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Vogt-Koyanagi-Harada (VKH) disease is a systemic autoimmune
disorder affecting multiple organs, including eyes, skin, and cen-
tral nervous system. It is known that monocytes significantly con-
tribute to the development of autoimmune disease. However, the
subset heterogeneity with unique functions and signatures in human
circulating monocytes and the identity of disease-specific monocytic
populations remain largely unknown. Here, we employed an ad-
vanced single-cell RNA sequencing technology to systematically ana-
lyze 11,259 human circulating monocytes and genetically defined
their subpopulations. We constructed a precise atlas of human blood
monocytes, identified six subpopulations—including $100A12, HLA,
CD16, proinflammatory, megakaryocyte-like, and NK-like monocyte
subsets—and uncovered two previously unidentified subsets: HLA
and megakaryocyte-like monocyte subsets. Relative to healthy in-
dividuals, cellular composition, gene expression signatures, and
activation states were markedly alternated in VKH patients utilizing
cell type-specific programs, especially the CD16 and proinflamma-
tory monocyte subpopulations. Notably, we discovered a disease-
relevant subgroup, proinflammatory monocytes, which showed a
discriminative gene expression signature indicative of inflammation,
antiviral activity, and pathologic activation, and converted into a
pathologic activation state implicating the active inflammation dur-
ing VKH disease. Additionally, we found the cell type-specific tran-
scriptional signature of proinflammatory monocytes, 1ISG15, whose
production might reflect the treatment response. Taken together, in
this study, we present discoveries on accurate classification, molec-
ular markers, and signaling pathways for VKH disease-associated
monocytes. Therapeutically targeting this proinflammatory mono-
cyte subpopulation would provide an attractive approach for treat-
ing VKH, as well as other autoimmune diseases.

Vogt-Koyanagi-Harada disease | single-cell RNA sequencing | monocyte
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Vogt—Koyanagi—Harada (VKH) disease is one of the common
sight-threatening uveitis entities in the Asian population and
carries a high risk of blindness (1). It is a systemic refractory
autoimmune disease, affecting multiple organs and characterized
by bilateral granulomatous panuveitis and systemic disorders,
including leukoderma, paratrichosis, and various central nervous
system and auditory signs (2). While the clinical features and
diagnostic criteria are well described, the pathogenesis of VKH
disease remains unclear. Moreover, there are currently no reli-
able disease-specific biomarkers to objectively and accurately
evaluate the in vivo immune status at different disease stages and
predict the response to treatment. Evidence accumulated over
the past few decades suggests that VKH disease occurs in indi-
viduals with a predisposing genetic background. Indeed, several
susceptibility genes have been identified, such as HLA-DR4 and
HLA-DRw53 (3). It is speculated that activation of antigen-
specific T cells contributes to the adaptive immune responses
driving VKH disease pathogenesis (4). However, it is unclear
how triggering factors initiate the innate immune responses and
ensuing chronic adaptive immune melanocyte attack in multiple
organs characteristic of VKH disease. Circulating monocytes and
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tissue-resident macrophages, as well as dendritic cells (DCs) and
B cells, are the predominant antigen-presenting cells and are
intimately involved in various inflammatory diseases, as well as in
tumor development and angiogenesis (5-8). Due to the difficulty
in collecting eye tissue samples from uveitis patients (such as inflamed
uveal tract or retina), our understanding of immune pathogenesis
comes mainly from analysis of peripheral blood leukocytes. In human
autoimmune diseases, such as multiple sclerosis and rheumatoid ar-
thritis, monocytes sense inflammatory environmental changes, spread
inflammation at a systemic level, and promote the abnormal pro-
duction of immune factors (8, 9). Furthermore, the interactions
among monocytes of the innate immune system and antigen-specific
cells of the adaptive immune system are seminal to the inflammatory
processes underlying experimental autoimmune uveitis (EAU), a
well-characterized model for autoimmune uveitis (10). However,
little is known about the contributions of specific monocyte pop-
ulations to human uveitis. We therefore sought to describe the
landscape of monocyte subsets and specific gene expression sig-
natures in greater detail to identify pathogenic contributions and
biomarkers for VKH disease activity and treatment response.
Monocyte subsets are defined principally by surface expression
patterns using flow cytometry and by functional profiling accord-
ing to cytokine induction (11, 12). However, these analytic ap-
proaches are biased by the limitations of limited markers available
to identify, isolate, and manipulate the cells, strongly relying on
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high-quality antibodies to merely reveal the information of pooled
cell populations. In the present study, we used the latest advanced
technology, single-cell RNA sequencing (scRNA-seq), termed as
an ongoing technological revolution, to break the border limita-
tions of traditional analysis manners and enable the rapid deter-
mination of precise gene expression patterns of several thousands
of individual cells in an unbiased fashion, leading to define accurate
classification, identify subsets, and uncover the cellular composition
and signatures of human blood monocytes. Moreover, we reveal the
contributions of the monocyte subtypes with unique inflammatory
functions determining immune responses, provide evidence for the
hypotheses of VKH disease pathogenesis, and have discovered a
molecule to monitor the therapeutic efficacy.

Results

Clustering Analysis of Blood Monocytes and Cell Population
Identification. To generate a more detailed molecular atlas of
human monocytes, we isolated monocytes from peripheral blood
mononuclear cells (PBMCs) by negative magnetic beads to sort
unlabeled cells of monocytes and conducted droplet-based scRNA-
seq (Fig. 14). We first sequenced 15,606 high-quality sorted cells
from three healthy donors, identified the 2,000 genes with the
highest expression variability among these cells (S Appendix), and
performed principal component analysis (PCA). The 46 significant
PCs were reduced to two dimensions using t-distributed stochastic
neighbor embedding (t-SNE) methods for visualization. Eleven
cell clusters were identified by unsupervised analysis using a
graph-based approach (Fig. 1B). Differential expression analysis
was performed among each cluster, and subpopulations were de-
fined by comparing unique gene expression patterns with those of
published reference cell clusters in blood samples from healthy
individuals (Table 1 and Fig. 1 C and D). Two clusters mapped
closely to monocytes, one to CD14"#" monocytes and the other to
CD16Meh monocytes. In addition, two clusters exhibited the gene
expression characteristics of CD1c™ DC and plasmacytoid (p) DC
populations, respectively, while one cluster corresponded to
megakaryocyte progenitor cells. One population also corre-
sponded to nonspecific immunity natural killer (NK) cells, and
four corresponded to specific immunity B lymphocytes, T lym-
phocytes, NKT lymphocytes, and plasma cells.

