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Behget’s disease (BD) is a chronic vasculitis characterized by systemic immune aberra-
tions. However, a comprehensive understanding of immune disturbances in BD and how
they contribute to BD pathogenesis is lacking. Here, we performed single-cell and bulk
RNA sequencing to profile peripheral blood mononuclear cells (PBMCs) and isolated
monocytes from BD patients and healthy donors. We observed prominent expansion and
transcriptional changes in monocytes in PBMCs from BD patients. Dec1pher1ng the
monocyte heterogeneity revealed the accumulation of Clg-high (Clq ") monocytes in
BD. Pseudotime inference indicated that BD monocytes markedly shifted their differenti-
ation toward 1nﬂammat10n—acc0mpamed and C1q™ monocyte—ended trajectory. Further
experiments showed that C1¢" monocytes enhanced phagocytosis and proinflammatory
cytokine secretion, and multlplatform analyses revealed the significant clinical relevance
of this subtype. Mechanistically, C1q" monocytes were induced by activated interferon-y
(IFN-y) signaling in BD patients and were decreased by tofacitinib treatment. Our study
illustrates the BD immune landscape and the unrecognized contribution of C1q™ mono-
cytes to BD hyperinflammation, showing their potential as therapeutic targets and clinical
assessment indexes.

Behget's disease | single-cell analysis | monocytes | interferon

Behget’s disease (BD) is a systemic inflammatory disorder affecting blood vessels and
commonly manifests as recurrent oral/genital ulceration and skin lesions, while patients
with exacerbated BD exhibit multiorgan involvement such as uveitis and gastrointesti-
nal, neurological, vascular, and cardiac symptoms, which cause significant morbidity
and mortality (1-3). BD displays geographical variations in prevalence, with a higher
incidence (20 to ~602 cases per 100,000 population) in Silk Road countries spanning
from China in the east to Turkey in the Mediterranean area (2-6). The atypical symp-
toms and regional differences in disease prevalence pose diagnostic and therapeutic
challenges for clinicians. Thus, the identification of laboratory indices to improve
empirical judgment and BD therapies is needed.

Accumulating evidence has shown that immunological abnormalities are pivotal in
BD development, although genetic variants and environmental stimuli are also impor-
tant triggers (7). Patients with BD exhibit aberrant and excessive activation of both
innate and adaptive immunity (corresponding to the features of autoinflammatory or
autoimmune diseases) (7, 8), including the overproduction of proinflammatory
cytokines (interferon-y [IFN-y], interleukin 6 [IL-6], and tumor necrosis factor o
[TNF-a) (9) and skewed T-hepler (Th) 1 and Th17 cell activation (10, 11). Intense
efforts into understanding BD pathogenesis have focused on specific immune cells
based on select cell-surface markers (12-14). However, a comprehensive and unbiased
depiction of immune disturbances in BD remains to be elucidated.

In previous BD studies, the transcriptomic profiling at the bulk level lacked the reso-
lution to capture cellular heterogeneity and was limited in the ability to identify the
pathogenetic contribution of certain cell subtypes (15-17). Recently, single-cell RNA
sequencing (scRNA-seq) technology has shown unprecedented value in discovering
pathophysiological immune changes at higher resolution (18-23). However, the molec-
ular characteristics of diverse immune cell subsets associated with BD at single-cell reso-
lution and how these features contribute to exaggerated inflammation in BD patients
have not been previously described.

To address these questions in an unbiased manner, we applied scRNA-seq to first
delineate the immune landscape in peripheral blood mononuclear cells (PBMCs) that
usually serve as an attractive source for understanding the pathogenesis of diverse
diseases with abnormal immunophenotypes (24-26). Monocytes with significant
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expansion and transcriptional changes were observed in BD.
Further investigations demonstrated that the unappreciated
Clq-high (C1q™) monocyte subtype exhibited proinflam-
matory characteristics and significant clinical relevance in BD.
Overall, our study offers a comprehensive view of immune
dysfunction in BD and highlights the proinflammatory contri-
bution of C1q™ monocytes to BD immunopathogenesis, which
might facilitate the development of clinical assessments and
targeted therapies for BD.

Results

The Single-Cell Landscape of Peripheral Mononuclear Cells in
BD. We performed droplet-based scRNA-seq (10X Genomics)
to delineate the immune landscape of PBMCs from four
treatment-naive BD patients and four healthy controls (HCs)
(Fig. 14 and Dataset S1). A total of 36,190 high-quality cells
of 41,889 cells were retained for downstream analysis after
removing cells with a low sequence depth and a high ratio of
mitochondrial genes (87 Appendix, Fig. S1A); the analyzed cells
included 17,678 (48.8%) from BD patients and 18,512 (51.
2%) from HCs, and an average of 1,096 genes per cell was
monitored (S Appendix, Fig. S1 B-D). After batch effect cor-
rection, dimension reduction, and graph-based clustering, we
identified 20 distinctive clusters (Fig. 1B) within five major cell
lineages, including myeloid cells (CD33%), T cells (CD3D"),
natural killer (NK) cells (KLRFIY), B cells (CD79A4"), and
nonimmune cell lineages (PPBPY) (Fig. 10). As expected,
unsupervised hierarchical clustering of all cell clusters con-
firmed the major cell lineages (Fig. 1.D).

