














Owing to the dissection method, the mouse dataset also in-
cluded a large number of cells derived from iris and ciliary body.
We tentatively identified these clusters based on markers iden-
tified in previous studies (43, 59); they comprised melanocytes,
stromal fibroblasts, pigmented epithelium, and nonpigmented
epithelium of the iris and ciliary body.

Conservation of Expression Patterns among Species. Next, we
assessed expression patterns in model species of key genes se-
lectively expressed in cell types of the human AH outflow
pathways. In general, conservation was striking.
Many markers expressed across all human TM clusters were

conserved in other species (Fig. 9A). They included matrix-
related genes, such as DCN and MGP, and the retinoic acid-
related genes RARRES1 and RBP. However, some differences
among species were evident. PDPN, a selective marker for TM
cells in humans, was less selective for these cells in other species.
For example, it was also found at similar levels in uveal mela-
nocytes in all four nonhuman species. BMP5, expressed in Beam
Cell A in human and macaque, was present but less specific in
pig and absent in mouse. The human JCT marker, CHI3L1, was
preferentially expressed in JCT clusters in monkey and mouse
but was notably absent in pig.
There was also excellent correspondence between markers of

other cell types that compose the conventional pathway. Markers
of CC, SC, and vascular endothelium markers were generally
well conserved among human and macaque (SI Appendix, Fig.
S8A). Pig and mouse also shared many markers; however, SC in
these species tended to demonstrate more prominent expression
of lymphatic markers than primates. Among species in which
Schwalbe line/corneal endothelial cells were obtained, there was
also good correspondence (SI Appendix, Fig. S8B). Of note,
whereas the Schwalbe line cluster in humans includes cells at the
junction between cornea and TM, the corresponding clusters in
pig and mouse more likely represent a larger proportion of
corneal endothelia. Markers of cell types comprising the
uveoscleral pathway and immune cells were also very well con-
served among species (Fig. 9B and SI Appendix, Fig. S8C).
Finally, we analyzed patterns of disease gene expression in

these model species (Fig. 9C). To facilitate comparison, indi-
vidual TM cell clusters from each species were merged during
this analysis, and a threshold was set such that only genes with
expression in >10% of cells in at least one cluster were plotted.
While some genes were consistently expressed in corresponding
cell types across species, others exhibited significant differences.
For example, we noted that the classic anterior segment dys-
genesis genes FOXC1 and PITX2 were reliably expressed in TM
cell types across all species. Similarly, MYOC was also expressed
in TM cells across species; however, in this case, subtle differ-
ences in other cell types were observed. For example, in human
and macaque, MYOC was strongly expressed in both TM and
CM, whereas in pig and mouse, it was expressed only in TM.
Similarly, MYOC was highly expressed in Schwalbe line cells of
human but not in the corresponding corneal endothelial clusters
of pig (ssC17) and mouse (ssC12). As mentioned above, this is
likely because ssC17 and mC12 represent a larger set of corneal
endothelia, not just the peripheral subset. LOXL1, while expressed in
TM clusters of human, pig, and mouse, was absent in the TM of both
macaque species. KALRN, expressed in human, macaque, and mouse
CM, was absent in pig. Finally, CYP1B1, expressed in TM cells across
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Fig. 8. Cell types and gene expression in the outflow pathways of the
mouse. (A) A t-distributed stochastic neighbor embedding (tSNE) plot
showing 20 cell types derived from TM and associated structure of mouse.
(B) Transcriptional correspondence between human and mouse cell types
shown as in Fig. 6B. Fibro, fibroblast; K-Epi, corneal epithelium; Melano,
melanocyte; MØ, macrophage; SchMy, myelinating Schwann cell; SchNmy,
nonmyelinating Schwann cell; Schwal, Schwalbe line; VEndo, vascular en-
dothelium. (C) Violin plot showing examples of genes selectively expressed
by each cell type in mouse. K-Endo, corneal endothelium; NPCE, non-
pigmented ciliary epithelium; PE, pigmented epithelium; Schwn, Schwann
cell. (D and E) Pdpn (red) is present in multiple cell types, including pig-
mented and nonpigmented epithelium of the iris and ciliary body (CB) as
well as a subset of TM cells, K-Endo, and K-Epi, whereas Chil1 (green;
ortholog to CHI3L1 in humans) stains a different subset of TM cells and to a

lesser extent, cells within the CB. (E) Higher magnification of the boxed area
in D. (F and G) Immunostaining against Postn (green), a secreted protein,
highlights SC and JCT cells. Pecam1 (red) highlights SC as well as vascular
endothelial clusters. AF, autofluorescence. DAPI, 4�,6-diamidino-2-phenylin-
dole (nuclear stain). (Scale bars: 50 μm.)
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human, macaque, and pig, did not meet threshold expression levels in
mouse TM. This is consistent with prior studies, which have reported
CYP1B1 complementary DNA but not protein expression in human
adult TM samples and negative immunohistochemistry (IHC) stain-
ing in mouse TM (60).