A previous study by Villani et al. profiled 372 single blood
monocytes from one donor via sScRNA-seq (22). In this study, the
number of monocytes is 11,259, providing an unprecedented
opportunity to yield numerous discriminative genes to charac-
terize the functions and activation states of each subset. Analysis
of CD14"&" monocytes, which included classical and intermedi-
ate monocytes, not only validated markers reported in previous
studies ($100412, S100A8, S10049, VCAN, LYZ, CDI14, FCBI,
and MNDA) (23-26) but also identified a number of markers
such as CSTA, MS4A4A6A, CXCLS, CTSS, LGALSI, LGALS?2,
and CST3. For CD16"e" monocytes, known as nonclassical
monocytes, this high-throughput analysis also confirmed previ-
ously recognized genes (FCGR3A4, TCF7L2, MS4A7, RHOC,
IFITM3, and CSFIR) (22) and identified the distinguishing
biomarkers CDKNIC, HES4, SMIM25, MTSS1, BCL2A1, and
RRAS. To examine the relationships between other clusters and
monocytes, we profiled DCs (including 736 CD1c¢* DCs and 126
pDCs), lymphocytes (including 549 T cells, 723 NKT cells, 724
NK cells, 190 B cells, and 393 plasma cells), and 628 megakar-
yocyte progenitors. Like monocytes, DCs, B lymphocytes, and
plasma cells present antigens to downstream cells, and, consis-
tent with this function, all expressed various HLA-associated
genes, such as HLA-DPAI, HLA-DPBI, HLA-DQAI, and
HLA-DQBI. In addition, CD1c* DCs, CD16™&" monocytes, NK
cells, and NKT cells coexpressed RHOC, a member of the Rho
subfamily GTPases involved in actin dynamics, vesicular traf-
ficking, gene transcription, cell _c%cle progression, and cell ad-
hesion. Both B cells and CD16™£" monocytes also coexpressed
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CD79B, which was previously thought to be expressed only by B
lymphocytes and effector B cells (plasma cells). In addition,
FCGR3A/CD16 was highly expressed in NK and NKT cells; thus,
the combination of these marker genes can be used to identify
CD16"&" monocytes with greater precision than FCGR34/CD16
alone. In contrast, megakaryocyte progenitors and T cells expressed
few genes in common with monocytes.

In summary, by measuring the gene expression profile in a large
number of individual sorted PBMCs, we identified numerous
discriminative genes for two conventional monocyte populations.
In addition, we identified multiple genes coexpressed in mono-
cytes and other components of PBMCs, suggesting overlapping
functions.

Single-Cell Profiling of Human Circulating Monocytes. Monocytes
were initially divided into two categories, CD16-expressing and
non-CD16-expressing, and CD16-expressing monocytes were
subsequently subdivided into two groups by CD14 expression,
forming the current taxonomy consisting of classical monocytes
(CD14™* CD167), intermediate monocytes (CD14** CD16%),
and nonclassical monocytes (CD14%™ CD16**) (27). To further
describe the heterogeneity of human blood monocytes at the
single-cell level and provide additional markers for more precise
subset classification, we profiled 11,259 circulating monocytes.
We identified six populations (Fig. 24) with two previously un-
reported subsets according to similarities and differences in
transcriptome profiles (SI Appendix). Based on the expression
pattern of CD14 and FCGR3A/CD16 (Fig. 2B), we classified five
subpopulations as CD14"&" and one as CD16"¢" monocytes. We
also noticed a group of cells located at the junction of CD14"€"
monocytes and CD16™#" monocytes on the Uniform Manifold
Approximation and Projection (UMAP) belonging to a small
part of a subpopulation of CD14"" monocytes. Based on high
CD14 and moderate FCGR3A/CD16 expression, these cells
mapped closely to intermediate monocytes. Although they could
not be clustered unbiasedly into a single subgroup, their location
on the UMAP supported the view that they were likely in the
transition state from classical to nonclassical. We further char-
acterized each cluster by the top 10 marker genes (Fig. 2 C and D).
The S100A12 monocytes represented the commonalities among
CD14"&" monocytes and expressed hallmark proinflammatory
mediators, including S700A48 and S100A49, in addition to S100A412.
Another subset, HLA monocytes, expressed the MHC Class II
molecules LGALS2 and CPVL. Although HLA-associated genes
were also expressed by other subsets, this HLA subset possessed
the most diverse and highest levels of HLA-related gene expres-
sion, including unique expression of HLA-DMA and HLA-DMB,
indicating the strongest antigen processing and presentation
capacities among CD14"&" monocytes. In contrast to CD14"eh
monocytes, CD16 monocytes were a nonclassical population. In
addition to confirming expression of FCGR3A, we also iden-
tified CDKNIC, TCF7L2, RHOC, HES4, IFITM2, IFITMS3,
MS4A7, MTSS1, SMIM25, HLA-DPA1/B1, and HLA-DRBI as
selective molecular markers, suggesting that this population
was enriched in negative regulators of cell proliferation, as well
as genes related to the Wnt signaling pathway, actin organiza-
tion, Notch signaling pathway, type I interferon (IFN) antiviral
response, and homeostasis of the nervous system (28-33).
Proinflammatory monocytes presented a unique combination of
genes, including chemokine ligands, interleukins, and nod-like
receptors (e.g., CCL3, CCL4, IL1B, and NLRP3) associated with
virus infection, the inflammatory process, and pyroptotic cell death
(34-36). Megakaryocyte-like monocytes expressed genes similar to
megakaryocyte progenitors (including PPBP and PF4), indicating
functions in the activation of platelets and inflammation, as well as
megakaryocytes (37, 38). NK cell-like monocytes expressed a cy-
totoxic gene signature (e.g., GZMA and GNLY) (39) and shared
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Fig. 1. Clustering analysis of blood monocytes and cell population identification. (A4) The procedure of scRNA-seq. (B) The 15,606 cells are clustered into 11
clusters based on their expression pattern. Their putative identities are annotated on the right. Colors indicate unbiased classification via graph-based
clustering. Each dot represents an individual cell. Numbers of successfully profiled single cells per cluster are as follows: monocytes (n = 11,259), CD1c*
DCs (n = 736), pDCs (n = 126), T cells (n = 549), NKT cells (n = 723), NK cells (n = 724), B cells (n = 190), plasma cells (n = 393), and megakaryocyte progenitors
(n = 628). (C) Violin plots illustrate expression levels of marker genes. The distribution of the cell type-specific marker genes in all clusters of their healthy
donors reflects their cell identities. (D) The heat map reports scaled expression of discriminative gene sets for each cluster defined in A. Up to 10 discriminators
of each cluster are listed next to each cluster. The color scheme is based on z-score distribution from -2.5 (purple) to 2.5 (yellow). HMW gDNA,

high-molecular-weight genomic DNA.

