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SUMMARY

Immune cell subgroups in peripheral blood mononuclear cells (PBMCs) in primary
Sjogren’s syndrome (pSS) are thought to regulate immune responses, but the na-
ture and functions of these subgroups remain unclear. Here we performed single-
cell RNA sequencing (scRNA-seq) of about 68,500 PBMCs from three patients
with pSS and three healthy controls (HCs). We found that CD14" monocytes
from pSS patients expressed high levels of the transcription factor CEBPD, and
the direct regulation of target genes expression by CEBPD tends to participate
in the TNF-a signaling via NF-kB in monocytes. FOLR3 and IL1B were upregulated
separately in CD14* monocyte subsets from different pSS patients. We proposed
a system for classifying CD56 CD16* NK cells based on FCER1G expression.
Compared with HCs, pSS patients showed a significantly higher ratio of
CD56 CD16+FCER1G+ NK cells to CD56 CD16+FCER1G- NK cells. Our analysis
provides a reference dataset and reveals its immune heterogeneity among
PBMCs in pSS.

INTRODUCTION

Sjégren’s syndrome (SS) is a systemic autoimmune disease, and it can be classified as primary Sjégren’s
syndrome (pSS) or secondary Sjdgren’s syndrome (sSS) according to the cause of the disease. The inci-
dence of this disease varies greatly in different regions of the world, and the current incidence is approx-
imately 0.01-3.0% (Narvéez et al., 2020). pSS is a complex heterogeneous disease. There is evidence that
both innate immune cells and adaptive immune cells are involved in pSS. Among these cells, innate im-
mune cells have been shown to express type | interferons (IFNs). Proinflammatory environments further
activate T cells and B cells, which produce auto-antibodies; these activated cells form ectopic germinal
centers and participate in gland destruction, thereby promoting the occurrence and development of dis-
ease (Davies et al., 2019; Mavragani, 2017).

Peripheral blood mononuclear cells (PBMCs) are a subset of white blood cells that play an indispensable
role in the human immune system, which defends against diseases. PBMCs are composed of a mixture
of lymphocytes (T cells, B cells and natural killer (NK) cells) and myeloid cells. The abnormal immune re-
sponses in pSS are characterized by the infiltration of secretory glands by large numbers of T and B cells
from the blood and the production of auto-antibodies, such as anti-SSA and anti-SSB antibodies (Mariette
and Criswell, 2018). CD4*T cells are activated by antigen presentation by major histocompatibility complex
(MHC) class Il molecules, which leads to the differentiation of CD4™T cells into T helper 1 (Th1), T helper 17
(Th17) and T follicular helper (Tth) cells (Verstappen et al., 2021). CD8"T cells contribute to acinar damage in
the exocrine glands (Zhou et al., 2021). The number of B cells in the peripheral blood and exocrine glands
significantly increases, and ectopic germinal centers are often observed (Nocturne and Mariette, 2013). Ex-
amination of the peripheral blood of patients with pSS can reveal leukopenia, thrombocytopenia, or occa-
sionally hemolytic anemia (Meena and Bohra, 2019).

Single-cell RNA-sequencing (scRNA-seq) is a new technology for the high-throughput sequencing and
analysis of RNA at the single-cell level. Unlike conventional tissue or bulk cell population sequencing,
scRNA-seq facilitates the analysis of the complexity of changes between cells and within cell subsets
and provides deeper insights into specific information. There have been a small number of studies that
used scRNA-seq to analyze immune cells in the blood of pSS patients. They found that specific expansion
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Figure 1. Study design and single-cell transcriptomic profiling of PBMCs from HCs and patients with pSS

(A) Schematic diagram of the experimental workflow for defining and comparing PBMCs between the two groups.

(B) The number of genes, number of transcripts and mitochondrial distribution profile of the cells in a sample after quality control filtration.

(C) Uniform manifold approximation and projection (UMAP) plot of a single-cell profile. Each cell uses different colors to distinguish the sample type and
related cell types.

(D) The expression of marker genes for the cell types are defined above each panel.

(E) Distribution of the expression patterns of selected classic cell markers in four cell clusters.

(F) The ratios of the four cell types in HCs and pSS patients.

of CD4" cytotoxic T lymphocytes may be involved in the pathogenesis of pSS (Hong et al., 2021). Here, we
performed a detailed cell subtype analysis of single-cell transcriptomes of PBMCs from pSS patients and
compared the profiles of pSS patients and healthy controls (HCs), revealing the partially cell type-specific
and common changes in gene expression.

RESULTS
Single-cell transcriptional landscape of PBMCs from patients with pSS and HCs

We first isolated and sequenced a total of 68,509 cells from PBMC suspensions from three pSS patients and
three healthy controls (Figure 1A). After removing approximately 3.5% of the cells, which might have rep-
resented empty droplets and low-quality droplets, we obtained 66,141 total cells from the HCs (27,518
cells) and pSS patients (38,623 cells) that were used for further analysis Figure 1B). Unsupervised clustering
using Seurat 4.0 identified four different cell clusters in both groups (Figures 1C-1E). Cluster 1 (~5.78% of
all cells) consisted of B cells expressing CD79A, CD79B and MS4A1. Cluster 2 (~28.12% of all cells) con-
tained myeloid cells expressing ST00A8, ST00A9, and CST3. Cluster 3 (~21.57% of all cells) was composed
of NK cells expressing NKG7, GNLY and CST7. Cluster 4 (~44.53% of all cells) was composed of T cells ex-
pressing CD3D, CD3E and IL7R. The proportion of cells in each fraction is shown in Figure 1F.