The high sensitivity of scRNA-seq allowed us to further map
these clusters to immune cell subsets. Specifically, we identified
four myeloid cell subtypes according to the expression of canoni-
cal markers and cell type—specific gene sets (27) (Fig. 1E and S/
Appendix, S1 E and Fand Dataset S2), including CD14" mono-
cytes (LYZ*CD14"), CDI16" monocytes (LYZYFCGR34"),
conventional dendritic cells (cDCs; CDICYCLECI0AY), and
plasmacytoid dendritic cells (pDCs; LILRA4" CLEC4C"). We
also identified nine T cell subtypes, namely, naive CD4 T cells
(CD4 Tnaive; CD3D" CCR7"), memory CD4 T cells (CD4
Tmemory; CD3D* CD40LG"), IFN-related CD4 T cells (CD4
T IFNrelated; CD3D" ISG15"), regulatory T cells (Tregs;
CD3D" FOXP3"), innate-like T cells (innate lymphoid cells;
CD3D" CDI127" KLRGIT SLC4A10V), memory CD8 T cells
(CD8 Tmemory; CD8AY GZMK), effector CD8 T cells (CD8
Teffector; CD8AY GZMB"), and proliferating T cells (prolife-
rating T; CD3D" MKI67") (SI Appendix, Fig. S1H), which
were confirmed by evaluating T cell signature gene sets (27) (S7
Appendix, Fig. S1G). In addition, other subpopulations were
annotated mainly according to unique marker genes, including
resting NK cells/CD56"8"*CD16~ NK (NCAMI"*" CD16
KLRFI*  GZMK"), active NK cells/CD56™CD16* NK
(NCAMI“™ CD16~ KLRFI* GZMB'), naive B cells
(CD79A* IL4R*), memory B cells (CD794" CD27"), plasma
B cells (CD79A* MZBI'), megakaryocytes (PPBP), and
erythrocytes (HBAI") (Fig. 1E and SI Appendix, Fig. S11). All
clusters contained cells from multiple BD patients, suggesting
the absence of significant batch effects (Fig. 1F and S7
Appendix, Fig. S1]). Thus, we delineated the peripheral

immune landscape in BD at single-cell resolution.

Monocytes Contribute to Systematic Immune Aberrations in
BD. Aiming to decipher the changes in immune cell composi-
tion in BD, we conducted integrative analyses of scRNA-seq
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data with bulk RNA-seq data (9 BD patients and 10 HCs) to
increase patient numbers. Principal component analysis of bulk
RNA-seq data using all quantified genes revealed that the first
principal component clearly distinguished BD patients from
HCs (S Appendix, Fig. S2A), indicating dramatic differences in
the genome-wide profiles of BD patients compared with HCs.
We then identified 1,514 up-regulated and 325 down-
regulated differentially expressed genes (DEGs) in BD from
bulk RNA-seq data (Fig. 24). Upon mapping these DEGs to
cell types identified in scRNA-seq data, we found that the
up-regulated DEGs were relatively enriched in monocytes and
DCs (Fig. 2B), while the down-regulated genes were enriched
in B cells (Fig. 2C). However, the fold changes in these DEGs
between BD patients and HCs did not reveal a pronounced
enrichment in specific cell types (SI Appendix, Fig. S2B). This
result implies that BD-associated variations in the bulk tran-
scriptome are more likely to be impacted by changes in cellular
composition than by intracellular changes. We next deconvo-
luted the immune cell subtypes in bulk RNA-seq data by
CIBERSORT (28) with the LM22 signature matrix, which dis-
tinguishes human hematopoietic populations isolated from
peripheral blood (28). Consistently, we found a higher propor-
tion of monocytes in BD patients than in HCs (Fig. 2D),
which was further confirmed by complete blood count data
(23.3 + 10.1% versus 12.4 + 2.8%, P < 0.0001; Fig. 2F) and
scRNA-seq data (8] Appendix, Fig. S2C), suggesting an aberrant
role of monocytes in BD. Additionally, smaller memory B cell
populations were observed in BD patients than in HCs (Fig. 2D),
as previously reported (29).

Next, we investigated intracellular biological differences associ-
ated with BD development in the major cell lineages using
scRNA-seq data. We identified DEGs that distinguished BD from
HC in individual cell lineages and determined the enriched biolog-
ical pathways. The bacterial and viral infection pathways were
enriched in most lineages (SI Appendix, Fig. S2D), supporting the
hypothesis that infectious agents trigger BD pathogenesis (30, 31).
In T cells, Thl cell differentiation was among the top enriched
pathways (SI Appendix, Fig. S2D), suggesting Th1-mediated hyper-
activity in BD (32). In monocytes, the top pathways were the
IFN-y response, processing and presentation of exogenous anti-
gens, and neutrophil activation (Fig. 2 Fand G and Dataset S3).
Moreover, the up-regulated DEGs in monocytes from scRNA-seq
data were shared with the DEGs from the bulk RNA-seq data
(SI Appendix, Fig. S2E), further confirming the significant contri-
bution of monocytes to the global transcriptome aberrations in
BD. Taken together, the integrated analysis of bulk RNA-seq data
systematically identified BD-associated immune disturbances and
indicated the prominent mobilization of monocytes in BD.

Identification of Monocyte Heterogeneity. To increase cell-
level resolution and dissect monocyte heterogeneity, we per-
formed scRNA-seq of magnetic bead-sorted monocytes
(CD14") from PBMCs of four BD patients and four HCs. We
retained 39,385 monocytes that passed rigorous filtering,
including 17,321 cells (44%) from HCs and 22,064 cells
(56%) from BD patients. By graph-based clustering, we cap-
tured the profiles of eight clusters (Fig. 34 and Dataset $4),
which were not confounded by either a specific patient or con-
dition (87 Appendix, Fig. S3 A and B).