other differentially expressed genes with NK cells (e.g., KLRBI
and NKG?7), indicating the overlapping functions between these
population and NK cells. In summary, we demonstrated that hu-
man blood monocytes can be reclassified into six subsets instead of
the conventional three. Among these subsets, we first identified
two subsets (namely, HLA monocyte subsets and megakaryocyte-
like monocyte subsets), which was attributed to our analysis of
large quantities of human circulating monocytes. Moreover, each
subset possessed unique gene expression signatures, indicating
specific functions. In addition, intermediate monocytes constituted
a small subset within the HLA monocyte group and thus
appeared to represent the conversion from classical to nonclassical
monocytes.

Mapping Monocyte Atlas of VKH Patients Compared with the Healthy
Controls. Monocytes are strongly implicated in the development
of autoimmune diseases, but their precise functions, subset
classifications, cellular and molecular signatures, and activation
states in VKH disease are still obscure. To identify the hetero-
geneity and alternations of cell composition, we performed
droplet-based scRNA-seq and sequenced 23,937 high-quality
monocytes from three initial VKH patients with acute uveitis
without supervision and compared expression patterns to healthy
control monocytes (SI Appendix). In accord with findings in the
healthy population, patient monocytes were still clustered into
six populations (Fig. 34) based on differential gene expression.
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The most distinguishing expression changes among all mono-
cyte subsets in VKH disease patients compared to healthy do-
nors was the emergence of transcriptional programs associated
with a proinflammatory state (Fig. 3B and SI Appendix). Proin-
flammatory monocytes exhibited the largest number of gene
expression changes among subtypes, including both up-regulated
and down-regulated genes. These results suggested that proin-
flammatory monocytes may actively participate in the develop-
ment of VKH disease. Genes with greater than twofold higher
expression in VKH patients compared to healthy individuals
included RPS4Y1, a member of the S4E family of ribosomal

Table 1. Markers of each cell type

Potential cell type Markers

CD14"'9" monocytes CcD14

CD16"9" monocytes FCGR3A

CD1c DGCs CD1C, CLEC10A (13)

NK cells NCR3, NKG7, KLRD1 (14-16)

T cells CD2, CD3D, CD3E (17)

NKT cells CD2, CD3D, CD3E, NCR3, NKG7, KLRD1

Megakaryocyte progenitors
Plasma cells

B cells

pDCs

PPBP, PF4, PLA2G12A (18)
CD27, CD38 (19)
CD79A, CD79B (20)
IL3RA, CLECAC (21)
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Fig. 2. Single-cell profiling of human circulating monocytes. (A) UMAP visualization of the transcriptional heterogeneity of human circulating monocytes.
The 11,259 monocytes are further divided into six subsets, and their names are annotated on the right. Different colors are used to distinguish each cluster.
Numbers of successfully profiled single cells per subset are as follows: ST00A12 monocytes (mono) (n = 5,499), HLA mono (n = 3,799), CD16 mono (n = 901),
proinflammatory mono (n = 680), megakaryocyte-like mono (n = 299), and NK-like mono (n = 80). (B) Expression pattern of two marker genes (CD14 and
CD16/FCGR3A) of human monocytes. Purple is used to represent the expression of these two marker genes, and each dot represents an individual cell. (C) Dot
plot shows the top 10 marker genes revealed by scRNA-seq of monocyte subsets defined in A. (D) Top 10 marker genes of six monocyte subpopulations in

healthy individuals are listed in the table.

proteins (40), and TXNIP, an endogenous inhibitor of the thio-
redoxin (TRX) system up-regulated in ischemic stroke and other
brain diseases (e.g., Alzheimer’s disease) and mediating redox/
glucose-induced stress and inflammation (41, 42). The significant
up-regulation of TXNIP in VKH patients may be related with
this disease. Other up-regulated genes included FOS, ISGIS,
LY6FE, and MX1. These genes were associated with multiple bi-
ological processes, such as virus infection, type-I IFN signaling,
and responses to IFN-gamma (Fig. 3D). According to the Kyoto
Encyclopedia of Genes and Genomes (KEGG) database, these
up-regulated genes were mainly associated with T-helper cell
differentiation, infectious diseases caused by viruses and bacteria
(e.g., influenza A, viral myocarditis, Leishmaniasis, Salmonella
infection), autoimmune diseases (e.g., graft-versus-host disease,
autoimmune thyroid disease, allograft rejection), and inflam-
matory diseases (e.g., rheumatoid arthritis and inflammatory
bowel disease) (Fig. 3E). Alternatively, down-regulated genes in
VKH patient monocytes mainly included CCL3, CCL4, CXCL2,
CXCLS, TNF, ILIB, and NLRP3. All these changes were con-
sistent with two of the mainstream hypotheses that viral infection
(43) may be an inducer to initiate VKH disease and emphasize
the critical role of immune response in the pathogenesis of dis-
ease. The population with the next greatest number of altered
genes was CD16 monocytes (nonclassical monocytes). Previous
studies reported that nonclassical monocytes (CD14%™ CD16**,
CD16 monocytes) had controversy toward the functions in dif-
ferent autoimmune diseases. Wong et al. reported that non-
classical monocytes produced high levels of TNF-a and IL-1,
indicating their inflammatory potentials (44). However, Cros
et al. reported that CD16 monocytes did not produce reactive
oxygen species (ROS), did not express inflammatory chemokine

Hu et al.

