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ABSTRACT

Although the visual system extends through the brain, most vision loss originates from defects in
the eye. Its central element is the neural retina, which senses light, processes visual signals, and
transmits them to the rest of the brain through the optic nerve (ON). Surrounding the retina are
numerous other structures, conventionally divided into anterior and posterior segments. Here we
used high-throughput single nucleus RNA sequencing (snRNA-seq) to classify and characterize
cells in the extraretinal components of the posterior segment: ON, optic nerve head (ONH),
peripheral sclera, peripapillary sclera (PPS), choroid, and retinal pigment epithelium (RPE).
Defects in each of these tissues are associated with blinding diseases — for example, glaucoma
(ONH and PPS), optic neuritis (ON), retinitis pigmentosa (RPE), and age-related macular
degeneration (RPE and choroid). From ~151,000 single nuclei, we identified 37
transcriptomically distinct cell types, including multiple types of astrocytes, oligodendrocytes,
fibroblasts, and vascular endothelial cells. Our analyses revealed a differential distribution of
many cell types among distinct structures. Together with our previous analyses of the anterior
segment and retina, the new data complete a “Version 1” cell atlas of the human eye. We used
this atlas to map the expression of >180 genes associated with the risk of developing glaucoma,
which is known to involve ocular tissues in both anterior and posterior segments as well as
neural retina. Similar methods can be used to investigate numerous additional ocular diseases,
many of which are currently untreatable.

INTRODUCTION

Cells of the neural retina sense light (photoreceptors), process visual signals (interneurons), and
transmit them to retinal output neurons (retinal ganglion cells, RGCs), which pass the signals to
the brain through the optic nerve (ON). The retina does not, however, act alone: it is surrounded
by a complex set of ocular tissues, which are conventionally divided into those of the anterior
and posterior segments (Fig. 1A). The anterior segment includes the cornea, iris, and lens, which
ensure that focused light reaches the photoreceptors; and the ciliary body, ciliary muscle,
trabecular meshwork, and Schlemm’s canal, which produce and drain aqueous humor that
nourishes avascular structures, clears away waste, and maintains intraocular pressure (IOP) (1).
The posterior segment includes, in addition to the neural retina, the ON and its specialized
proximal region, the optic nerve head (ONH); the sclera and a specialized region, peripapillary
sclera (PPS), that encircles the ONH; retinal pigment epithelium (RPE), which supports the
health and function of photoreceptors; and the choroid/choriocapillaris, which is the vascular
supply that supports photoreceptors and RPE (Fig. 1A) (2, 3).

All of these structures have been implicated in conditions that impact vision. In the anterior
segment, they include cataracts (lens), corneal dystrophies (cornea), uncorrected refractive error
(cornea and lens), and anterior uveitis (iris/ciliary body), trachoma and onchocerciasis (cornea
and conjunctiva) (4). Diseases of the posterior segment include optic neuritis, a frequent
manifestation of multiple sclerosis (ON), posterior uveitis and scleritis (choroid/sclera), and
diabetic retinopathy (retina) (5). Moreover, many blinding diseases involve multiple tissues — for
example, trabecular meshwork, ONH, PPS and RGCs for glaucoma; photoreceptors, and RPE for
retinitis pigmentosa; and photoreceptors, RPE and choroid for age-related macular degeneration
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(6-8). Thus, elucidating the pathogenic mechanisms underlying ocular diseases requires a
comprehensive understanding of all ocular cell types and their interactions.

In previous studies, we used high-throughput single-cell and single-nucleus RNA sequencing
(scRNA-seq and snRNA-seq) to catalog and molecularly characterize the cell types of the human
anterior segment (9, 10). We and others also used scRNA-seq and snRNA-seq to characterize the
adult human neural retina and RPE (11-19). Here, to complete a “v.1” cell atlas of the human
eye, we used snRNA-seq to analyze the extra-retinal tissues of the posterior segment. We
profiled ~151,000 nuclei from the ON, ONH, PPS, RPE, choroid, and sclera, identified 37 cell
clusters, and characterized the transcriptome of each. By dissecting tissues prior to profiling, we
were able to better assess the tissue distribution of each cell type, identifying some types shared
among tissues and others with striking tissue specificity.

Finally, to assess the expression of genes implicated in ocular disease, we focused on glaucoma,
which is the leading cause of irreversible blindness worldwide (20). As noted above, multiple
tissues are involved in this disease. The major modifiable risk factor for glaucoma is increased
IOP, which is usually ascribed to defects in the outflow pathways of the anterior segment.
Increased pressure leads to stress on the PPS and ONH, resulting in reactions of astrocytes and
other cells in the lamina cribrosa (LC), a sieve-like structure in the ONH through which RGC
axons pass (Fig. 1B) (21-23). These reactions, along with remodeling of the extracellular matrix,
cause or exacerbate compression of RGC axons. The compression then leads to dysfunction and
eventual death of the RGCs which is the proximate cause of glaucomatous vision loss (7, 21, 24).
To date, at least 13 genes have been associated with early onset or congenital forms of glaucoma
(21, 25-29). In addition, large GWAS meta-analyses have associated 127 genomic loci with
primary open angle glaucoma (POAG; the most common late onset form of glaucoma), and 112
loci with IOP (30, 31). As an initial step in disentangling these interactions, we mapped the
expression of >180 genes implicated in the pathogenesis of glaucoma or IOP regulation in the
cells of the anterior and posterior segments.

RESULTS

We profiled 36 tissue samples from 19 human donors with no history of ocular disease: 8 ON,
13 ONH, 4 PPS, 3 peripheral sclera, and 8 choroid/RPE (Fig. 2A, Table 1 and Table S1).
Altogether, we recovered ~210,000 single nucleus transcriptomes that we judged to be high
quality based on the numbers of transcripts recovered and genes detected (Fig. S1). Initial
analysis revealed that ~60,000 of these transcriptomes were derived from neural retina present
within all samples except those from ON; this was expected, given their proximity to other
structures and limitations inherent to the manual dissection technique. We removed RPE
(~10,000) and retinal cells from the dataset. Neural retinal cells were not analyzed further and
RPE was analyzed separately. We re-clustered the remaining ~140,000 cells from all five tissue
sources together (Fig. 2B).