The heterogeneity of monocytes corresponds to diverse func-
tional specialization (33). We then compared the functional phe-
notypes of all eight subtypes by assessing the highly expressed
genes and corresponding enriched pathways (Fig. 3 B and O).
Five of the eight monocyte subtypes maintained higher levels of

pnas.org


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2204289119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2204289119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2204289119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2204289119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2204289119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2204289119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2204289119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2204289119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2204289119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2204289119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2204289119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2204289119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2204289119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2204289119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2204289119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2204289119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2204289119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2204289119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2204289119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2204289119/-/DCSupplemental

A D Cell lineage Correlation

Single-cell RNA-seq L] =13 I’
(4 BD vs 4 HC) 19 0.9
= 8
BD 7 4 6 0.8
- 5
[ ] % A 11 0.7
PBMC X ]g 06
S ) 15 Io.s
?@® - Bulk RNA-seq (9 BD vs 10 HC) 3
e R AT S— 3
HC @ ¥ vAav p
@6 DPDT %
-~ 3 . DO Single-cell RNA-seq 19
Magnetic bead Monocytes (4BD vs 4 HC) 20
sorting (CD14-postive) ] 1575
— oy — O 9 — on ] I 16
\T- o3 5 O P®OB N D IO Y~ NDRDLD
. Cell [WBcells mDC [ Monocytes
lineage  mINK cells MIT cells MNonimmune
16:Naive B
o 18:Plasma B LYZB_L? [ I S S I W S S
. ot | | | | T I N A N T N T N N O
eme _ FOGROA| | P 1 1 1 L b L4 1]
101 W Envthrocyte LRA4) | D
CLEC4C
11:CD8 Teffector ' corel | | @11 1oyl I
4:cDC 13:Proliferating T 7 cLECT0A| | | !L | [HSR I N AN N N |
. i CcD3D Q 212g5222 L
~  |2:cD16+ Mono# 19:Megakaryodia. . >4 L
ol - e s S0 ~12:Innate like T CD8A | AQQ | | |
a i 15 Restine e 4 16:CD8 T L 11 [ 11 5 A I T |
01 y ). :restl ¥ -
= - S L NS I
£/ CD14+ Monooyte ozmk| | o L LTI eR [ 1|
6:CD4 T . GzMB| | | Y| | 1 1 | 1l AaPh sl
x, g, wdr 3
ZCDATIFNrelated c0794| | | | | | | | | ||| | TP
- 8:CD e o MR\ | )y Ll L 18]
: - naive
o P . oz |,  bbeoeb | VA | | 4PL
MzB1 1 2 | I I | | | | | 1 | | ’ | L
D8Tnave PPBPlL | A 4 1 | o 14 11 141111 a>y
HBA1 | L1 | L1 | | S l || | e I—T_
T T e o L ] ® o o « e e . ® e e o
-10 UMAP_1 0 TAN®TLO~0eo - doYe o2l
C CD3D CD8A CD79A E
i | ﬁ 1.00 1 .-!!.._-
M"‘(Q Expression 0751
>4 | ]
4 10.0 c —
L] || —
75 2 -
= -
KLRF1 CD33 PPBP 5.0 Sos0{ ==
‘ - | L
£ [
(@] ] | ]
A T " 025{ [ ||
N | |
|[ , B e -.
% 0.00 | -—----7
E B
=) T T T T T T T
UMAP 1 BD1 BD2 BD3 BD4 HC1 HC2 HC3 HC4

Fig. 1. High-resolution mapping of PBMCs in BD patients and healthy donors. (A) Schematic workflow of the experimental strategy. (B) UMAP visualization of
20 unique cell clusters (colors) in PBMCs from four BD patients and four HCs. (C) UMAP plot showing the expression of canonical markers of the main cell lineages
by color. (D) Heatmap showing Spearman correlation (colors) between the log-normalized average expression of all clusters. Cell clusters are ordered by hierarchical
clustering and annotated with the corresponding cell lineage (color-coded bar). () Violin plots showing the expression of canonical markers that recognize each cell
cluster. (F) Proportions of cell clusters among total cells in individual patients. QC, quality control; UMAP, uniform manifold approximation and projection.

CDI14 (Fig. 3(Q). Specifically, VIM-high monocytes (VIM suppressor cells (34). Although the expression profile of SOD2-
Monos) overexpressed S100A family genes (S10048, S100A9, high monocytes (SOD2 Monos) resembled that of VIM Monos
and S100A12), which are markers of human myeloid—derived (SI Appendix, Fig. S3C), SOD2 Monos were enriched in the
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Fig. 2. Aberrant monocytes in PBMCs of BD patients. (4) Volcano plot showing the DEGs in bulk RNA-seq data comparing the BD and HC groups (criteria:
P < 0.01 and absolute log2 [fold change] >1). Red, significant up-regulation; purple, significant down-regulation; gray, not significant (not-signif). (B and ()
Heatmap visualizing the row-scaled average expression of common DEGs in cell types identified in scRNA-seq data, with up-regulated DEGs in B and down-
regulated DEGs in C. Common DEGs are defined as the overlap between DEGs in bulk RNA-seq data in A and highly variable genes in scRNA-seq data.
(D) Forest plots showing the BD-association cell types. Coefficients, 95% Cls, and P values were derived from the linear mixed models between condition
(BD/HC) and cell proportions, with age as the covariate. The cell proportions in bulk RNA-seq data (9 BD patients and 10 HCs) were deconvolved by
CIBERSORT using the default LM22 signature. (E) The proportions of monocytes in total PBMCs of BD patients and HCs based on complete blood counts
(n = 38 per group). The data are summarized as the mean + SD. (F) Scatter plot showing the percentage of detected genes (dots) in HC (x axis) and BD
(v axis) monocytes from scRNA-seq data. The colored genes indicate significantly up-regulated genes in BD monocytes, and the labeled genes are those
within the response to the IFN-y pathway in the Gene Ontology (GO) database. (G) Bar plot showing the top enriched GO pathways of the significantly
up-regulated genes in F. The Wilcoxon test (A and D) and independent-sample t test (E) were applied. ****P < 0.0001. P.adj, adjusted P value.