Discussion
We used scRNAseq to profile cells composing the AH outflow
pathways in humans, generating a cell atlas for these tissues and
identifying markers for each cell type. We then used the atlas to
localize the expression of genes implicated in glaucoma. These
findings offer insights into the molecular architecture of TM cells
and highlight potential roles in IOP homeostasis for non-TM cell
types in the anterior chamber angle. Finally, we profiled cells in the
outflow pathways of four model species—M. mulatta, M. fascicularis,
S. scrofa, and M. musculus—providing a foundation for using these
models in studies on regulation and dysregulation of IOP.

Technical Issues. A major challenge in human vision research is
that essentially all ocular tissues must be obtained either post-
mortem or postenucleation. Furthermore, postmortem ocular
tissues of the anterior segment suitable for transplantation are
understandably prioritized for this purpose over research. In this
study, all but one of the postmortem tissues sequenced were
obtained within ∼6 h of death from a rapid autopsy program

enrolling predominantly oncology patients. While donors had no
documented pathological ocular history or clinical evidence of
eye disease on examination by an ophthalmologist (T.v.Z), they
did have varying degrees of chronic systemic disease and dif-
ferent levels of antemortem exposure to chemotherapeutic and
steroid medications. This represents a limitation of our study.
Furthermore, lack of documented or physically evident ocular
pathology cannot be taken as evidence that none existed. Since
we focused primarily on cell type classification in this study
rather than quantitative determination of gene expression levels,
we believe that the donors’ systemic diseases did not influence
the ultimate cell atlas. This was further corroborated in two ways:
1) demonstrating that the same cell types were obtained from all
individuals and 2) performing histological validation on tissues
obtained from a wider variety of donors through an eye bank as
well as on separate rapid autopsy patients.

Human Cell Atlas. In the human AH outflow pathways, we iden-
tified 19 major cell types: 8 belonging to the conventional out-
flow pathway (including 3 distinct populations within the filtering
TM), 7 belonging to the uveoscleral pathway, and 4 representing
immune cell populations.
By histological criteria, the filtering TM has been divided into

three layers: a uveal layer adjacent to the anterior chamber, a
juxtacanalicular layer adjacent to SC, and a corneoscleral layer in
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Fig. 9. Comparison of gene expression across species. (A and B) Key genes are shown in dot plots for cell types comprising the TM (A) and uveoscleral outflow
pathway (B). (C) Heat map showing expression of genes implicated in human POAG in aqueous outflow cells of humans (replotted from SI Appendix, Fig. S3)
and model species. In some cases (i.e. TM, cEndo), multiple cell types from each species have been merged into their broader class to facilitate comparison.
cEndo, canal endothelium (includes both Schlemm canal and collector channel clusters where available); Melano, melanocyte; Sch-my, myelinating Schwann
cell; Sch-nmy, nonmyelinating Schwann cell; TM, trabecular meshwork (includes beam cells and JCT where available), vEndo, vascular endothelium.
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between (7, 9). The JCT cells in our dataset clearly localized
closest to SC, with the Beam A and B cells localizing to the other
two layers. It is tempting to assign Beam A and B to uveal and
corneoscleral layers, respectively, but our histological analysis
suggests that they are in fact intermingled.
The lymphatic marker podoplanin (PDPN/D2-40) emerged as

a robust marker for all human TM cell types (C3, C5, and C8),
consistent with previous studies (31, 32). Along with CCL2 (a
chemoattractant for monocytes) and VCAM1 (a mediator of
immune cell migration), there was a marked specificity of PDPN
expression among cells of the conventional pathway compared
with the uveoscleral pathway, suggesting that the former acts as
an immunological “sink” guiding antigen presenting cells and
other immune cells toward SC, the venous system, and ulti-
mately, the spleen (36). Consistent with this idea, SC expresses
markers of lymphatic vessels (e.g., CCL21 and FLT4/VEGFR3),
whereas CCs express venular markers (e.g., ACKR1).

Model Species. In comparing the cellular composition of human
AH outflow pathways with those of commonly used models, we
documented excellent correspondence for many cell types across
species. CM cells, pericytes, melanocytes, and Schwann cells were
present in all species and demonstrated shared expression of ca-
nonical markers. Corneal endothelium was identified in pig and
mouse but in neither macaque species, likely due to our targeted
dissection technique. Two or more types of vascular endothelium,
defined as PECAM1+ TIE1+ clusters, were also present in each
species and could be assigned either to SC or to other vasculature.
Among immune cells, LYVE1+ CD163+ CD68+ macrophages
were also present in all species; other immune cells were identified
in each species with less correlation, perhaps due to their relatively
sparse numbers. Similarly, neurons were limited to the human
dataset, most likely due to their low numbers.
On the other hand, while TM cells could be identified in each

species, they demonstrated substantial variability across species.
Three TM types—two beam cell types and one JCT cell type—
were present in all three primates as well as the mouse, but they failed
to map 1:1 across species. Beam A and JCT cells were present in
these four species, but the second beam type, which we call Beam X
in both macaque species and Beam Y in the mouse, demonstrated
more unique expression patterns. Moreover, we identified only one
beam cell type in pig, although it is possible that further analysis with
increased sample size would allow a subdivision of this cluster. Some
differentially expressed markers, such as PDPN, RARRES1, CHI3L1,
and ANGPTL7, which were selectively expressed by beam and/or
JCT cells in human tissue, were either absent in the model species or
nonspecific. Others were conserved across species, including MYOC,
EDN3, and RBP4. Interestingly, PDPN did not demonstrate the same
specificity in any of our model species, suggesting that this may be a
human-specific feature.