receptors such as CCR2, expressed lower levels of CCR1, CCRS,
and IL-17RA, gave little response to lipopolysaccharide (LPS),
and, in contrast, expressed higher amounts of IL-1 receptor an-
tagonist, IL-10 receptor, and CXCL16 scavenger receptor, indi-
cating that they were antiinflammatory (45). In our present study,
up-regulated genes included RPS4Y1, S100A48, and S100A49, in-
volved in protein synthesis and modulation of inflammatory re-
sponses through migration and chemotaxis of granulocytes and
neutrophils (Fig. 3F). The down-regulated gene set was similar to
that in proinflammatory monocytes (e.g., including CCL3, CCL4,
ILIB, and TNF). Functional annotation analysis indicated that
these CD16 monocytes might play dual roles in the regulation
of the inflammatory response, the intrinsic apoptotic signaling
pathway, the response to external stimulus, and cell chemotaxis
and migration. Notably, CD16 monocytes from patients highly
expressed NF-kB transcription factors and chemokine production
(Fig. 3 F and G). Hence, CD14"¢" monocytes, especially proin-
flammatory monocytes, promoted inflammation and the immune
response, and CD16 monocytes may have dual effects in the de-
velopment of VKH disease.

The Production of ISG15 in VKH Patients Was Reduced after
Immunosuppressive Therapy. In the above analysis, proinflammatory
monocytes demonstrated the greatest gene expression changes in
the acute stage of VKH disease, suggesting that phenotypic alter-
ations of this subpopulation may be related to VKH disease de-
velopment. We therefore focused further analyses on this defined
proinflammatory subset, inflammatory monocytes. Although clinical
measures can monitor disease activity and treatment response, such
as fluorescein fundus angiography (FFA) and optical coherence
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tomography (OCT), these assessments yield little information on
pathogenic processes, immune status, or the mechanisms underlying
treatment responses. To identify a blood-based index of VKH disease,

we examined IFN-stimulated gene 15 (ISG15), which specifically
highly expressed in the proinflammatory monocytes. Previous studies
have shown that ISG15, a member of the ubiquitin family, inhibits the
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Fig. 3. Mapping monocyte atlas of VKH patients compared with the healthy controls. (A) UMAP visualization of the transcriptional heterogeneity of
comparing circulating monocytes from three acute VKH patients and healthy donors. A total of 35,483 monocytes are divided into six subpopulations
according to the subsets defined in Fig. 2A. Different colors are used to distinguish each cluster. Numbers of successfully profiled single cells per subpopulation
are as follows: S100A12 mono (n = 13,534), HLA mono (n = 14,537), CD16 mono (n = 4,309), proinflammatory mono (n = 1,435), megakaryocyte-like mono
(n = 1,565), and NK-like mono (n = 103). (B) Dot plot shows the top 10 marker genes revealed by scRNA-seq of monocyte subpopulations. (C) Numbers of up-
and down-regulated genes of each monocyte subpopulation when comparing the gene expression changes between acute VKH patients and healthy individuals.
Numbers of altered genes with log fold-change (FC) >0.5 and adjusted P value <0.05 per subpopulation are as follows: CD16 mono up-regulated genes (n = 104),
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(purple). (G) The down-regulated GO term of biological processes in CD16 monocytes.
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replication of viruses and regulates host immunity (46). Moreover,
ISG15 was identified as a marker of synovial fibroblasts associated
with immune responses in rheumatoid arthritis via gene screening
(47). However, there is no report on the role of ISG15 in VKH dis-
ease. In the present study, we explored the production of ISG15 in
monocytes from VKH patients (SI Appendix) compared to normal
healthy monocytes at the single-cell transcriptomic level and found
that ISG15 expression was up-regulated predominantly in the
proinflammatory monocyte subset from VKH patients (Fig. 44).
Hence, we further explored the expression of ISG15 at the protein
level in monocytes using an immunocytochemical assay. Our
findings showed that ISG15 was located in both the cytoplasm and
nucleus of monocytes. Moreover, ISG15 was significantly higher in
acute VKH patients with active uveitis than healthy controls. In
addition to ISG15, TXNIP, another important up-regulated gene
in the proinflammatory monocyte subset from active VKH pa-
tients revealed by single-cell sequencing, was also obviously ele-
vated at the protein level. (Fig. 4 B and C).

Flow cytometry (Fig. 4D) also revealed that the expression
level of ISG15 in CD14™¢" monocytes (as indicated by mean
fluorescence intensity [MFI]) was significantly higher in active
VKH patients (295.13 + 68.22) than healthy individuals (194.17 +
43.90) and remained elevated in convalescent patients after 1 mo
of treatment (348.13 + 74.69) although the intraocular inflam-
mation appeared reduced according to clinical examination
(Fig. 4F). However, ISG15 expression markedly decreased after 3
mo of treatment (174.13 + 64.48) (Fig. 4 E and G). These results
suggested that ISG15 production in circulating monocytes might
reflect the treatment response in VKH disease.

ISG15 is one of the most important regulators of host re-
sponse to viral infection. It has been reported that ISG15 is
mainly stimulated by type-I and type-III IFNs via the activation
of IFN regulatory factor 9 (IRF9) and phosphorylated signal
transducer and activator of transcription (STAT) 1 and STAT?2.
It functions as an intracellular negative feedback regulation of IFN
signaling through ISGylation and as a multifunctional extracellular
regulator of NK cell proliferation and IFN-y stimulation, DC
maturation and up-regulation of E-cadherin, CD15 and CD86
expression, T cell secretion of IFN-y, and macrophage secretion of
proinflammatory cytokines 146 and induction of anti-HIV activity
(Fig. 4H) (48). We therefore profiled the expression of all po-
tentially related molecules in the ISG15 pathway. Expression
levels of IR9, STAT1, and STAT?, all transcription factors con-
trolling ISG15 expression, were increased in CD14"" monocytes,
especially proinflammatory monocytes from active VKH patients
(Fig. 4 I andJ). Conversely, expression levels of these factors were
reduced in CD16™#" monocytes during active discase (Fig. 4 I and
J). We then explored the secretion of molecules by downstream
cells. In VKH patients, IFN-y expression was increased in NK and
T cells, CD86 was elevated in CD14" monocytes, CD1C DCs,
and megakaryocyte progenitors, and CD15 was slightly up-
regulated in plasma cells and megakaryocyte progenitors while
secretion level of IL-10 was undetectable in these cells (Fig. 4K).
Collectively, these scRNA-seq results suggested that up-regulated
ISG15 expression in proinflammatory monocytes via activation of
IR9, STAT1, and STAT2 may drive multiple effector cells to se-
cret proinflammatory factors, resulting in VKH disease. Further,
relatively long-term corticosteroid treatment (3 mo) reduced
ISG15 expression. Corticosteroids can inhibit the activation of
proinflammatory cytokines such as IFN-y and proinflammatory
transcription factors including STAT family members (49).
Therefore, these results suggested that corticosteroids may in-
hibit the activation of ISG15 in convalescent patients to sup-
press the production of IFN-y and the ensuing activation of
STAT1 and STAT2, thereby restraining disease activity.
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Discussion