response to oxidative stress and overexpressed redox-related genes
(SOD2, CYBA, and NAMPT) that are associated with impaired
fibrinogen function in BD patients (35). EIF5A-high monocytes
(EIF5A Monos) involved cell proliferation genes (EIF5A and
Clorf56); ISG15-high monocytes (ISG15 Monos) showed prefer-
ential expression of IFN-inducible genes (/SG15 MXI, and
MX2); and major histocompatibility complex (MHC)-II-high

4 0f 12 https://doi.org/10.1073/pnas.2204289119

monocytes (MHC-II Monos) were enriched for genes in antigen
presentation pathways, such as those encoding MHC class II
chains (HLA-DRA, HLA-DQAI, HLA-DPBI, and CD74).
Among the three subtypes with lower CDI4 expression (Fig.
3(0), CD16-high monocytes (CD16 Monos) presented nonclassi-
cal monocyte markers (FCGR3A, MS4A7, and CX3CRI), and
monocyte-derived DCs (MoDCs) showed overexpression of DC
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Fig. 3. Heterogeneity of monocyte subtypes in BD. (A) UMAP visualization of sorted monocytes (CD14") from blood samples of BD patients (n = 4) and HCs
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Wilcoxon test (D) and independent-sample t test (F) were applied. **P < 0.01. P.adj, adjusted P value; UMAP, uniform manifold approximation and projection.

markers (CLECI10A, FCERIA, CST3, and CD74) with enrich-
ment of antigen presentation pathways and the DC-specific gene
signature (Fig. 3 B and C and SI Appendix, Fig. S3D). Clqhl
monocytes (C1Q Monos) highly expressed components of com-
plement 1q (Clq genes, including CI1QA, CIQB, and CIQC)
and macrophage markers (CD68) (Fig. 3C) and also exhibited a
macrophage-like phenotype (SI Appendix, Fig. S3D).

We next investigated BD-associated differences in monocyte
composition. Comparing the relative cell proportions in the BD
and HC groups, we observed a notable increase in C1QQ Monos
in BD patients and a significant decrease in MoDCs (Fig. 3D).
Using flow cytometry, we observed the existence of this subtype

PNAS 2022 Vol. 119 No.26 2204289119

and validated that the Clqhi monocyte population (C1Q Monos
in scRNA-seq data) was increased in active BD patients (1.28 +
0.99% versus 0.73 + 0.44%, P = 0.0024; Fig. 3 E and F).
Altogether, analysis of the scRNA-seq data for sorted monocytes
revealed the heterogeneity of circulating monocytes and the corre-
sponding diversification of monocyte functions and significantly
increased Clqhl monocytes in BD patients.

Differentiation Trajectories Toward C1g™ Monocytes Are
Accompanied by Inflammatory Pathways. To explore the tran-
sitional relationships across monocyte subtypes, we determined
the pseudotemporal order and reconstructed the differentiation
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trajectory using a diffusion map (36), TSCAN (37), and Sling-
shot algorithms (38). The pseudotime trajectory axes branched
from MHC-II Monos into two termini: fate 1, C1Q Monos,
and fate 2, MoDCs (Fig. 4 A and B). These two fates corre-
sponded to the roles of monocytes in replenishing macrophages
and DCs (39) and were confirmed by Monocle 3 (40) (87
Appendix, Fig. S44). Interestingly, a significantly imbalanced
distribution of two conditions appeared along with the two
fates, with BD monocytes aggregating at the end of fate 1 but
more HC monocytes accumulating at the end of fate 2 (Fig.
4C). This result corresponded with the increased C1Q Monos
and decreased MoDCs signatures in BD (Fig. 3D). The
remarkable shift in monocyte differentiation toward C1Q
Monos, but not MoDCs, suggests the role of C1Q Monos in
modulating exaggerated inflammation in BD.