Altogether, we identified 37 clusters, all derived from multiple samples (Table S2). All but RPE
clusters are shown in a UMAP representation in Fig. 2B and numbered in the order of size (CO
has the most cells, C35 the fewest). We assigned them cell class labels based on selective
expression of known markers (Fig. 2C) identifying 5 clusters as astrocytes, 2 each as
oligodendrocytes, oligodendrocyte precursors, and Schwann cells, 8 as fibroblasts, 6 as vascular
endothelium, 3 as mural (blood vessel-associated) cells, 6 as immune-related cells (microglia,
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macrophages and lymphocytes), and 3 as pigmented cells. As shown by a dendrogram
representing transcriptomic similarity, types within a class were close transcriptomic relatives
(Fig. 2C, top).

Oligodendrocytes and their precursors

Two closely related clusters (CO and C2) corresponded to mature oligodendrocytes. Both
expressed markers of myelinating oligodendrocytes such as MOBP and MOG (Fig. 2C) (32, 33).
They were, however, distinguishable by selective expression of multiple genes, including ACTN2
and SLC4A8, enriched in CO, and LRRC7 and DCC, enriched in C2 (Fig. 3A). A comparison of
the two oligodendrocyte populations to those described in human brain white matter by Jakél et
al. (34) showed that CO and C2 resembled their mature oligodendrocyte subtypes 1 and 5,
respectively.

As expected, both types were most abundant in optic nerve samples and nearly absent from the
sclera and choroid (Fig. 3B). However, 33% of CO oligodendrocytes and 39% of C2
oligodendrocytes were derived from ONH samples, likely because those samples extended into
the intraorbital portion of the ON (Fig. 2A). To test this idea, we stained sections of the optic
nerve for myelin basic protein (MBP) which is an oligodendrocyte marker. Antibodies against
this protein exclusively stained the myelinated portion of the ON (Fig. 1B), supporting the idea
that oligodendrocytes recovered from ONH samples were derived from the ON. A small
proportion of the CO and C2 oligodendrocytes also appeared to be derived from the PPS samples,
likely a result from the difficulty of completely separating the tightly apposed ONH and PPS
during dissection.

Cells in the other two clusters (C13 and C33) expressed known markers of oligodendrocyte
precursor cells (OPCs) such as OLIGI and OLIG?2 (33) (Fig. 2C). Although they were each
other’s closest relatives, C33 was distinguishable from C13 by higher expression of several
genes, including GPRI7, ENPP6, and PLP1, which have been shown to be expressed by
premyelinating oligodendrocytes (32) (Fig. 3A). Thus, C13 cells may be conventional OPCs
while C33 may correspond to cells beginning to differentiate from OPCs to oligodendrocytes.
Like oligodendrocytes, OPCs were most abundant in ON. OPCs were less abundant than mature
oligodendrocytes in ONH (Fig. 3B), suggesting that they may be concentrated more distally
along the ON.

Schwann cells

Clusters C15 and C35 corresponded to Schwann cells, the glia of the peripheral nervous system.
Both were predominantly derived from the choroid, with minor contributions from PPS and
sclera (Fig. 3B). This distribution reflects the innervation of choroidal vessels by autonomic
neurons (2). We identify C15 and C35 as comprising nonmyelinating and myelinating Schwann
cells, respectively. C35 but not C15 expressed high levels of PRX, MBP, and MPZ which encode
myelin proteins expressed by Schwann cells but not oligodendrocytes (Fig. 2C and 3A). In
contrast, C15 is rich in SCN74, NCAM1, LICAM, and NGFR (Fig. 2C and 3A, Table S3), a
profile known to represent nonmyelinating Schwann cells (35, 36).

Astrocytes

Five clusters (C1, 6, 8, 11, 12) were close transcriptomic relatives and expressed known
astrocyte markers including GFAP, and ALDHILI (Fig. 2C). Additional markers that
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distinguished astrocytes from other cell classes included PAXS, and the non-coding RNAs
AC092957.1, LINC00299, and JAKMIP2-AS1 (Fig. 3C and S2A, and Table S3).

Comparisons amongst astrocyte clusters revealed distinct expression patterns and locations. The
largest, C1, comprised ~64% of all astrocytes. C1 and C12 were both most abundant in the optic
nerve and expressed AQP4 at high levels (Fig. 3C and D). They were present at far higher levels
in the myelinated parts of the ON than ONH (Fig. S2B), consistent with a previous report on
AQP4 expression (37). Despite similarities in their transcriptomic profile and tissue distribution,
they were molecularly distinct; C1 selectively expressed SLC14A41 and SOX9, whereas C12
expressed higher levels of GAP43 and CHI3L1 (Fig. 3C).

Three clusters, C6, 8, and 11, were derived largely from ONH. All expressed WIF1 and PAX5
(Fig. 3C and S2D), but differentially expressed other genes that marked them as distinct types or
states. For example, DACHI was expressed at the highest levels in C11, LINC01727 in C8, and
FGF10 in C6 (Fig. 3C).

Whereas ~99% of cells in C6 and C8 were derived from ONH, 26% of C11 cells were derived
from PPS, after sample-size normalization (Fig. 3D). Based on transcriptomic similarity, we
identified C11 as most similar to retinal astrocytes (12) (Fig. 3E) indicating that this cluster
might be derived from retinal contamination, which was prominent in both ONH and PPS
samples.