In the present study, we provide an insight into the human cir-
culating monocytes of healthy individuals and autoimmune
uveitis patients at single-cell resolution. Remarkably, we identified
six subsets with unique gene expression patterns in healthy human
blood monocytes and provide a further and more precise subdi-
vision of existing monocyte categories. Moreover, our findings
uncovered that the gene expression signatures, activation states,
and up/down-stream pathways of referred monocyte subpopula-
tions in VKH patients were significantly alternated when com-
pared with healthy individuals. We also identified ISG15 as a
disease-specific signature preferentially enriched in the proin-
flammatory subset from VKH patients.

Monocytes are a major component of human peripheral blood
cells, with critical functions in antigen presentation, pathogen
sensing, and phagocytosis (50), but functional heterogeneity among
subsets is poorly understood. Herein, we utilized negative selec-
tion by microbeads to collect monocytes from human peripheral
blood and defined phenotypes and putative functions by scRNA-
seq and functional annotation. We identified 11 clusters in pe-
ripheral blood based on the expression of established cell lineage
markers detected by scRNA-seq: CD14%#" monocytes, CD16""
monocytes, T lymphocytes, B lymphocytes, plasma cells, NK cells,
NKT cells, megakaryocyte progenitors, CD1c* DCs, pDCs, and a
population of unknown identity. Further analysis of gene expres-
sion patterns revealed several markers for CD14"" monocytes
(CSTA, MS4A6A4, CXCLS, CTSS, LGALSI, LGALS2, and CST3)
and CD16"#" monocytes (CDKNIC, HES4, SMIM25, MTSSI,
BCL2A1, and RRAS). This analysis also identified other cell types
in human peripheral blood with marker expression profiles similar
to monocytes. Like monocytes, DCs, B lymphocytes, and plasma
cells expressed many of the same HLA class II genes, consistent
with functions as antigen-presenting cells. Further, CD16"e"
monocytes expressed many genes in common with other cell
types, including RHOC expressed by CD1c* DCs, NK cells, and
NKT cells, suggesting shared functions of these genes in actin
dynamics, vesicular trafficking, gene transcription, cell cycle
progression, and cell adhesion (51). The gene encoding CD79B,
which served as the signal transducing subunit of the B cell re-
ceptor (52), was also expressed by CD16™¢" monocytes, disput-
ing the original idea that CD79B is only expressed on the surface
of B lymphocytes. The shared expression of FCGR3A4/CD16 by
CD16Meh monocytes, NK cells, and NKT cells was consistent
with previous findings that FCGR3A4 encoded a receptor impor-
tant for antibody-dependent NK cell-mediated cytotoxicity (53).

Human blood monocytes are traditionally divided into three
populations: classical monocytes (CD14** CD167), intermedi-
ate monocytes (CD14** CD16%), and nonclassical monocytes
(CD14%™ CD16%™"), according to morphology and molecular
markers detected by flow cytometry (54). However, the precision
of this classification is biased by the limited number of known
cellular markers. Here, we present an approach to characterize
human monocyte subsets in unprecedented detail by scRNA-seq
of 11,259 circulating monocytes from three human healthy indi-
viduals. This analysis revealed six distinct monocyte populations,
five CD14™&" subpopulations in addition to the CD16"&" pop-
ulation. Alternatively, intermediate monocytes did not form a
distinct population but were mainly distributed at the junction
between CD14"€" and CD16"&" monocytes, suggesting that such
cells are in the transition state between classical and nonclassical
(55). We herein present an alternative classification consisting of
six human monocyte populations according to cellular marker
expression profile and unique functional annotation: S100A12
monocytes, HLA monocytes, CD16 monocytes, proinflammatory
monocytes, megakaryocyte-like monocytes, and NK-like mono-
cytes. The S100A12 monocytes demonstrated an expression
profile similar to all other CD14"" monocyte subsets, including

PNAS | October 13,2020 | vol. 117 | no.41 | 25717

IMMUNOLOGY AND
INFLAMMATION

www.manaraa.com


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2002476117/-/DCSupplemental

Downloaded at Palestinian Territory, occupied on November 30, 2021

A NK-like Monocytes_CTRL
NK-like Monocytes_VKH

CD16 Monocytes_CTRL

CD16 Monocytes_VKH

HLA Monocytes_CTRL

HLA Monocytes_VKH

Split Identity

$100A12 Monocytes_CTRL

S100A12 Monocytes_VKH

Megakaryocyte-like Monocytes_CTRL

Megakaryocyte-like Monocytes_VKH

Proinflammatory Monocytes_CTRL

B 15615

TXNIP

Healthy Individual

VKH Patient

Healthy Individual

VKH Patient

- C G

P<0.001

g

P<0.001

DAPI

Percent Expressed lsotype Ilsatype
DAPI
.20 RabbitlgG  Mouse IgG2b
* 40
® 60
® 8

P<0.001

P=0.003 P<0.001
—r—

Control Pre-traatment 1M Post. 3M Post.

treatment treatmont

VKH Patients

MERGE

MERGE

FSCH

Proinflammatory Monocytes_VKH [ ] ] o
g 60 s
= o
1SG15 H g
Features 2 40 :
= c
2 L
]
=
0
Controls VKH Patients Controls VKH Patients.
15615, TP
» STATI] » . ] ® +» +« ® @ o PercentExpressed ”
£ statz ° ® - - o @e -0 f .
NG e = . . L I ] . ;.
i ' ® 30
“ mred . . . - ¢+ @i -"_\\F b
o Fodedofoded e
4 87 P P g S e
HEP IS GG IS
SVt SOt
& ¥ o
¥ & & 5
" £ EF
o & g
S
Split Identity
Pre-treatment
gsri{ @ © ® ° ® @ PercentExpressed
Ssmz{ @ o . P .20
§ R3] . . P o e
2 Rreol . . . . : e
& & 4@ & o 4@ & &@ & @ <& 1SG15 Pathway