Next, we investigated the correlated gene expression profiles
and pathways underlying the two differentiation trajectories
(Dataset S5). We observed the gradual up-regulation of genes
encoding inflammatory  cytokine-related proteins (ISGI5,
TNFRSFIB, and S100A11) and complement components (Clq
genes) along fate 1 (Fig. 4D). In contrast, fate 2 showed varia-
tions in antigen presentation genes, including MHC-II genes
(HLA-DR, HLA-DP, and HLA-DQ), the Fc fragment of the
immunoglobulin E receptor (FCERIA and FCER2B), and DC
markers (CLECI04, CDIC and CD74) (Fig. 4F). Pathway
enrichment analyses identified fate 1 was in conjunction with
inflammation-related pathways (41-43), such as chemokine
signaling pathway, nucleotide oligomerization domain (NOD)-
like receptor signaling pathway, and NK cell-mediated cytotoxicity,
while fate 2 was associated with antigen presentation—related
pathways. These results indicated functional divergence of cells
adopting the two fates. As expected, phagocytosis and antigen
presentation were enhanced along fate 1 and fate 2, respectively
(ST Appendix, Fig. S4 B and C). In addition, the expression
of transcription factors (TFs) engaged in the monocyte-to-
macrophage transition (RHOC, NR4A1, and MAFB) gradually
increased in fate 1, which ended with the macrophage-like
subtypes (C1Q Monos), but not in fate 2, which concluded
with the MoDCs subtype (Fig. 4G and SI Appendix, Fig. S4D).
Altogether, monocytes in BD patients preferendally differentiate
toward a C1Q Monos—ended and inflammation-accompanied

trajectory, which suggests the proinflammatory characteristics of
C1Q Monos.

C1Q Monos Contribute to Hyperinflammation in BD. To test
whether C1Q Monos manifest proinflammatory properties, we
analyzed three key inflammation-regulatory capacities of mono-
cytes, including phagocytosis, antigen presentation, and cytokine
secretion. C1Q Monos indicated greater functional capacity than
other subtypes (Fig. 5A4), as evidenced by the overexpression of
BD-associated proinflammatory cytokines (7NF and IL6) (7,
44), FcR activators (LYN and HCK), recruiters of cytoskeleton
remodelers (PIK3CG, WASP2, and VASP), and MHC-II compo-
nents (SI Appendix, Fig. S5 A-O).

Next, we examined the phagocytic capabilities by 1ncubat1ng
monocytes with fluorescence-labeled dextran. BD C1q™ mono-
cytes engulfed more dextran than CD16" monocytes (Amean
fuorescence intensity [MFI]: 832.8 & 175.4 versus 567.8 + 43.5,
P = 0.0175) and CD16~ monocytes (AMFI: 832.8 + 175.4
versus 448 + 84.6, P = 0.0045; Fig. 5 B and C and S/
Appendix, Fig. S5D). We further detected proinflammatory
cytokine production in hpopolysaccharlde (LPS)-stimulated
monocytes and observed that BD Clq™ monocytes produced
significantly higher levels of IL-6 and TNF-a than CD16*
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monocytes (IL-6: 5.1 + 2.8% versus 2.5 + 0.9%, P = 0.0362;
TNF-a: 58.5 + 3.0% versus 47.1 + 7.1%, P = 0.0034) or
CD16~ monocytes (IL-6: 5.1 + 2.8% versus 1.2 + 0.5%,
P = 0.0191; TNF-a: 58.5 + 3.0% versus 31.4 + 4.4%,
P < 0.0001; Fig. 5 D-G). Collectively, our functlonal assays
confirmed the proinflammatory characteristics of Clq monocytes,
providing insights into the pathogemc1ty of C1q" monocytes in the
hyperinflammartory responses of BD patients.

Activated IFN-y Signaling Stimulates the Expansion of C1q"
Monocytes in BD. To understand the underlying mechanisms
of Clq monocyte expansion in BD, we first analyzed DEGs
in C1q™ monocytes between BD and HC and identified 254
up-regulated genes and 115 down-regulated genes in BD (87
Appendix, Fig. S6A4). The up-regulated genes were prominently
enriched in pathways of response o IFN-y (Fig. 64), corre-
spondmg to the global overexpression of IFN-y—inducible genes
in Cl1q™ monocytes (81 Appendix, Fig. S6A) and the DEG
enrichment in total monocytes (Fig. 2G). Additionally, the
overexpression of these IFN-induced genes (ISGI5, LYEG,
IFITM?2, and IFI TM3) was accompanied by preferential differ-
entiation into Clq monocytes (Fig. 4D). Next, we used SCE-
NIC tools (45) to predict which TFs modulate these DEGs
and noted the marked enrichment of TFs that regulate IFN-y
response pathways, including STAT1 and IRFI (Fig. 6B and S/
Appendix, Fl%1 S6B); the expression of these TFs was also ele-
vated in C1q™" monocytes from BD patients (S Appendix, Fig.
S6C). STAT1 phosphorylatlon was validated to be significantly
increased in Clq monocytes from BD patients (normalized
MFI: 1.5 + 0.7 versus 0.9 =+ 0.3, P= 0.013; Fig. 6C)

The enriched IFN-related pathways in BD Clq™ monocytes
inspired us to ask whether IFNs can stimulate C1q™ mono-
cytes. We found that IFN-y treatment significantly increased
the expression of Clq genes in HC monocytes (fold change:
2.0 £ 0.9 for CIQA, P = 0.028; 29.2 + 11.5 for CIQB,
P < 0.0001; 2.2 + 1.2 for C]QC P = 0.032; Fig. 6D) and
increased the proportion of Clq™ monocytes (3.0 + 2.1%
versus 0.8 + 0.5%, = 0.013; Fig. 6 £and F), which was signifi-
cantly higher than IFN-a or IFN-B (87 Appendix, Fig. S6 D—F)