Fibroblasts

Eight transcriptomically related clusters (CS5, 10, 17, 22, 28, 29, 31, and 32) were classified as
fibroblasts, based on their expression of known markers such as COLIAI and DCN (Fig. 2C)
(38). This heterogeneity is consistent with numerous reports that have characterized multiple
fibroblast types in single tissues (9, 39). The majority of cells in seven of the clusters were
derived from a single tissue: C10 and 28 from choroid, C17, 22, 31 from PPS, C5 from sclera,
and C29 from ONH; the eighth, C32, was derived to a similar extent from peripheral and
peripapillary sclera (Fig. 4B and Table S4).

Differentially expressed genes included HS6S73 and SMOC2 by C5; TRDN by C10; SLC47A41
and GADLI by C17; TRPM3, and SLC6A413 by C22; KCNQ3 and LGRS by C28; ANO3, and
TNN by C29; SLC2243, and EBF2 by C31; and PTGIS and COL12A41 by C32 (Fig. 4A).
Because fibroblasts are major sources of ECM, we mapped expression of ECM genes in these
clusters, with emphasis on those reported to be present in the LC (Fig. S4B; see discussion).
Comparison of posterior segment fibroblasts to those of the anterior segment (9) suggested that
all except C31 were most similar to the anterior segment’s ciliary and/or scleral fibroblasts (Fig.
S3A). This similarity may reflect the fact that the ciliary body and choroid are contiguous
subdivisions of the uveal layer, and the scleral tissue encases the globe from its anterior-most
aspect at the limbus to its posterior-most aspect encircling the optic nerve. C31 mapped to a type
derived from the corneoscleral wedge, which we had termed “Fibro x (9).

Vascular endothelium

Six clusters (C16, 18, 20, 21, 23, and 27) were identified as vascular endothelial cells based on
expression of markers such as PECAM1 and FLTI (Fig. 2C). Using immunohistochemistry, we
localized VWF+ endothelial cells in all tissues (Fig. S3B and C). C16 and C27 were derived
predominantly from the sclera (including PPS); C18 and C21 were derived primarily from
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choroid; and C20 and C23 were derived from multiple tissues. C23 was the only cluster with a
major contribution from ONH (>60%) and ON (>15%).

Based on expressed markers, we tentatively assign these cells to different vessel types. C16 cells
expressed markers of venules including ADGRG6, MMRN1, and POSTN; C20 and C27 cells
were enriched in the expression of artery/arteriole markers such as SEMA3G, HEYI and BMJX;
and C18 and C21 were enriched in the expression of genes previously shown to be associated
with fenestrated capillaries, including PLVAP and CA4 in C18, and post-capillary venules
including PKHDI1L1 and MMRNI in C21 (38, 40-42). Mixed expression patterns in C21 and C23
(for example, expression of the venule marker, ACKR1) suggested that these cells might be
derived from both venules and capillaries (42) (Fig. 4C and Fig S3C).

Mural cells

Smooth muscle cells of the microvasculature, which primarily ensheath arterioles, and pericytes,
which ensheath capillaries and venules, are collectively called mural cells (43). C19, 26, and 34
were identified as mural cells based on their expression of known markers such as TAGLN and
ACTA2 (40, 44-46) (Fig. 2C). Consistent with this assignment, ACTA42+ cells were closely
associated with PECAM vascular endothelial cells (Fig. SA and B).

The three mural cell types were further distinguishable by selective expression of multiple genes
including UNCI13C, RGS6, and CASQ?2, in C19, TRPC4, RGSS, and LAMA?2 in C26, and FGF7,
SLC7A42, and CLSTN2 in C34 (Fig. 5B). The expression profiles of the mural cells suggest that
C19 and C34 cells are vascular smooth muscle cells, and C26 cells are pericytes. Consistent with
these assignments, C19 and C34 were derived primarily from PPS and sclera, similar to that of
the putative arteriolar endothelial cells, and C26 was derived in large part from choroid and
ONH, similar to that of the putative capillary and venule-associated endothelial types (Fig. 4D
and 5D). C26 corresponds to a LAMA2+, TRPC4+ pericyte type we recently identified in the
anterior segment (9) (Fig. 5C).

Immune cells and microglia

Six clusters (C4, 7, 9, 24, 25, and 30) expressed markers of immune cells including PTPRC and
DOCK?2 (47, 48) (Fig. 2C). Cluster 9 expressed numerous markers of microglia (e.g., P2RY12,
and ITGAM,; Fig. 6A). C4 and C24 expressed markers of macrophages (e.g., MRC1, and CD163)
but could be differentiated from each other by selective expression of /L/R2, and VCAN in C24,
and CDI163L1, and LYVEI in C4 (49, 50) (Fig. 6A). We identified C7 as T lymphocytes (e.g.,
CD2+, and THEMIS+), C25 as NK cells (e.g., KLRD I+, and KLRF1+), and C30 as B
lymphocytes (e.g., EBF I+, and BCL11A4+) (51, 52) (Fig. 6A).

Most (80%) of the microglia were derived from ON and ONH, as expected from their known
association with neural tissues. Consistent with this assignment, A/F'/+ cells were abundant in
retina, ONH and ON but rare in other tissues (Fig. S4C). In contrast, >95% of the other types
were derived from peripheral and peripapillary sclera and choroid (Fig. 6B).

Pigmented cells

Two cell types, C3, C14, expressed genes characteristic of pigmented cells such as 7YR and
MLANA (Fig. 2C). They could, however, be distinguished from each other by the expression of
genes including PMEL and PAX3 in C3 and PAX6 and CCBE] in C14 (53) (Fig. 2C, 6C and S5).
Almost all C14 cells and 71% of C3 cells were derived from choroid (Fig. 6D).
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We identify C3 cells as melanocytes, based on their tissue source and expression pattern (Fig. 6,
Table S3, and S4). Two types of melanocytes have been characterized in the anterior segment — a
uveal type that resides in the iris and ciliary body, and a conjunctival type, that populates the
conjunctiva (9). The C3 melanocytes were more closely related to the uveal than to the
conjunctival type (Fig. 6E). C14 cells, in contrast, were more similar to pigmented epithelial
cells of the ciliary body than to melanocytes (9), both in terms of overall transcriptomic
similarity and differentially expressed genes (Fig. 6C, E). To our knowledge, cells of this type
have not been described in the posterior segment. However, because they were obtained from
peripheral samples, it is possible that they are derived from a transitional zone between the
contiguous retinal pigment epithelium and ciliary body pigmented epithelial layer.