Cal / &7 / Cad /
& & & oa‘& & cga‘“e
& s

S & @ g
efdw» ,@@@g ¥
FF s

Split

cDgs L N J

& a/ Cl /

B

S

s Stimulators
CEEE

&’ &

Identity

Bacteria DNA DDA
or viral RNA sy

Percent Expressed

o GC
. 20
o é:(?
® 80

Spiit Identi

S L x‘*«? ‘!\»*.@ @*a@‘f@'_@*
M . v

&

ity

IFNa @ o
IFNB O o

‘%, 00/

STAT1 sTAT2 O ©
/ 1ISG15

IL-10
—»/OO 1
0 (©) ~
O 0 |En-
v |SG15\ o vt

FSCH
HLA-DR

FSC-A LN (€03/CD19/CD56)

SCA

15615

{Red) 1M P (Red) & 3M P (Blue)

15615 ' ' 15615

3M Post-treatment

— OOyt

.0

Monocyte

Fig. 4. The production of ISG15 in VKH patients was reduced after immunosuppressive therapy. (A) The dot plot shows the expression of ISG15 in monocyte
subpopulations from VKH patients and healthy people. (B) Representative images of immunofluorescence staining targeting ISG15 (red) and TXNIP (green) in
monocytes from active VKH patients (n = 6) and healthy controls (n = 6). (Scale bars: 20 pm.) (C) Quantification of ISG15 and TXNIP expression at the protein
level. Each sample is quantified four images. (D) Gating strategy of CD14"9" monocytes (LIN_(CD3, CD19, CD56)~ HLA-DR* CD14**). FSC, forward scattering;
SSC, side scattering; A, area; H, height. (E) Flow cytometry shows the MFI of ISG15 of one healthy donor and one VKH patient in acute stage (Left), one VKH
patient in acute and in convalescent stage after 1-mo corticosteroid treatment (Middle), and one VKH patient in acute and in convalescent stage after 3-mo
corticosteroid treatment (Right). (F) Patient in acute stage before treatment: The OCT (Top Left, Top Right) and FFA (Bottom Left, Bottom Right) images show
choroiditis, serous retinal detachment, disk edema, or exudative retinal detachment of both eyes in acute VKH patients. Patient in convalescent stage after
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The dot plot shows the expression of IRF3, IRF9, STAT1, and STAT2 in all cell clusters (/) and in monocyte subsets (J) from acute VKH patients and healthy controls.
(K) The dot plot shows the expression of cytokines produced by downstream T cells (IFN-y), NK cells (IFN-y, IL-10), and DCs (CD15/FUT4, CD86) in all clusters from
acute patients and healthy individuals. GC, glucocorticoid; IFNR, interferon receptors; ISRE, interferon-sensitive response element.
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shared expression of S100412, S100AS, and S10049. The HLA
monocytes exhibited the highest expression levels and the greatest
number of different MHC class II molecules, implicating this subset
in antigen presentation and downstream stimulation of CD4*
T cells (56). More importantly, this subtype encompassed the in-
termediate monocytes with gene expression patterns indicative of a
transition state from classical to nonclassical, thus providing a fea-
sible strategy to study this transformation process. CD16 monocytes
most closely resembled the well-defined nonclassical CD16"e"
monocytes, including high expression of FCGR3A, but also
expressed several population-specific (i.e., discriminative) genes,
such as CDKNIC, TCF7L2, and RHOC. This expression profile
suggested up-regulation of Notch and Wnt signaling pathways and
negative regulation of cell proliferation. Proinflammatory mono-
cytes also showed a unique gene expression signature, with high
expression levels of IL-1B, CCL3, and CCL4, genes that orches-
trate virus infection, inflammatory processes, and pyroptotic cell
death. Megakaryocyte-like monocytes shared discriminative genes
with megakaryocytes, such as PPBP and PF4, associated with
platelet activation and inflammation. Finally, NK-like monocytes
expressed the gene signature of NK cells (e.g., high expression
levels of NKG7, KLRBI, GNLY, and GZMA) in addition to
coexpressing a monocyte-typical gene set.

Human monocytes are critical innate immune cells that sense
environmental changes, present antigens to downstream cells,
and initiate immune responses in the pathology of a variety of
autoimmune diseases, such as multiple sclerosis (MS) and in-
flammatory bowel disease (57, 58). VKH disease is a typical sys-
temic autoimmune disease affecting both eyes that carries a high
risk of blindness in the Asian population. Unlike many other au-
toimmune diseases, the inflamed intraocular tissue is difficult to
obtain, limiting direct investigation of pathogenesis. Thus, our
understanding of the immune processes in human uveitis has come
mainly from studies on circulating immune cells. Although
monocytes are essential initiators of autoimmunity in human uve-
itis, their exact functions, gene expression alterations, and activated
states are still unclear. Firstly, our findings revealed a previously
unexplored landscape of monocytes from human uveitis, VKH
patients, compared with healthy individuals. Two subsets, CD16
and proinflammatory monocytes, evoked our attention for their
distinguished changes of gene expression and the subpopulation
signature in VKH disease. The marker gene of proinflammatory
monocytes changed from CCL4L2-expressing in the normal state
to ISG15-expressing in VKH disease patients, implying that this
population had largely transitioned to the activated state. Fur-
thermore, proinflammatory monocytes exhibited the largest num-
ber of differentially expressed genes (DEGs) among all subsets,
with RPS4Y1 and TXNIP showing the greatest up-regulation. Ri-
bosomal protein S4, Y-linked 1 (RPS4Y1) initiated the activation
of the Y chromosome, and its overexpression results in reduced
trophoblast cell invasion and decreased STAT3 phosphorylation
(40). STAT3 had potent antiinflammatory effects (59); thus the up-
regulation of RPS4Y1 in proinflammatory monocytes may induce
the inflammation in VKH patient through the suppression of
STAT3. TXNIP mediated redox/glucose-induced stress and in-
flammation, and its up-regulation may suggest that this population
was central to the promotion of inflammation in VKH disease
patients. Proinflammatory monocytes also highly expressed FOS,
ISG15, LY6E, and MX1, genes implicated in virus infection, type-I
IFN signaling, and responses to IFN-gamma, providing the evi-
dence to support the previous hypotheses that viral infection might
provoke VKH disease through a mechanism of molecular mimicry.
Therefore, our findings could indicate that viral infection irritated
the proinflammatory monocytes acting as an initiator triggering the
autoimmune response underlying VKH disease. Alternatively, the
nonclassical-like  CD16 monocytes highly expressed RPS4Y1,
S100A8, and S100A9, which were considered critical alarmins that
induce inflammation and promote the migration and chemotaxis of
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granulocytes and neutrophils (59), while these CD16 monocytes
also showed markedly reduced expression levels of CCL3, CCL4,
TNF, IL1B, and NLRP3, which regulated inflammatory responses
and chemotaxis. Our comprehensive biological process analysis of
CD16 monocytes showed that nonclassical subsets dually regulated
the apoptotic signaling pathway, inflammatory response, and cell
chemotaxis and migration in VKH disease, instead of simply pro-
moting or inhibiting inflammation. Previous studies also reported
that nonclassical monocytes had controversy toward the functions
in different autoimmune diseases (60-63). Hence, these striking
phenomena revealed that different subsets of monocytes contrib-
uted to distinctive functions during VKH disease, shedding high
light onto the precise pathogenesis of autoimmune diseases.