Meanwhile, we observed markedly increased IFN-y concen-
trations in serum from BD patients (14.6 + 14.8 pg/mL versus
4.012 + 3.2 pg/mL, P < 0.0001; S/ Appendix, Fig. S6G). By
examining the main IFN-y—producing cells, we found a signifi-
cant increase in Thl cells (IFN-y—positive CD4 cells) among
CD4™ T cells (12.9 + 4.7% versus 8.15 + 2.6%, P = 0.038;
SI Appendix, Fig. S6 H and ). To gain insights into the regula—
tory relationships among these cell clusters, we inferred putative
interactions between Clq monocytes and T/NK cells (87
Appendix, Fig. S7TA and Dataset S6). Incoming interactions
from T/NK cells to C1q™ monocytes were increased mainly in
CD4" T cells from BD patients but were reduced in CD8* T
cells and NK cells, in line with the increased IFN-y production
by CD4™ T cells. Addltlonally, the increased number of outgo-
ing interactions from Clq monocytes to T/NK cells indicates
intense signalings were sent from Clq" monocytes in BD
patients. Proinflammatory characteristics were also shown in
BD-associated interactions, including CD40-CD40LG (46),
HLA-DPBI-TNFSF13B (47), CXCLI10-CXCR3 (48), and
TNFRSF10B-TNFSF10 (49) (SI Appendix, Fig. S7 B and C
and Dataset S6). These analyses reveal frequent crosstalk
between Clq monocytes and CD4" T cells in BD patients.

IFN-y is a major effector in the pathogenesis of numerous
mﬂammatory and autoimmune diseases (50, 51). We evaluated
whether C1q™ monocytes are also present in patients with
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Fig. 4. Trajectory inference of monocyte differentiation. (A and B) Visualization of monocyte trajectories using the first two diffusion components inferred
by the diffusion map algorithm, colored by monocyte subtype (4) and pseudotime (B). Each dot represents a cell, and the black lines in A show Slingshot tra-
jectories. (C) Comparison of the pseudotime differences between BD patients (red) and HCs (blue) within fate 1 and fate 2. The Wilcoxon test was used for
statistical analysis. (D and E) Heatmap showing the gene expression (normalized log count, shown by color) of correlated genes along fate 1 (D) and fate 2
(E), annotated by the corresponding pseudotime and cell type. (F) Pathway enrichment of pseudotime-correlated genes for the two fates. The top Kyoto
Encyclopedia of Genes and Genomes terms are shown colored by the Benjamini-Hochberg-corrected P values. The dot size indicates the ratio of enriched
genes in the pathway. (G) Expression of known TFs driving macrophage development along fate 1, colored by monocyte subtypes. Dashed line shows the
smoothed fit of TF's expression along fate 1. Labeled are P value and log fold-change (logFC) of the TF along fate 1. P.adj, adjusted P value.

(53), and Kawasaki discase (GSE168732) (54) (SI Appendix,

cancer or other IFN-y—related immune dlseases Through an

integrative analysis, we observed that the C1q"" monocytes in
BD showed similar transcriptomic patterns to the C1QA
monocytes found in rheumatoid arthritis (SDY998) (52) (81
Appendm Fig. S7D). We also observed C1q™ monocytes in other
immune diseases, such as systemic lupus erythematosus (Gene

Expression Omnibus [GEO] database accession No. GSE135779)

PNAS 2022 Vol. 119 No.26 2204289119

Fig. S7D), but not in blood cancers, including acute myeloid
leukemia (GSE116256) (55), acute lymphocytic leukemia
(GSE132509) (56), and chronic lymphocytic leukemia patients
(GSE111014) (57) (SI Appendix, Fig. S7E and Dataset S7).
Altogether, our data suggest the unrecognlzed mechanism by
which IFN-y promotes the generation of Clq monocytes in
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Fig. 5. C1g™ monocytes exhibited proinflammatory properties. (A) Violin plots showing the average expression levels of monocyte functional gene sets
(S Appendix, Materials and Methods) among all monocyte subtypes (colors). Top: BD patients; Bottom, HCs. Groupwise P values were calculated via the Kruskal-
Wallis test, and pairwise P values were calculated via the Wilcoxon test. (B and C) Representative histograms (B) and summary (C) of the phagocytosis capability of
C1g™ monocytes, non-C1g™CD16* monocytes, and non-C1q™CD16~ monocytes from BD patients (n = 5) and HCs (n = 5). The data are summarized as the mean
+ SD. (D-G) Representative histograms (Top) and summary (Bottom) of the flow cytometry analysis results showing the significantly higher production of IL-6

(n=5inBD and n =

9 in HC, D and E) and TNF-a (n

=5in BD and n =

9 in HC; F and G) in C1g™ monocytes than in non-C1g™CD16* monocytes and

non-C1qMCD16~ monocytes after LPS stimulation. The data are summarized as the mean + SD. Paired t tests (C, £, and G) were applied. TRITC-dextran,
tetramethylrhodamine isothiocyanate-dextran; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. ns, not significant.
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Fig. 6. Increased IFN-y levels led to C1g™ monocyte expansion in BD. (A) Bar plot showing the top four enriched pathways of significantly up-regulated

genes in C1g" monocytes from BD patients. (B) Top TFs predicted as regulators of DEGs (BD versus HC) in C1g" monocytes by the SCENIC algorithm. Each
red rectangle in the left panel represents a gene targeted by the TF. The significant TFs are shown in the middle panel, and the right panel shows the FDR
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(right) of phosphorylated STAT1 levels (normalized MFI values) in C1g™ monocytes from the BD and HC groups (n = 8 per group). (D) Monocytes were stimu-
lated with IFN-y for 6 h, and relative mRNA expression (C1q genes) was measured using qRT-PCR (n = 5). (E and F) Representative flow cytometry plot (£) and
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and activator of transcription 1.