A third pigmented cell type, RPE, was derived largely from choroid/RPE samples, but was also
present as contaminants in sclera and ONH samples. RPE pigment is generated by tyrosinase, but
its levels are known to be low (54). The RPE dataset included >10,000 single nucleus
transcriptomes from peripheral samples. Their transcriptomes generally resembled those reported
in recent single cell studies (15, 17-19, 55-57), although our dataset is currently the largest.
Along with known markers, we found several novel markers that are selectively expressed by
RPE even when compared to all known ocular cell types (Fig. S5, Table S4).

We also profiled >1200 RPE nuclei from a macular sample and mapped genes differentially
expressed between macula and periphery (Table S5). They include WFDC1, CXCL14, and
CALCB enriched in macular RPE, and PMEL and /GFBPS enriched in peripheral RPE. Many of
these genes were also reported to be differentially expressed in previous studies (15, 17-19, 55-
58).

Expression of glaucoma-associated genes

We previously generated cell atlases of the human neural retina and ocular anterior segment (9,
10, 12, 59). Together with the results presented above, they comprise a whole human eye cell
atlas (Table 1).

A major motivation for generating this atlas was to map the expression of genes implicated in
ocular diseases. As an illustration, we focus on glaucoma for two reasons. First, the most
common form of glaucoma, POAG, is a leading cause of irreversible blindness worldwide (20).
Second, as detailed in the introduction, cells and structures throughout the eye have been
implicated in its pathogenesis. Over 200 genomic loci have been associated with POAG risk
and/or IOP levels by GWAS analyses, together nominating >212 genes in the pathogenesis of
glaucoma, increased IOP (which is easily measured) or both (25, 30, 31, 60). Here, we mapped
the expression of the nearest gene/s to the GWAS loci for POAG risk or IOP regulation, along
with rare Mendelian causes of POAG, in all ocular cell types that we have identified.

As shown in Fig. S6, at least some genes are expressed at significant levels in every ocular cell
type, and most are expressed in multiple types. To seek expression patterns that correlate with
disease features, we focused on cell types suspected to be involved in glaucoma, and assessed
expression of four groups of genes: (1) Genes implicated in POAG susceptibility but not I[OP
regulation (“POAG only”). (2) Genes implicated in IOP regulation but not POAG susceptibility
(“IOP only™). (3) Genes implicated in normal tension glaucoma, in which glaucoma progresses
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in the absence of increased IOP (“NTG”). (4) Genes associated with early onset or congenital
glaucoma (“early onset”) (Table S6).

We calculated two disease gene scores: one that assesses the cell type specificity of each disease
gene group in each cell type (z score, Fig. 7A), and another that evaluates the enrichment of
genes from each disease group in each cell type compared to all glaucoma-related genes (ratio,
Fig. 7B). For 14 of the 17 cell types (or small groups of related types), the two methods gave
consistent results (Fig. 7). Genes in the early onset group, many being monogenic causes of large
effect, were expressed at highest levels in the three main cell types of the outflow pathways,
which we have called trabecular meshwork, iris and ciliary fibroblasts. (The names “ciliary” and
“iris” reflect the presence of these types in adjacent structures as well as trabecular meshwork.)

Genes in the IOP only group demonstrated highest cell type specificity in vessel-associated cells
(three vascular endothelial types and mural cells) as well as in the endothelium of Schlemm’s
canal and in astrocytes of the optic nerve. Genes in the POAG only group were expressed at
highest levels, compared to other gene groups, in retinal cells — retinal pigment epithelium,
retinal astrocytes and Miiller glia — as well as in oligodendrocytes, oligodendrocyte precursors
and astrocytes of the optic nerve. Genes in the NTG group were also expressed at high levels in
the endothelial types as assessed by z score. POAG only genes however demonstrated high cell
type specificity in fibroblasts of trabecular meshwork.

For the three remaining cell types — RGCs, ONH astrocytes and ONH fibroblasts — the two
methods give different results. When compared among cell types, the genes implicated in NTG
exhibited cell type specificity in these three cell types. In contrast, when compared to expression
of all glaucoma-related genes, genes in the POAG only group were expressed at the highest
relative levels in all three cell types. The significance of these patterns is discussed below.

DISCUSSION

Our study was motivated in large part by the knowledge that defects in the posterior segment
have been implicated in the pathogenesis of many ocular diseases (see Introduction). However,
although the posterior segment of primates, including humans, has been studied intensively using
histological and histochemical methods (2, 61-66), knowledge of the cell types it contains and
the genes that each type expresses remains incomplete. We therefore used a high-throughput
RNA sequencing method to generate an atlas of cell types in six tissues of the posterior segment:
ON, ONH, PPS, peripheral sclera, choroid, and RPE. In conjunction with our previous single cell
analyses of anterior segment and neural retina (9, 10, 12, 59) and those of others (11-19, 55, 67-
70), data presented here result in a first-pass cell atlas of the entire human eye (Table 1).

Lamina Cribrosa

The LC region is a specialized region of the ONH that provides channels through which RGC
axons enter the ON (21). Its two main compartments are bundles of axons that are unmyelinated
proximal to the ON and instead ensheathed by astrocytes; and interstitial areas rich in
extracellular matrix within which fibroblast-like cells (LC cells) are embedded (21, 23, 71). As a
structure contiguous with the wall of the eye, it is exposed to different pressures from inside and
outside the globe. Increased IOP leads to increased strain in the LC and the PPS with which it is
continuous, leading to alterations in astrocytes, remodeling of the extracellular matrix, and
possible deleterious effects on the vasculature that supplies the region (21). Normal tension
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glaucoma, in which there is no measurable abnormality of IOP, may result from increased
susceptibility to the basal level of pressure (24).