Early and aggressive systemic corticosteroid administration is
the mainstay treatment to reduce VKH disease activity and de-
velopment (13). Therapeutic responses are monitored by clinical
symptoms and ancillary tests, such as OCT (RTVue-100, Opto-
vue Inc., Fremont, CA; Spectralis HRAOCT, Heidelberg Engi-
neering, Heidelberg, Germany) or FFA (VISUCAMS500, Carl
Zeiss Meditec AG, Goeschwitzer, Germany) as there are no
reliable disease-specific biomarkers to quantitatively evaluate the
activity of human uveitis and treatment efficacy. In view of the
pivotal roles of these defined proinflammatory monocytes, we
screened for the potential biomarker and identified the top
marker in this subset by analyzing scRNA-seq data, ISG15, an
antiviral protein up-regulated after systemic IFN exposure, viral
infection, and LPS treatment. Intracellular ISG15 can be in-
duced by IFNs, and in turn prevent IFN-a/p overamplification
and autoinflammation through ISGylation (48). ISG15 expres-
sion was significantly elevated in CD14"€" monocytes from acute
VKH patients compared to healthy controls, verified by flow
cytometry detection and immunofluorescent staining. After 3 mo
of corticosteroid treatment, the level of ISG15 in VKH patients
was normal, validating that ISG15 might reflect therapeutic ef-
fects. It was reported that IFNs induced ISG production, including
ISG15, through STAT1/STAT2/IRFY signaling. Furthermore, the
corticosteroid was demonstrated to inhibit the expression of many
proinflammatory cytokines, such as IFNs, and glucocorticoid re-
ceptors interfered with key proinflammatory transcription factors,
such as the STAT family. Therefore, corticosteroid treatment down-
regulated ISG15 production in monocytes from VKH patients pos-
sibly by suppressing its upstream initiators and transcription factors.
Admittedly, our study has the limitation of a low sample capacity; we
will expand the sample size in our further investigation.

In summary, based on an unbiased scRNA-seq approach, we
built an atlas of human circulating monocytes with unprecedented
resolution, discovered two monocyte subsets, and enabled a more
complete understanding of monocytes in human peripheral blood.
More strikingly, our study established the cell type-specific tran-
scriptional programs of monocytes implicated in VKH patients
and demonstrated the existence of previously unrecognized
disease-associated proinflammatory monocytes, providing funda-
mental implications for the hypotheses of the pathogenesis of
VKH disease. Furthermore, we identified that the disease-specific
cell signature, ISG15, preferentially enriched in the proinflammatory
monocyte subpopulation of VKH disease patients, might monitor
disease activity and therapeutic response.

Materials and Methods

Subjects. Eleven patients with a diagnosis of initial acute bilateral VKH disease
(five men and six women) and an average age of 44 y (43.50 + 3.33) and six
healthy individuals (three men and three women) with an average age of 32 y
(32.17 + 3.54) were included in this study. All study subjects were recruited in
the Zhongshan Ophthalmic Centre from 3 October 2018 to 14 November 2019.
Written informed consent was obtained from each patient or healthy individual
for the genetic research studies and molecular testing. The diagnosis of VKH
disease was based on the revised diagnostic criteria established by the First In-
ternational Workshop on VKH Disease. These patients showed initial active
uveitis without any treatment before blood drawing and were diagnosed based
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on history, systemic examination, and ocular features on indirect ophthalmos-
copy, OCT, and FFA. They received oral corticosteroid treatment with an initial
dose of 80 to 100 mg/d and maintained for 2 wk. Then, oral corticosteroid
treatment was tapered off gradually. After 1 mo of treatment with systemic
corticosteroids, no evidence of acute ocular inflammation, including choroiditis,
serous retinal detachment, disk edema, or exudative retinal detachment, was
observed by clinical examination. Blood samples from VKH patients were
obtained after 1-mo and 3-mo treatment, respectively. This study was per-
formed in accordance with protocols formally reviewed and approved by the
Ethics Committee of Zhongshan Ophthalmic Center (Guangzhou, China
2019KYPJ127).