BD, and this mechanism may also be involved in the pathogen-
esis of other immune diseases.

C1q" Monocytes Distinguish BD Patients From Healthy Donors
and Respond to Treatment. To explore the potential clinical
value of C1Q Monos, we mined the predictive power of highly
expressed genes in C1Q Monos in our in-house cohort (7 = 19)
and three published cohorts with active BD patients
(GSE17114, n = 29; GSE165254, n = 25; and GSE70403,
n = 58). The top five expressed genes in C1Q Monos were
found to significantly explain variance and predict BD patients
with an area under the curve above 0.7 in the three cohorts
(Fig. 7A4). Consistently, these five genes showed significantly
higher relative expressions than randomly selected genes in the
HC-corrected gene profiles of BD patients in the GSE70403
cohort (SI Appendix, Fig. S8A). Among the top five genes,
Clq genes (CIQA, CIQB, and CIQC) were significantly
up-regulated in the bulk RNA-seq analysis of PBMCs
(SI Appendix, Fig. S8B), and Clq protein levels were also markedly
increased in serum from BD patients (108.9 + 18.4 pg/mL versus

PNAS 2022 Vol. 119 No.26 2204289119

82.0 + 26.8 pg/mL, P = 0.03; SI Appendix, Fig. S8C). These
results reveal C1Q Monos could distinguish active BD patients
from HCs in diverse cohorts.

We investigated BD-associated genes identified by genome-
wide association studies across monocyte subtypes and found
that C1Q Monos had the highest average expressmn of these

genes (SI Appendix, Fig. S8D). Furthermore, Clq monocytes
were positively correlated with the erythrocyte sedimentation
rate (a clinical diagnostic parameter measuring the degree of
BD inflammation) (r = 0.46, P = 0.004; SI Appendix, Fig.
S8E) and showed higher proportions in BD patients with high
disease activity scores (estimated by Behget’s Disease Current
Activity Form [BDCAF] scores) (Fig. 7B) In brief, these results
reveal the significant association of C1q"™ monocytes with dis-
ease activity, 1nd1catmg their potential as clinical parameters to
identify BD patients in the active mﬂammatlon stage.

Furthermore, we explored whether C1q™ monocytes could
respond to drug treatment in BD. The immunosuppressive
therapies significantly decreased C1q™ monocytes within the
same patient after treatment (1.4 + 1.2% versus 0.5 + 0.4%,
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Fig. 7. C1q™ monocyte distinguished BD patients from HCs and responded to BD treatment. (A) Receiver operating characteristic curve of the mean
expression of the top five highly expressed genes (C1QB, C1QA, C1QC, FCGR3A, and HES4) in C1Q Monos to distinguish BD patients from HCs using
in-house bulk RNA-seq data (n = 19), GSE17114 (n = 29), and GSE165254 (n = 25). (B) Proportion of C1qhi monocytes in circulating monocytes across BD
patients (n = 38) with different disease activity indexes (BDCAF scores). Higher BDCAF scores mean more severe disease states. The data are summarized as
the mean + SD. (C) Proportion of C1g™ monocytes in peripheral monocytes from active and immunosuppressant-treated BD patients (n = 10). (D and £)
IFN-y-stimulated C19™ monocytes were decreased after tofacitinib treatment, detected by qRT-PCR (D, at mRNA level) and flow cytometry (£, at protein
level). Proportion of C1g" monocytes in peripheral HC monocytes is shown in y axis (E). The data are summarized as the mean + SD. The paired t test ()
and independent-samples t test (D and E) were applied. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. AUC, area under the curve.

P =0.0189; Fig. 70). The Janus kinase (JAK)-signal transducer
and activator of transcription (STAT) pathway signaling is a
canonical pathway that IFN-y utilizes to activate STAT1 TF
(51). Having observed the prominent activation of STATT and
IFN-y 51gna11ng in Clq monocytes (Fig. 6C), we next tested
whether C1q™ monocytes respond to tofacitinib (a drug sup-
pressing JAK-STAT signaling), which was a promising inter-
vention for BD in our recent clinical studies (58). Intriguingly,
tofacmmb treatment significantly decreased IFN-y—stimulated
C1q™ monocytes at both transcriptional (fold change: 1.4 + 0.4
versus 1.1 = 0.1 for CIQA, P = 0.0393; 15.2 + 0.6 versus
0.5 £ 0.1 for CI1QB, P < 0.0001; 4.0 = 1.6 versus 0.7 + 0.2
for CIQC, P < 0.0001, Fig. 7D), and protein levels (1.7 + 0.3%
versus 1.0 + 0.2%, P < 0.0001; Fig. 7E and SI Appendix,
Fig. S8F). Altogether, these results provide insights into the
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potential of C1q" monocytes m monitoring treatment efficacy
and indicate that targeting Clq monocytes could be an effective
strategy for BD therapies.

Discussion

BD shares common features with autoinflammatory and auto-
immune diseases (2, 5, 7). Our findings focused on revealing
the unexplored immune landscape in BD at single-cell resolu-
tion, especially the markedly increased monocyte population.
Among monocyte subtypes, the increased Clq™ monocytes
manifested proinflammatory features and significant clinical rel-
evance. This subtype was induced by IFN-y in BD serum but
was recovered by tofacitinib treatment. Briefly, our study delin-
cates a single-cell view of circulating blood in BD patients,
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increasing the understanding of how certain subtypes contrib-
ute to BD hyperinflammatory status and revealing potential tar-
gets for BD therapies and clinical assessment.