Human LC cells have been tentatively identified in cultures prepared from ONH and studied
intensively because of their importance in the pathogenesis of glaucoma (23, 64, 71-73).
However, few markers have been found that label putative LC cells in sifu, and we were unable
to definitively annotate any cluster in our dataset as LC cells. Additionally, although previous
reports proposed that ACTA?2 is a marker for LC cells (71, 72), most ONH-derived ACTA2+
cells in the ONH are vessel-associated mural cells (pericytes and smooth muscle; Fig. 5A).
Weakly ACTA2+ cells were also present (Fig. 5B), but they were predominantly present in the
sclera (Fig. S4D).

We therefore assessed the distribution of cells in our dataset, based on the presumption that if LC
cells comprised a unique population, we would expect them to be largely confined to the ONH
or, given the likelihood of contamination, present at low abundance in the PPS. Three cell types
stood out in this respect. Two were astrocytes (C6 and 8; Fig. 3D), which are, by definition, not
LC cells. The third, fibroblast type C29, was enriched in, but not confined to ONH: nearly 70%
of the cells in this cluster derived from ONH, with another ~10% from PPS and ~20% from ON
(Fig. 4B).

Two additional results make C29 an intriguing candidate. First, following the suggestion of
Paula et al. (23) that LC cells in the ONH share numerous structural and functional features with
juxtacanalicular cells in the trabecular meshwork, we compared them to types characterized in
our cell atlas of the anterior segment (9, 10). Indeed, C29 cells resembled ciliary fibroblasts,
which are present in the trabecular meshwork as well as the ciliary body (Fig. S3A). Second, we
compared the expression of genes in cell types of the ONH with those documented in cultured
LC cells (71, 72, 74) (Fig. S4B). We relied on culture cells because of the paucity of analysis in
vivo. C29 fibroblasts expressed most of the genes encoding known LC-associated molecules
(Fig. S4B). Notably, however, in neither respect — gene expression or relationship to anterior
segment — were C29 fibroblasts distinguished from those in other clusters.

Together, these results are consistent with two hypotheses. First, C29 fibroblasts may be the
elusive LC cells. Alternatively, what have been referred to as LC cells may in fact be not a single
type but rather a heterogeneous group that includes fibroblasts, pericytes, astrocytes and
endothelial cells. Indeed, these cell types are likely to have been present in LC cultures and,
tellingly, no studies of such cultures have shown that any gene or protein marks the entire
population.

Glaucoma

Genetic studies of POAG have identified numerous loci associated with disease risk, most of
which are associated with increased IOP, which is a major risk factor for glaucoma (25, 30, 31,
60). We asked whether expression patterns of genes in these loci could provide insight into
subsets of glaucoma, including normal tension and early onset (generally familial and
monogenic) glaucoma. We also queried expression of two subsets of genes identified by GWAS:
those associated with POAG but not increased IOP, and those associated with increased IOP but
not POAG. Remarkably, genes in these four groups were expressed preferentially by different
cell types.
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Genes implicated in congenital glaucoma (e.g., LTBP2, CYPIBI, PITX2) were expressed at
highest levels in three fibroblast types that are present in the iridocorneal angle and trabecular
meshwork. This pattern is consistent with current understanding of the contribution of these cells
to angle and outflow architecture.

Genes implicated in IOP but not POAG susceptibility were expressed at highest levels in
vascular endothelial and mural cells as well as the endothelium of Schlemm’s canal. Together
with the evidence that elevated IOP resulting from interference with outflow pathways leads to
glaucoma, this pattern raises the question of whether some sources of increased IOP may be less
damaging than others. Alternatively, these may be genes of small effect, so their signal in POAG
GWAS fails to reach genome-wide significance.

Genes implicated in POAG susceptibility but not IOP regulation were expressed at highest
relative levels in retinal cells — retinal pigment epithelium, retinal astrocytes and Miiller glia — as
well as in oligodendrocytes, oligodendrocyte precursors and astrocytes of the optic nerve.
Although all three of the non-neural retinal cell types have been discussed as contributors to
glaucoma pathogenesis (24, 75), mechanisms remain to be elucidated. Alterations in the ON in
glaucoma have generally been viewed as consequences of axonal damage and loss, but our
results support the hypothesis (76) that it may also play a causal role. The genes in this list
provide entry points for further analysis.

Finally, genes implicated in POAG but not IOP were highly expressed in RGCs, ONH astrocytes
and ONH fibroblasts by one metric (Fig. 7B), as were NTG by the other (Fig. 7A). These results
are satisfying, in that dysfunction and death of RGCs are the cause of vision loss in glaucoma.
Genes implicated in normal tension glaucoma were also enriched in endothelial cells, consistent
with the idea that endothelial dysfunction can contribute to compression of RGC axons in the
ONH (75).

In summary, our analysis of the cell types in which glaucoma susceptibility and causal genes are
expressed supports long-held views of the importance of the trabecular meshwork and the ONH
in glaucoma pathogenesis, but also draws attention to other cell types that have been less studied,
such as astrocytes, oligodendrocytes and oligodendrocyte precursors in the ON. It will also be
important to seek differences in gene expression between control and glaucomatous eyes.
However, such changes could be either causes or results of disease processes. Therefore,
knowing expression patterns in normal tissue of genes implicated in the disease is an essential
complement to such studies.

MATERIALS & METHODS
Tissue Acquisition, Dissection, and Processing

Human eyes were obtained post-mortem at a median of 6 hours from death either from the
Massachusetts General Hospital (MGH) via the Rapid Autopsy Program or through the Steele
Center for Translational Medicine at the John A. Moran Eye Center (SCTM), University of Utah
(Table S1). Whole globes were transported either to Harvard University or the University of
Utah in a humid chamber on ice and processed within an hour of enucleation.

