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Fig. 6. Activation of IFN gamma target genes in Muller glia in Aire™'~ retinas. (A) Inmunostaining of cross-sections of WT vs. Aire™ retinas showing SOX9
(green), IRF1 (red), CD45 (magenta), and nuclei (DAPI; blue). SOX9 marks RPE nuclei (near the top of the image), Muller glia nuclei in the INL, and astrocyte
nuclei in the GCL. (B) Heatmap showing, by cell type, IFN gamma target genes that are preferentially up-regulated in Muller glia in Aire™~ vs. WT retinas.
Individual cells are arrayed across the horizontal axis, and genes are shown along the vertical axis. Up-regulation of genes indicated by arrows was validated
by fluorescent ISH in C. (C) Retinal cross-sections as in A showing fluorescent ISH of C4b transcripts (orange) and immunofluorescence of CD45 (magenta);
nuclei marked by DAPI (blue). (D) Retinal cross-sections as in A showing fluorescent ISH of Cd274 transcripts (green) and immunofluorescent staining of CD45
(magenta); nuclei are marked by DAPI (blue). (E) Heatmap as in B showing, by cell type, MHC class Il genes that are significantly up-regulated in Aire™~ vs. WT
retinas. MHC class Il genes include the I-A and I-E alloantigens that can be detected by the anti-MHC Il I-A/I-E antibody (arrows). (F) Retinal cross-sections as in
A showing MHC Il (I-A/I-E) (green), SOX9 (red), CD4 (magenta), and nuclei (DAPI; blue). A CD4+ T cell (indicated by arrowheads) is seen associating with an
MHC class I+ process of a SOX9+ Muller glial cell (nucleus indicated by arrows). In addition, SOX9- cells with intense MHC class Il staining (indicated by dashed
arrows) scattered across the retina are mostly likely microglia, Mo-Mas, or Mo-DCs. (Scale bars in A, C, D, and F, 50 pm.)

that many nonocular tissue pathologies in Aire™~ mice are Thil
dependent (19).

By immunostaining of Aire~'~ retinas, we observed aggregates
of T follicular helper cells, B cells, plasmablasts, plasma cells, and
APCs that resemble TLSs. TLSs can be defined as unencapsulated,
but structurally and functionally organized, aggregates of lymphoid
cells that form in tissues other than primary lymphoid organs
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(i.e., thymus and bone marrow) or secondary lymphoid organs
(i.e., lymph nodes, spleen, and Peyer’s patches) in the context of
chronic inflammation (26, 44, 45). We use the term TLSs, instead
of tertiary lymphoid organs (TLOs) because we have demon-
strated some but not all of the features of TLOs (44). TLO fea-
tures include 1) anatomically distinct yet adjacent B and T cell
compartments, 2) the presence of PNAd-positive HEVs in the
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T cell compartment, and 3) the presence of germinal center re-
actions as evidenced by the presence of plasmablasts and plasma
cells. In contrast to the diffuse inflammatory cellular infiltrates seen
in the EAU model, the spatial organization of the retinal TLSs
studied here more closely resembles that of lymphoid tissues. Similar
TLSs have been described in the R161H transgenic mouse line
(25), another model of spontaneous uveitis (described in the pre-
ceding paragraph). In R161H mice, retinas with TLSs initially have
lower clinical and histological disease scores as well as slower loss
of visual function (as measured by the electroretinogram) com-
pared to retinas that lack TLSs, but the presence of well-developed,
late-stage TLSs with abundant plasma cells was associated with
increased visual loss and disease progression, presumably due to
autoantibody production (25). Similarly, the presence of plasma
cells in TLSs in Aire™™ retinas suggests that autoantibodies may
also contribute to disease progression in Aire”~ uveoretinitis.
There is evidence that autoantibodies play a pathogenic role in the
EAU model (46) and in human uveitis (47, 48).

Retinal microglia, which arise from the yolk sac, are difficult
to distinguish from mo-M®s as the 2 cell populations share many
of the same markers and both microglia and mo-M®s up-regulate
many of the same genes and can occupy new tissue niches in re-
sponse to disease. A previous study that utilized irradiated mice
injected with bone marrow (BM) cells marked by enhanced green
fluorescent protein showed that BM-derived monocytes can popu-
late the normal retina and assume microglial-like morphology with
expression of classical microglial markers (31). The migration of BM-
derived cells was enhanced in a model of N-methyl-N-nitrosourea—
induced retinal injury, and the BM-derived microglial-like cells were
restricted to the juxtapapillary and peripheral regions of the retina
(31). More recently, fate-mapping studies in mouse models of
photoreceptor injury and degeneration have shown that resident
microglia migrate to the subretinal space where they adhere to the
apical RPE, while mo-M®s occupy the vacated microglial niche in
the neuroretina and do not migrate to the subretinal space (29,
34). By immunostaining of Aire™ " retinas, we observed CD14- and
P2ry12-positive cells (i.e., mo-M®s) mainly in the neural retina,
although some were found in the subretinal space adhering to the
apical RPE. The differences across retinal disease models imply
that the tissue niches occupied by microglia and mo-M®s can vary
depending on the disease context.