Monocytes serve as a bridge between innate and adaptive
immunity owing to their versatile functions, including antigen
presentation, phagocytosis, and cytokine secretion (59). Impaired
monocyte function is emerging in multiple autoinflammatory
and autoimmune diseases (60-64). Our study found increased
monocytes in BD blood, which may contribute to aberrant
monocyte infiltration in the BD lesions, such as intestinal ulcers,
blood vessels and the brain (65-67). Monocytes are a heteroge-
neous population of cells with functional variation (33), our pre-
vious study revealed the dysfunction of monocyte subsets in BD
(50). Here, we leveraged the high resolution of single-cell tech-
nologies to redefine monocytes into eight subtypes, thereby gain-
ing insight into the pathogenic role of monocyte subtypes in BD.

Our experiments showed the expansion of Clth monocytes
in BD patients, as well as the enhanced phagocytosis and over-
production of proinflammatory cytokines. Clq also promoted
the phagocytic capabilities of human monocytes and macro-
phages (68, 69) and stimulated the release of inflammatory
cytokines (ITNF-a and IL-6) from monocytes in RA patients
(70). Consistently, trajectory inference revealed that BD mono-
cytes preferentially differentiated into C1q" monocytes but not
monocyte-derived DCs, as suggested by previous studies show-
ing that Clq expression increased in inflammatory monocytes
(71) and inhibited DC differentiation (72). Moreover, Clq
plays a central role in host defense as a pattern recognition mol-
ecule that recognizes both self and nonself ligands (73-76),
1nd1cat1ng that promﬂammatory C1q" monocytes might help
BD patients defend against pathogens that are known as critical
triggers of BD development (7, 31).

It remains elusive how IFN-y signaling mediates the immune
disturbances in BD, although IFN-y levels were significantly
1ncregsed in BD patients (77-79). Our study discovered that
Clq monocytes respond to IFN-y activation in BD patients.
As a critical transcriptional modulator of IFN-y (51), STAT1
was also prominently activated in C1q™ monocytes, similar to
the activation of STAT1 in CD14* monocytes (80) and active
macrophages (81) in other immune diseases. Addmonally,
monocytes treated with IFN-y showed increased C1q™ mono-
cytes, as suggested by the previous finding that exogenous
IFN-y induced Clq messenger RNA (mRNA) synthesis in
murine macrophages (82). As Thl cells are the main IFN-
y—producing cells among CD4* T cells, our findings of
increased IFN-y secretion and Th1 cell differentiation support
the hypothesis of activated Thl-dominated immunity in BD
(79). Overall, these results suggest a model wherein overactive
Th1 cells in BD patients increase the serum concentratlon of
IFN- e which induces the expansion of C1q" monocytes. As
C1q" monocytes were also identified in other immune diseases,
our findings may provide insight into their pathogenic role in
not only BD but also numerous IFN-y—involved diseases.

A critical unmet need in BD is the identification of thera-
peutic targets and laboratory mdexes to aid in clinical assess-
ment (3). We found that C1q™ monocytes expansion was
tightly correlated Wlth BD disease activity. Furthermore, the
marker genes of C1q"" monocytes significantly predicted BD
patients in muldple cohorts, and Clq protein levels were
increased in BD serum. Of note, C1q™ monocytes responded

1. K. Tascilar et al., Vascular involvement in Behget's syndrome: A retrospective analysis of
associations and the time course. Rheumatology (Oxford) 53, 2018-2022 (2014).
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to both immunosuppressive agents and tofacitinib, which our
recent study reported as an effective and safe drug for BD
patients (58). These data implied that C1q™ monocytes and
their markers could be potential clinical parameters to assess
therapeutic efficacy and that targeting this subset would bring
therapeutic benefits to BD patients.

There are several limitations of our current study. First, due to
the low prevalence of BD, the limited number of BD patients in
the scRNA-seq data may introduce statistical bias. Hence, we veri-
fied our findings by combining both experiments and additional
analyses of public cohorts. Second, we merely focused on immune
cells from circulating blood, and further study of BD lesions will
improve understanding of the immune landscape of BD. Third,
functional phenotypes and markers of the other monocyte sub-
types will also need to be confirmed in the future.

In conclusion, our study delineates the immune landscape of
BD at single-cell resolution, identifies the discriminative
markers and transitional dynamics of monocyte subt{pes, and
pmpomts the proinflammatory contribution of C1q™ mono-
cytes in BD. Our data provide a valuable scRNA-seq resource
for BD-related studies and shed light on potential targets for
targeted therapies and clinical assessment of BD.

Materials and Methods

Peripheral blood samples were collected from 52 BD patients who fulfilled the
2013 International Criteria for BD (83) and 56 HCs (Dataset S1). Sixteen samples
were used for scRNA-seq(four BD and four HC samples for individual scRNA-seq
data), and 19 samples were used for bulk RNA-seq (9 BD and 10 HC). The study
was approved by the ethical committee of the Peking Union Medical College
Hospital (JS-3418). All subjects provided written informed consent.

Detailed methods are provided in S/ Appendix .

Data Availability. The raw data and metadata of bulk RNA-seq and scRNA-seq
data have been deposited in the GEO database (accession Nos. GSE198533 and
GSE198616). The scripts used for all analyses in this study are available at
GitHub (https://github.com/wangxiaomané18/BD_project.git). All other data are
included in the manuscript and supporting information.
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