Cell Isolation, Magnetic-Activated Cell Sorting, Flow Cytometry Staining, and
Analysis. Fresh heparinized venous blood samples from healthy donors and
VKH patients were processed within 2 h of collection. PBMCs were isolated
from fresh blood using Ficoll density gradient centrifugation at 500 x g for
30 min at room temperature (25 °C). Single-cell suspensions were processed
by a pan monocyte isolation kit according to the manufacturer’s instructions
(catalog no. 8804-6837-74; Thermo Fisher Scientific) in order to enrich
monocytes as many as possible for scRNA-seq and flow cytometry. The purity
of isolated monocytes detected by flow cytometry and scRNA-seq was
73.67% + 3.16% and 72.15% =+ 4.13%, respectively. The sorted cell sus-
pensions were first stained per manufacturer recommendation with differ-
ent panels of surface antibodies: CD3-FITC antibodies (catalog no. 561806;
BD Biosciences), CD19-FITC antibodies (catalog no. 560994; BD Biosciences),
CD56-FITC antibodies (catalog no. 562794; BD Biosciences), CD14-APC-H7
antibodies (catalog no. 560270; BD Biosciences), CD16-Alexa-Fluor647 anti-
bodies (catalog no. 561724; BD Biosciences), and HLA-DR-BV421 antibodies
(catalog no. 562805; BD Biosciences). After being incubated for 30 min and
washed by phosphate-buffered saline (PBS) for two times, these surface-
stained cells were proceeded by a BD Cytofix/Cytoperm Fixation/Per-
meabilization Solution Kit (catalog no. 554714; BD Biosciences) for staining
intracellular 1SG15. After a 30-min incubation and being washed by wash
buffer for two times, cells were resuspended in 300 uL of PBS. Flow cytometry
was performed on a BD Fortessa, and data were analyzed using FlowJo v10.1.

Monocyte Isolation and In Vitro Immunofluorescence. PBMCs were isolated
from fresh heparinized venous blood from initial acute VKH patients without
treatment and healthy individuals using Ficoll density gradient centrifuga-
tion. Single-cell suspensions were processed by a human CD14* positive se-
lective kit according to the manufacturer’s instructions (catalog no. 8802-
6834-74; Thermo Fisher Scientific) to obtain monocytes of high purity. Sorted
monocytes were resuspended in PBS and fixed with 4% paraformaldehyde
in PBS for 20 min. The fixed cells were washed three times in PBS prior to
being plated onto laminin-coated slides. Permeabilizations were carried out
in 0.3% Triton X-100 for 10 min. After three washes with PBS, monocytes
were blocked in a blocking buffer (5% normal goat serum) for 30 min at room
temperature (24 °C). Primary antibodies of TXNIP (catalog no. ab232330;
Abcam) and ISG15 (catalog no. ab227541; Abcam) and isotypes of mouse
IgG2b and rabbit 19G (catalog no. ab221850 and catalog no. ab172730;
Abcam,) for negative controls were diluted in buffer consisting of 5% bovine
serum albumin (BSA) in PBS and incubated overnight at 4 °C. After three
washes with PBST (1%o TWEEN 20 in PBS), secondary antibodies of goat anti-
rabbit IgG/Alexa Fluor 594 and Alexa Fluor 488 AffiniPure goat anti-mouse IgG
(H+L) (catalog no. EM35143-01, EMAR; catalog no. bs-0295G-AF594; Bioss)
were applied for 45 min at room temperature with treatment of light
avoidance. To visualize the cell nuclei, the slips were incubated and mounted
with DAPI Fluoromount-G Mounting Medium (catalog no. HNFD-02; HELIX-
GEN). Finally, cells were examined using an Olympus 1X73 inverted microscope.

Statistics. Analysis of data of the MFI of ISG15 between healthy controls and
acute VKH patients was compared using a t test (two-tailed). Analysis of data
of the MFI of ISG15 among the group of acute VKH patients without
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treatment, 1-mo treatment group, and 3-mo treatment group was per-
formed using one-way repeated measures ANOVA with Bonferroni adjust-
ment. The data of mean fluorescence (MF) of ISG15 and TXNIP comparing
active VKH patients with healthy donors were analyzed using one-way
ANOVA. Statistical analysis was performed using IBM SPSS Statistics version
25, and bar plots were performed using Graphpad Prism 7.0 (GraphPad
Software, Inc., La Jolla, CA).

scRNA-Seq. The single-cell populations with viability of more than 90% were
loaded for scRNA-seq libraries preparation on the Chromium platform (10x
Genomics, Pleasanton, CA) with single-cell gene expression 3’ V2 or 3’ V3 kits
following the manufacturer’s protocol. Briefly, single cells were partitioned
by gel beads in EMulsion (GEMs) using the Chromium instrument, followed
by cell lysis and barcoded reverse transcription of RNA, amplification, en-
zymatic fragmentation, 5’ adaptor attachment, and sample indexing. Li-
braries were sequenced on Illumina HiSeq 2500 platforms.

Computational Methods.
Alignment and quantification of the scRNA-seq data. Demultiplexing, alignment
to the GRCh38 reference, and quantification of sequencing reads for each
sample were performed using Cell Ranger (Version 3.0.2) with the default
parameter. The filtered gene-barcode matrices for single cells were analyzed
using Seurat (V3) following the tutorial at https:/satijalab.org/seurat/v3.1/
integration.html. Cells were filtered out with more than 15% of mito-
chondrial genes and fewer than 500 or greater than 10,000 detected genes.
Identifying major cell type in monocytes. Both normal and VKH datasets were
from three biological replicates, and, depending on the enrichment method
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major cell types. To remove the batch effect, we integrated two datasets
using canonical correlation analysis (CCA) of Seurat packages. After PCA to
reduce dimensionality and build k-nearest neighbor graphs (k = 30) of the
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main cell cluster was identified using the Louvain-Jaccard graph-based
method (with parameter set to “overcluster”). Next, we identified marker
genes of each cluster and matched them with well-known PBMC classes,
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Defining a molecular atlas of human monocyte types. Following basic cell-type
identification by scRNA-seq, we conducted further clustering analysis of CD14*
and CD16* monocytes using the Seurat pipeline. In brief, the expression value
of each gene was normalized using the LogNormalize method. The top 2,000
highest variability genes were selected by vst methods and used as input for
PCA with reduced dimensionality. To partition the data into clusters of tran-
scriptionally related cells, we used Louvain—Jaccard graphs based on the
k-nearest neighbor method.

UMAP was used to reduce high-dimension into two-dimension (2D) for
visualization.
Integrating normal and VKH scRNA-seq data. We extracted CD14* and CD16*
monocyte clusters from scRNA-seq data of VKH patients and integrated
these data with normal donor data using the Seurat label transfer pipeline.

Data Availability. The scRNA-seq data were deposited in the National Center
for Biotechnology Information Gene Expression Omnibus (GEO) database
(accession no. GSE148020) (64). All study data are included in the article, S/
Appendix, and Datasets S1-S5.
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