Dissection was performed under a microscope. To isolate the anterior and posterior segments, a
surgical blade was used to make a small stab incision ~4 mm posterior to the limbus at the pars
plana. The incision was extended circumferentially with curved scissors to yield a separated
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anterior segment and posterior segment. Each segment was placed in a petri dish filled with
Ames’ medium equilibrated with 95% 02/5% CO: or sterile PBS, on ice.

A 4mm trephine punch centered around the optic disc was obtained from the posterior segment.
It contained ONH, peripapillary sclera (PPS), choroid, retinal pigment epithelium (RPE) and
retina, as well as the proximal ON. In a few cases, peripapillary tissue was removed and the ON
stump were cut at the level of sclera to exclude intraorbital ON portion. ON beyond the ONH
was dissected from surrounding dura and arachnoid mater and cut into 4mm long pieces to yield
ON. Dissected tissues were immediately placed along the wall of a cryogenic vial, ensuring
minimal liquid was present, and submerged in dry ice or liquid nitrogen. For long-term storage,
the cryogenic vials were moved to a -80°C freezer. Samples collected at the University of Utah
were shipped to Harvard University on dry ice.

For single-nuclei isolation, frozen tissue samples were homogenized in a Dounce homogenizer in
Iml lysis buffer (Tris, CaCl,, MgCl,, NaCl, RNase inhibitor, DNase I, and 0.1% NP-40) and
passed through a 40-um cell strainer. The filtered nuclei were then pelleted at 500 rcf for 5 min
and resuspended in 2% BSA with DAPI counterstain for cell sorting on a flow cytometer. The
sorted nuclei were pelleted again at 500 rcf for 5 min, resuspended in 0.04% non-acetylated
BSA/PBS solution, and adjusted to a concentration of 1000 nuclei/puL. The integrity of the
nuclear membrane and presence of non-nuclear material were assessed under a brightfield
microscope before loading into a 10X Chromium Single Cell Chip (10X Genomics, Pleasanton,
CA) with a targeted recovery of 8000 nuclei.

Single nuclei libraries were generated using the Chromium 3’ V3, or V3.1 platform (10X
Genomics, Pleasanton, CA) following the manufacturer’s protocol. Briefly, single nuclei were
partitioned into Gel-beads-in-EMulsion (GEMs) where nuclear lysis and barcoded reverse
transcription of RNA would take place to yield full-length cDNA; this was followed by
amplification, enzymatic fragmentation and 5’ adaptor and sample index attachment to yield the
final libraries.

RNA Sequencing and Data Analysis

Libraries were sequenced on an [llumina NovaSeq at the Bauer Core Facility at Harvard
University. Sequencing data were demultiplexed and aligned using Cell Ranger software
(version 4.0.0, 10X Genomics, Pleasanton, CA). The human genome reference file GRCh38 and
its associated transcriptome file (release 101) were downloaded from Ensembl. The
transcriptome file was modified before the alignment so that each “transcript” entry was
converted to the “exon” entry to account for pre-mRNA. Downstream analysis followed the
same pipeline described previously (9, 12), utilizing the R package “Seurat V4” (77). In
summary, nuclei collected from ONH, ON, PPS and sclera were analyzed separately without
batch correction. After clustering, clusters formed by retinal cells including photoreceptors,
horizontal cells, bipolar cells, amacrine cells, retinal ganglion cells, and Miiller glia were
identified based on the expression of canonical markers and removed from further analysis. RPE
cells were also removed and analyzed separately. The remaining cells were pooled together, and
re-clustered. At each step, the count matrix was normalized and scaled. Batch correction was
performed using the “IntegrateData” function. Unsupervised clustering was performed using the
“FindClusters” function with “Louvain algorithm with multilevel refinement” as the modularity
optimization algorithm. For comparison of types from current study to those identified in the
anterior segment, the extreme gradient boosting algorithm utilizing the R package “XGBoost”
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were applied to the training dataset (types from the anterior segment), and the generated
classifier was then used to make predictions on individual cells in the current dataset. To display
the tissue distribution of each cell type (histograms in Fig. 3-6), we calculated the fraction of
cells obtained from each tissue, and then corrected the values to account for sample size
differences (Table S4).

Glaucoma gene expression analysis

After cell type annotation, the expression of four gene sets (Table S6) relevant to glaucoma (30,
31) were assessed as described in van Zyl et al (9). The sets are defined in the Results. For
mapping the expressions of ocular disease related genes, the POAG gene list was taken from
Supplementary Data 4 in Gharahkhani et al (30), and the IOP list from Khawaja et al (31), which
contain the nearest gene/s to 127 POAG and 133 IOP lead GWAS variants, respectively. Only
genes that were expressed in at least 5% of cells in one or more clusters were included. The
expression scores were calculated by first subtracting the averaged expression of all genes from
the averaged expression of genes of individual sets in each cell type. To assess the cell types that
selectively expressed genes associated with each disease group, we subtracted the mean value
across all cell types from the raw score for each cell type, and divided by the standard deviation
of values for all cell types, thus generating a z-score (Fig. 7A and Fig. S6). To evaluate the
enrichment of genes from each disease group in each cell type, we divided the raw score of each
group by that for all glaucoma-related genes in the cell type (Fig. 7B and Fig. S6). For the bubble
plot, the gene scores were normalized across cell types for each set.