Our pseudotime analysis expands on this dynamic picture by
implying that many monocytes transition from a state charac-
terized by markers such as Ccr2 and Ly6c2 to a mo-M® state
characterized by markers such as Hexb and Trem2. The rapid
down-regulation of Ccr2 in monocytes infiltrating the retina has
also been described in the context of photoreceptor degeneration
(49). Mo-M®s are difficult to distinguish from resident retinal
microglia as they also express conventional microglial markers
such as P2ry12 and Tmeml119, a finding that is consistent with
recent scRNA-seq studies of fluorescence-activated cell sorting-
purified microglia and mo-M®s isolated from murine retina and
brain (28-30, 50). The down-regulation of genes such as Ccr2
and the up-regulation of genes such as TmemlI19 may account
for the previously observed heterogeneity in gene expression of
monocyte-derived cells at early time points after these cells have
infiltrated the retina in the context of light-induced photore-
ceptor degeneration (29, 30). The pseudotime analysis also im-
plies that a distinct subset of monocytes transitions to a dendritic
cell state characterized by markers such as Clec9a and Zbtb46.
Interestingly, both the mo-M® and mo-DC states were associated
with an up-regulation of Smad7, a marker of TGF-f signaling.

The scRNA-seq and ISH analyses reveal TGF-f2 expression in
the INL in Aire™'~ retinas. TGF-p2 has potent immunosuppres-
sive properties (21, 51) and is thought to contribute to ocular
immune privilege (5). In the context of Aire™~ uveoretinitis,
TGF-f2 may mitigate against excessive immune-mediated de-
struction through its effects on Th1 cells and microglia/mo-M®s.
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Consistent with this idea, the induction of ILI10 expression in
Thl cells has been shown to be TGF-p dependent (22), and the
Th1 cells in the Aire™'~ retina exhibit distinct Cd40lg+ and IL10+
states that most likely represent activated and self-regulatory
states, respectively (20). Also consistent with this idea, genetic
ablation of Tgfbr2 in spinal cord mo-M®s (32) and in retinal microglia
(33) resulted in down-regulation of classical microglial markers such
as Tmem119 and conversion to a more proinflammatory phenotype.

The IFN gamma response gene expression signature that we
observe in all major classes of resident retinal cells is charac-
terized by widespread IRF1 up-regulation and up-regulation of
putative IFN gamma target genes across retinal cell types. The
role of IFN gamma in uveoretinitis appears to be multifaceted.
Retinal production of IFN gamma, either by expression of a
transgene (52) or by infusing an IRBP-specific Thl-like T cell
line that produces large amounts of IFN gamma (53), appears to
be uveitogenic. Moreover, disease induction in an EAU model
based on injection of antigen-exposed dendritic cells requires
host production of IFN gamma (54). However, removing IFN
gamma, either by systemic administration of a neutralizing an-
tibody (55) or by genetic deletion (56), exacerbated uveoretinitis
in EAU instead of conferring a protective effect. These differ-
ences in the effects of IFN gamma in the context of uveoretinitis
have been attributed to differences in the stage of the disease at
which IFN gamma exposure occurs, with early exposure to IFN
gamma eliciting an antiinflammatory effect and late exposure
eliciting a proinflammatory effect (57, 58).

One intriguing instance of a cell type-specific up-regulation of
putative IFN gamma target genes is the increased production of
MHC class II messenger RNAs and proteins in Muller glia, with
evidence of direct contact between Muller glia processes and
CD4+ T cells. Muller glia are the major glial component of the
retina, and their processes densely ramify throughout the en-
tirety of the neural retina between the nerve fiber layer and the
outer limiting membrane. Thus, any immune cell infiltrating the
retina will come into contact with Muller glia processes. Under
normal conditions, Muller glia are thought to contribute to oc-
ular immune privilege by inhibiting the proliferation and acti-
vation of lymphocytes through a direct-contact mechanism, as
demonstrated in cultured Muller glia (59). The addition of IFN
gamma in vitro has been shown to induce production of MHC
class II proteins in cultured Muller glia (60) and enable them to
act as APCs in a MHC class II-dependent fashion to stimulate
the proliferation of cocultured T cells (61). Consistent with these
in vitro studies, our findings suggest that Muller glia may act as
APCs in vivo in the context of Aire™~ uveoretinitis, although the
relative contributions of Muller glia compared to more conven-
tional APCs in the uveoretinitis disease process remain to be
determined.

In sum, the present study demonstrates the utility of scRNA-seq
as an unbiased tool for investigating immune-mediated patho-
genesis in the retina, including a systematic assessment of the cell
types in the inflammatory milieu and the response of the resident
retinal cells to disease progression. This work suggests that
scRNA-seq could be used to identify biomarkers and therapeutic
targets in ocular inflammatory disorders.

Materials and Methods

All animal experiments were approved by and conducted in accordance with
the regulations of the Institutional Animal Care and Use Committee at Johns
Hopkins University School of Medicine (protocol MO16M367). Mouse hus-
bandry, scRNA-seq, in situ hybridization, immunostaining, and computational
methods are described in S/ Appendix. scRNAseq data were submitted to the
National Center for Biotechnology Information Gene Expression Omnibus
database under accession numbers GSE132229 and GSM3854512-3854519.
The annotated datasets can be viewed at https:/jacobheng.shinyapps.io/
uveoretinitis/ and http:/loom.gofflab.org. Supplementary code for processing
and visualizing the scRNA-seq data can be found in an R package, cell-
wrangler, available at https:/github.com/jacobheng/cellwrangler.
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