’s t-test, one sided). d, Off-diagonal panels: Comparison
of overall expression scores (y and x axes) for each cell component of MCP1

Mullér in'a
(rows and columns, labels on diagonal) across the samples; lines correspond
to linear fit. Pearson correlation (r) and significance (***p < 0.001; Pearson
correlation t-test, one-sided) are shown in the panels above the diagonal.
Diagonal panels: Distribution of overall expression scores for each cell type
component, with kernel density estimates®. e, Distribution of MCP1 expression
scores by astrocytes (n =18,956 cells), microglia (n=20,000 cells) and MG
(n=19,998 cells) across 0, 0.5,1, 2,4, 7 and 14dpc. Numbers above violins indicate
median expression scores. Boxplots in b, e denote medians and IQRs; whiskers
are the lowest datum still within 1.5 IQR of the lower quartile and the highest
datum still within 1.51QR of the upper quartile.

Nature Immunology


http://www.nature.com/natureimmunology

Resource

https://doi.org/10.1038/s41590-023-01437-w

PHASE |
Early crush response
0.5—2 days
® J

I

Retinal ___ |

epithelial — | 1
P cell x/\M \

Maller glia

g = Ms4a7*MHC-IIM
Microglia

macrophage
: Ms4a7*MHC-IIl°e 2"~
Cycling macrophage 3 &1
microglia A
Gpnmb* 7
Retinal macrophage ~_
ganglion Disease
cell associated

Astrocyte microglia

PHASE Il PHASE Ill
Intermediate crush response Late crush response
4-7 days 1-2 weeks

‘V” .
O

B [ J
\ ,w ()\,M " M ;
\ / \( ‘
M A
(] \\t

)
P §

1

\M [Lgals3 ][ Lpl ][cd63][Cd68][Spp1]

v
Extended Data Fig. 8 | Schematic model summarizing the tissue dynamics
along the response to ONC. Aninflammatory cascade is initiated early after
injury (phasel), prior to RGC death, with activation of resident glia involving
chemokine signals for leukocyte infiltration, which is observed in the oBRB and
inner retina. Atintermediate time points (phaseIl), concurrent with the peak
rate of RGC death, infiltrating monocytes differentiate into distinct macrophage
subsets, including Ms¢a7*MHC-II", Ms4a7"MHC-II and Gpnmb* macrophages.
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In parallel, during this phase, a synchronous interferon response program
isinducedinastrocytes, Miiller gliaand microglia. The latter also express a
disease-associated microglia signature, which overlaps with that of Gpnmb*
macrophages. Finally, at 1-22wpc (phase I11), glial cell proportions begin to return
to their baseline levels, with enriched interactions among them including TGFf3
signaling, collectively indicating restoration of homeostasis.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size No statistical methods were used to determine sample size. Sample sizes were chosen based on previous publications and on pilot
experiments.

Data exclusions  Retinas were excluded from analysis if optic nerve crush was incomplete, or if signs of damage or bleeding were evident upon dissection.
No data was specifically excluded, but filtering was performed as described in the Methods section to exclude cells (cell barcodes) of low
quality.

Replication Experiments were performed with biological and technical replicates, with similar results.

Randomization  Age- and genotype-matched mice were randomized for in vivo experiments with several groups.

Blinding The computational analysis pipeline was identical for all processed samples, and intended to be unbiased, so blinding was not relevant.
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We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.
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[ ] clinical data
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Antibodies
Antibodies used A detailed list is included in Supplementary Table 4.
Validation Commercially-available antibodies were validated by the manufacturers. We tested newly-used antibodies including controls where

the primary antibody was omitted. For new lots of MC-21, blood monocyte depletion was confirmed with flow cytometry. For flow
cytrometry experiments, unstained and single-stained antibody controls were routinely used.

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals Experiments were carried out in adult mice, 6-16 weeks of age and included both males and females. Mice were purchased from
Jackson Laboratory or bred in-house. The following mouse strains were used:
1. C57BL/6J (JAX #000664)
2. Vglut2-ires-cre (Slc17a6tm2(cre)Lowl/J) crossed to the cre-dependent reporter Thyl-stop-YFP Line#15 (B6.Cg-Tg(Thy1-EYFP)15Jrs/J
3. CCR2RFP (B6.129(Cg)-Ccr2tm?2.1Ifc/J; JAX #017586), crossed to C57BL/6J mice to generate heterozygotes.

Wild animals The study did not involve wild animals.

Reporting on sex The majority of C57BL/6J mice were male. Vglut2-Cre-YFP male and female mice were pooled for scRNA-seq experiments. Male and
female CCR2-RFP mice were used for validation experiments.

Field-collected samples  N/A

Ethics oversight All animal experiments were approved by the Institutional Animal Care and Use Committees (IACUC) at Harvard University and
Boston Children’s Hospital.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Flow Cytometry

Plots
Confirm that:
The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).
The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
All plots are contour plots with outliers or pseudocolor plots.

|:| A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation Mice were intracardially perfused with PBS. For retina: Eyes were dissected in AMES solution (equilibrated with 95% 02/5%
CO2). Retinas, separated from eyecup and ciliary body, were digested in papain, and dissociated to single cell suspensions
using manual trituration in ovomucoid solution. Cells were spun down at 450 g for 8 minutes and resuspended in AMES+4
BSA to a concentration of 10 million cells per 100 ml.

For RPE, we adapted a protocol based on Fernandez-Godino et al. Briefly, eyecups were dissected in Hank’s Balanced Salt
Solution (HBSS)- with HEPES and incubated in 0.25% trypsin/EDTA for 45 minutes at 37°C, after which RPE sheets were
released by manual shaking into 20% fetal bovine serum (FBS) in HBSS+ with HEPES, spun down at 340 g for 2 minutes and
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incubated in 0.05% Trypsin/EDTA for 10 minutes at 37°C. Cells were washed, resuspended and triturated 50 times in 5% FBS/
HBSS+ with HEPES and filtered for staining and cell sorting.

Instrument Cells were sorted on a MoFlo Astrios Cell Sorter (Beckman Coulter).
Software Data were collected with Summit (version 6.3) and analyzed with FlowlJo software (TreeStar).
Cell population abundance We enriched for the populations of interest by antibody-mediated sorting. CD45+ immune cells were ~0.5%-1%; GLAST+

Muller glia were ~¥3% and astrocytes were ~0.2% of the total retinal cells, in line with their published abundances. Since we
did not have a good surface antibody to sort RPE cells, they were sorted based on FSC/SSC gates. We validated that sorted
fractions were enriched of RPE cells in preliminary experiments.

Gating strategy Cells were first gated on FSC-H/SSC-H. Singlets were selected based on SSC-H/SSC-W and live cells were selected based on
calecin blue staining. Subsequent positive and negative populations were based on unstained and single stained controls.

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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