Immunohistochemistry and Imaging

Whole globes were fixed in 4% paraformaldehyde (in PBS) for 2-24 hr and then transferred to
PBS. ONH tissues (4mm punches) were dissected out and placed in 30% sucrose in PBS
overnight at 4°C, before being embedded in tissue freezing medium and mounted onto coated
slides in 20 pm coronal sections. Slides were incubated for 1 hour with 5% donkey serum (with
0.1% TritonX) at room temperature, then for overnight with primary antibodies at 4°C, and
finally for 2 hours with secondary antibodies at room temperature. Antibodies used are listed

in Table S7. Images were acquired on Zeiss LSM 710 confocal microscopes with 405, 488-515,
568, and 647 nm lasers, processed using Zeiss ZEN software suites, and analyzed using ImageJ
(NIH). Images were acquired with 20X lenses at the resolution of 1024x1024 pixels, a step size
of 0.5-1.5um, and 90um pinhole size.
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TABLE AND SUPPLEMENTARY TABLE LEGENDS

Table 1. The number of cells and cell types that have been profiled and characterized in each
ocular tissue of the human eye establishing the human eye atlas “v1”.

Supplementary Table 1. Information about human donor eye tissue processed for snRNA-seq.
Hu, human; OD, right eye; OS, left eye; MGH, Massachusetts General Hospital; COD, cause of
death; DTP, death to processing time.

Supplementary Table 2. The number of high-quality single nucleus transcriptional profiles
obtained for each donor, tissue and cluster.

Supplementary Table 3. Differentially expressed genes in each cluster compared with all other
clusters.

Supplementary Table 4. The number, proportion and normalized proportion of single nucleus
transcriptional profiles obtained for each cluster.

Supplementary Table 5. Differentially expressed genes between macular and peripheral RPEs.
Highlighted genes (in blue) indicate differentially expressed genes that have been reported in
previous literature.

Supplementary Table 6. A list of all glaucoma associated genes (grouped as “IOP only”, “POAG
only”, “NTG”, “Early Onset”, and “POAG and IOP”) used to calculate scores in in Figs. 7 and
S6A.

Supplementary Table 7. Antibodies used for histological studies.
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Table 1: Summary of the human eye atlas “v1”.

Tissue #donors #cells/nuclei -
types
Cornea 5 37485 7
Lens 5 13900 5
Iris 4 57422 9
Ciliary body 4 34132 10
Trabecular meshwork 4 39736 13
Corneoscleral wedge 4 36573 27
Foveal retina 5 56931 62
Macular retina 17 129775 98
Peripheral retina 10 55004 98
Peripapillary retina 17 59001 98
Optic nerve head 13 41178 32
Peripapillary tissue 4 4812 31
Sclera 3 4263 18
Choroid 8 36122 22
RPE 8 11422 1
Optic nerve 7 53603 16
Total 29 671359

**types that composite >=0.1% of total cells from the tissue
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Fig. 1. Anterior and posterior tissues of the human eye (A) Diagram of the human eye and the
optic nerve, depicted in sagittal cross section. Structures represented in the ocular cell atlas are
labeled. (B) Section of the optic nerve head (ONH) and surrounding tissues immunostained for
myelin basic protein (MBP, red) and beta-tubulin (TUBB3, green). TUBB3 highlights bundles of
axons in the retina and ONH and MBP highlights myelinating oligodendrocytes in the optic
nerve (ON). Scale bar shows 100um. PPS, Peripapillary Sclera; RPE, Retinal Pigment
Epithelium; Cho, Choroid.
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Fig. 2. Collection of tissues from the posterior segment and initial transcriptomic analysis. (A)
Schematic showing how tissues were dissected. Circumferential incision at the pars plana
separated anterior and posterior segments, and tissues were dissected from the posterior segment
using fine scissors and trephine tissue punches. (B) Clustering of single-nucleus expression
profiles from all tissues visualized by Uniform Manifold Approximation and Projection
(UMAP). Each tissue was processed separately. RPE and cells from neural retina were removed
before the remaining ~140k nuclei were pooled together to generate the UMAP. (C) Dot plot
showing genes selectively expressed by each cell type. In this and subsequent figures, the size of
each circle is proportional to the percentage of nuclei within a cluster expressing the gene and the
color intensity depicts the average normalized transcript count in expressing cells. The
dendrogram above the graph shows transcriptional relationships among cell types. ON, Optic
Nerve; ONH, Optic Nerve Head; PPT, Peripapillary Tissues; PPS, Peripapillary Sclera; RPE,
Retinal Pigment Epithelium; Cho, Choroid; Oligo, Oligodendrocytes; Endo, Vascular
Endothelium; OPC, Oligodendrocyte Progenitor Cell.
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Fig. 3. Glial cells. (A) Dot plot showing the expression of selected genes in oligodendrocyte,
oligodendrocyte precursor cell (OPC), and Schwann cell clusters based on canonical markers
(see Figure 2C). (B) Histogram showing the relative abundance of oligodendrocytes (Oligo),
OPC, and Schwann clusters in five tissues. (C) Dot plot showing genes selectively expressed by
all or some astrocyte types. (D) Histogram showing the relative abundance of each type of
astrocyte in each tissue. (E) Transcriptional relationship of the astrocyte types identified in this
study to retinal astrocytes profiled in van Zyl et al., (2022) (9). The color and size of each dot
reflect the percentage of cells in retinal astrocytes (column) mapped to a corresponding type of
astrocyte in ON/ONH (rows).
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Fig. 4. Fibroblasts and vascular endothelial cells. (A) Dot plot showing genes selectively
expressed by all or each fibroblast cluster. (B) Histogram showing the relative abundance of each
type of fibroblasts in each tissue. (C) Dot plot showing genes selectively expressed by all or each
vascular endothelial cell type. (D) Histogram showing the abundance of each endothelial cell
type in each tissue.
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Fig. 5. Mural cells. (A and B) Immunostaining for ACTA2 (green), and/or PECAMI (red) in
whole ONH (A) and LC region (B). Boxed areas in A are shown at higher magnification in lower
panels. (C) Dot plot showing genes selectively expressed by cells in each mural cell cluster. (D)
Histogram showing the abundance of the three mural types in each tissue. CRA, Central Retinal
Artery; RNFL, Retinal Nerve Fiber Layer. Bars show 100pm in top panel A, 10um in B and
lower panel of A.
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Fig. 6. Immune and pigmented cells. (A) Dot plot showing genes selectively expressed by each
of the immune-related cell types. (B) Histogram showing the relative abundance of each
immune-related cluster in each tissue. (C) Dot plot showing genes selectively expressed by each
type of melanocytes. (D) Histogram showing the abundance of the pigmented cell clusters C3
and C14 in each tissue. (E) Confusion matrix showing transcriptional correspondence of C3 and
C14 in the current dataset to those in the anterior segment described in van Zyl et al., (9) and to
RPE.
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Fig. 7. Expression of genes implicated in glaucoma. (A) Cell-type specific enrichment z-scores
of groups of genes that have been associated with POAG but not IOP, IOP but not POAG,
normal tension glaucoma (NTGQ), or early onset/congenital glaucoma. (B) The ratio of cell-type
specific enrichment scores of each gene group to cell-type specific enrichment scores of all
glaucoma associated genes (shown in Fig. S6B and table S6). CC, collector channel; Vasc,
vascular; Ven, venous; Endo, endothelium.
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Fig. S1. Violin plot showing the number of transcripts and genes detected in each cluster.
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Fig. S2. (A) Immunostaining for PAXS8 (as a novel pan marker of astrocytes) and GFAP showing
distribution of PAXS8+ astrocytes in two different regions of ONH tissue. (B-D) Immunostaining
for GFAP(B), AQP4 (C), and WIF1 (D) highlights heterogeneity of astrocytes in ONH and ON
tissues. Boxed areas in top panels are shown at higher magnification in lower panels. Yellow
dotted line indicates the upper (in A) and lower (in B-D) border of LC. Bars show 100um in B-
D, and 50pum in magnified boxes B’-D’’. RGC, Retinal Ganglion Cells; BP, Bipolars, PR,
Photoreceptors; RNFL, Retinal Nerve Fiber Layer; LC, Lamina Cribrosa; PL, Prelaminar region.
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Fig. S3. (A) Confusion matrix showing transcriptional correspondence of fibroblasts in the
current dataset to those in the anterior segment (van Zyl et al., 2022). (B) Immunostaining for
VWEF in prelaminar region of the ONH (PL), lamina cribosa (LC), optic nerve (ON), and
peripapillary sclera (PPS). (C) Immunostaining for VWF (green) and ACKRI1 (red) in human
ONH. Bars show 10pm in B and 100um in C.
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Fig. S4. (A) Dot plot showing expression of reported mural cell markers. (B) Dot plot showing
expression of ECM genes and genes reported to be expressed by LC cells in all clusters. (C)
Immunostaining for AIF1/IBA1 showing microglia and/or macrophages in ONH, ON, and
scleral tissues. (D) Immunostaining for ACTA2 (green) in PPS. Bars show 10um in C and 50pum
in D.