Glaucoma. Glaucoma is a phenotypically heterogeneous disease
with traits dictated by complex interactions among age, envi-
ronment, and genes. Examination of cell type-specific expression
patterns of both Mendelian genes and GWAS susceptibility loci
revealed multiple expression patterns, of which we note four
groups. First, several IOP-associated disease genes were selec-
tively expressed by TM cell types (e.g., CYP1B1 and EFEMP1),
supporting their potential contribution to function and or/dys-
function of this tissue. Second, others were expressed not only by
TM but also by cells of the uveoscleral pathway (e.g., MYOC,
PITX2, and FOXC1). Third, a few genes implicated in high IOP
mapped selectively to cells of the uveoscleral pathway (e.g.,
KALRN). Together, these results may indicate an integral con-
tribution of the uveoscleral pathway to disorders of IOP. Fourth,
some genes were expressed by RGCs, often in addition to TM
cells. For example, TMCO1, while clearly expressed in the

anterior segment outflow pathways, also demonstrated robust
expression in RGCs, supporting the notion that it may also
confer risk for glaucoma development through an IOP-
independent mechanism (61).
Although TM cells have been shown to exhibit phagocytic

abilities, it is possible that resident macrophages in the conven-
tional outflow pathway also contribute to the phagocytic work-
load. Their stimulation or recruitment to the TM may serve to
lower IOP as has been suggested to occur after selective laser
trabeculoplasty (62). Conversely, dysfunctional macrophages
may contribute to elevated IOP (63).

Conclusion
In conclusion, we have generated a cell atlas of the trabecular
meshwork and surrounding structures constituting the aqueous
humor outflow pathways in humans and four model species. We
identified markers for each cell type, enabling in-depth study of
individual components of this complex tissue and shedding light
on features such as the immunological milieu and the lymphatic
characteristics of the conventional outflow pathway. Our atlas
also provides biological context for susceptibility loci identified
in genome-wide association studies. Together, these results may
guide further investigation in both humans and model species.

Materials and Methods
Tissue Acquisition and Processing. Human ocular tissues used for sequencing,
immunohistochemistry, and in situ hybridization were collected a median of
6 h postmortem (range 3 to 14 h) (SI Appendix, Table S1). Human tissue used
for IHC and in situ hybridization was provided by the Lions Vision Gift,
Portland, OR. No ocular disease was reported in any of the human donors,
and no abnormalities were noted during microdissection. Nonhuman pri-
mate eyes were obtained from macaques 4 to 10 y of age that had reached
the end of unrelated studies at supplying institutions. Porcine (S. scrofa) eyes
were obtained from a local abattoir. Murine eyes were collected from male
and female 12-wk-old CD1 mice obtained from Charles River Laboratories.

Procedures were conducted in compliance with the Association for Re-
search in Vision and Ophthalmology’s Statement for the Use of Animals in
Ophthalmic and Vision Research and the guidelines for the care and use of
animals and human subjects at Harvard University and Partners Healthcare.
Acquisition and use of human tissue were approved by the Human Study
Subject Committees (Dana Farber/Harvard Cancer Center Protocol No. 13–416
and Massachusetts Eye and Ear - Non-Human Subjects Research Protocol No.
18–034H). Acquisition and use of nonhuman tissue were approved by the In-
stitutional Animal Care and Use Committee at Harvard University.

RNA Sequencing. Tissues were digested enzymatically, and single cells were
loaded into 10× Chromium Single Cell Chips (27). Single-cell libraries were
generated following the manufacturer’s protocol. Libraries were sequenced
on Illumina HiSeq 2500. Sequencing data were demultiplexed and aligned
using Cellranger software (10× Genomics). Reads were aligned to the fol-
lowing reference genome: human samples, GRCh38; M. mulatta, Mmul8; M.
fascicularis, MacFas5 with our augmented transcriptome file (64); pig,
Sscrofa11; and mouse, mm10. Subsequent clustering and identification of
differentially expressed genes followed methods described by Peng et al.
(64) with modifications detailed in SI Appendix, Supplementary Materials
and Methods. Transcriptomic similarity between humans and other model
species was assessed with a machine learning algorithm XGBoost (56).

Histology. Corneoscleral wedges were fixed, embedded in tissue freezing
medium, and sectioned in a cryostat. SI Appendix, Table S2 shows donor
information. Sections were immunostained or processed for in situ hybrid-
ization using probes listed in SI Appendix, Table S3. Images were acquired on
Zeiss LSM 710 confocal microscopes.

Data Availability. The accession number for the raw and unprocessed data
files reported in this paper is Gene Expression Omnibus accession number
GSE146188. Data can be visualized in the Broad Institute’s Single Cell Portal at
https://singlecell.broadinstitute.org/single_cell/study/SCP780.
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