https://doi.org/10.1101/2023.04.26.538447
http://creativecommons.org/licenses/by-nd/4.0/

Cluster

POURET BT
CB_PCE A
Iris_APE 4

Posterior_Muralq @ )
Anterior_Mural -
Iris_PPE 4
CB_NPCE -
LensAnteriorEpi A
LensEquatorial
LensTransitional -
AstroRetina A

MG A

ONH_Fibro A
FibroX 4
Uveal_Fibro 4
Ciliary_Fibro 4
PostC5_Fibro 4
PostC32_Fibro o
Sclera_Fibro A o
TM_Fibro A
Iris_Fibro -
PostC28_Fibroq © ) ®
PostC10_Fibro A
AstroONH -
AstroON A
PostC15_Schwann 4
Schwann -
PostC35_Schwann A
PostC3_Melanocyte 4
Melanocyte -
PostC7_Immune A
Lymphocyte 4
Immune -
PostC25_Immune o
PostC30_Immune A
PostC4_Immune A
Mg
PostC24_Immune o
PostC9_Immune A
KENdo -

K_Fibro A ® o
SchlemmEndo -
LymphaticEndo A
Posterior_VascEndoq @ [e)
VascEndo A
CC_VenEndo - °
Mast -

RGC

AC A

BC A

HC A

OPC A

Oligo °

Epi_Wing A
Epi_Basal A

Epi_TA A
Epi_Superficial A
Goblet A

RPE'.."QQ.Q.Q

([ ]

000000
o
o000
00
[ J
(]

[ X X ) ([ ]
00000

[ N N J °
o000

oo0o

)

c00000

sCones -
miCones -

Rods -
LensFiber -
LensEarlyFiber -

ps:7/doi.org iS Version posied Apri
by peer review) is the author/funder who has granted bioRxiv a lice
available undér aCC-BY-ND 4.0 International

ense.

00000

~The copyright ho
to display the preprintin p

0000000000000

) N NN X X )
‘ @} (N ® 0o o
N °e0000
cocccccooffoee
@eoe oo
) e o0 0 ° ®

It is made

percExp

’\
@é’ AR <‘ S’Q

‘b
O PR
AN \Q’

g
4~
N

Gene

‘?‘

QQ
<x %

R

Q/\
S O’N\

\“

reprint (mlilg S5


https://doi.org/10.1101/2023.04.26.538447
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.04.26.538447; this version posted April 27, 2023. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

Fig. S5. Dot plot showing expression of known and novel marker genes for RPE.
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Fig. S6. (A) Bubble plot showing cell-type specific enrichment z-scores (top) and ratio score
(bottom) of groups of genes that have been associated with POAG but not IOP, IOP but not
POAG, normal tension glaucoma, or early onset/congenital glaucoma (B) Heat map showing
expression of all genes associated with primary open angle glaucoma (POAG) and/or intraocular
pressure (IOP). Genes are those identified through GWAS analysis (31) (30) and expression is
mapped in cell types characterized in the current study and in the recent analysis of the anterior
segment van Zyl et al., (9).
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