scRNA-seq analysis of changes in the distribution of eight myeloid cell subsets

Myeloid cells can play a key regulatory or immunosuppressive role. Among these cells, monocytes (Mos),
macrophages and dendritic cells (DCs) are the first-line immune effectors. These cells are rapidly produced
under conditions of infection or inflammation (Stegelmeier et al., 2019). Our data detected 14,674 myeloid
cellsin all 6 donors, and these myeloid cells were subclustered into eight subsets (Figures 2A and 2B). The
identified clusters were designated as CD14" Mos (CD14, LYZ), CD16" Mos (FCGR3A), CD14*CD16* Mos
(APOBEC3A, ATF5and HLA-DQA1, presumed to be a transitional feature between CD14" Mos and CD16™
Mos), conventional type 2 DC cells (cDC2 cells, cD1C, FCER1A), macrophages cells (CTQA, C1QB and
C1QQ), pDC cells (DERL3, LRRC26, and TLR9), and megakaryocyte cells (PPBP, TUBB1 and PF4). Cluster
5 highly expressed MX1, IFIT1, IFI44L and IFIT3, indicating an important connection with the IFN signaling
pathway. We named this cluster Interferon-stimulated genes (ISG) + Mos (Figure 2C). Compared with those
in the HC group, the genes that were highly expressed by CD14" Mos in the pSS group were mainly
involved in activation during viral infection (Figure 2D). CD16" Mos have exhibit enhanced Fc gamma
R-mediated phagocytosis and regulate the polarization of Th1, Th2 and Th17 cells (Figure 2D). It was pre-
viously reported that CD16" Mos can activate the Fc gamma R-mediated phagocytosis pathway and stim-
ulate CD4'T cells to produce IL-4 (Wong et al., 2011). We found that in patients with pSS, the number of
CD14* Mos was decreased, whereas the numbers of CD14"CD16™ Mos and CD16™ Mos were increased
(Figure 2E), which is consistent with previous reports (Ciccia et al., 2013; Lopes et al., 2021; Soret et al.,
2021). The CD14*CD16" Mo subpopulation is responsible for the proliferation and stimulation of T cells.
These cells expressed higher levels of surface markers involved in antigen-presenting cell-T-cell interac-
tions (Zawada et al., 2011).

Transcription factors (TFs) play critical roles in the regulation of target gene expression. To explore myeloid
cell regulation, we performed SCENIC analysis, which revealed distinct gene regulatory networks in CD14™
Mos, CD14"CD16" Mos and CD16* Mos. TFs and their regulatory networks exhibited marked differences in
CD14" Mos and CD16" Mos (Figures 3A and 3B). CEBPD directly regulates target genes that were upregu-
lated in CD14*CD16" Mos and CD16* Mos compared with CD14" Mos, and CEBPD was upregulated in the
pSS group compared with the HC group in CD14* Mos (Figure 3C). In addition, SPI1, IRF1, IRF7 and their
target genes were upregulated in CD14"CD16" Mos and CD16™ Mos. SPI1, IRF7 and ISG15 were upregu-
lated in the pSS group compared with the HC group Figure 3D). GSEA results suggested that CEBPD, JUN,
FOS and IRFT might participate in the TNF-a signaling via NF-kB were significantly enriched in Mos
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Figure 2. Analysis of myeloid cell subset

(A) The left image represents the distribution of myeloid cells in different samples, and the right image shows the clustering of myeloid cells in all samples.
(B) The distribution ratios of myeloid cell subsets.

(C) The highest differential gene expression in myeloid cells between HCs and pSS patients.

(D) Analysis of differential pathways in both bulk myeloid cells and myeloid cell subsets between pSS patients and HCs.

(E) Boxplots showing the proportions of each myeloid cell subtype in the pSS and HC groups. Cell types showing enrichment in the pSS or HC subgroups are
marked with p values that were calculated by the two-sided Wilcoxon test.

(Figure 3E). ISGs including IRF1, IFI44L, IFIT3 and antiviral genes (OAS3, ADAR) with significant enrichment
of IFN pathway gene sets including IFN-a and IFN-y responses (Figure 3E, Tables S2 and S3). These results
suggested that IFN signaling pathways may be activated in the pSS group. We further performed pseudo-
time trajectory analysis using Monocle3, which revealed that CD14" Mos can further differentiate into
CD14"CD16" Mos and CD16" Mos (Figures STA and S1B). With the results of pseudo-temporal plots,
trajectory analysis indicated that CD14, LYZ, FCGR3A, HLA-DRB1, HLA-DRA participates in monocytes
differentiation (Figures S1C and S1D). In addition, IFNs such as IFITM3, IFITM2, IFITM1 and LY&E may
contribute to the differentiation of CD16+Mos.

Next, by differential gene comparative analysis, we showed that FOLR3 was expressed at different levels in
the different groups (Figure S2A, Table S2). Further analysis revealed that FOLR3 was upregulated and IL1B
was downregulated in pSS_3 patients compared with pSS_1 and pSS_2 patients (Figures S2B and S2C). We
performed data integration clustering of the GSE157278 dataset (Figure S2D), marked significantly differ-
entially expressed genes (Figures S2E and S2F). The identified clusters were designated as T cells (CD3D,
CD3E), B cells (CD79A, CD79B), NK cells (NKG7, GNLY and GZMB), CD14" Mos (CD14), CD16" Mos
(FCGR3A), megakaryocyte cells (PPBP, TUBB1 and PF4). After subdivided the myeloid cells, and we found
that FOLR3 was also highly expressed in pSS_1 patient (Figure S2G). In addition, the IL1B and LYZ genes
were significantly upregulated in the CD14" Mos of pSS_4 patients, indicating that even among the CD14*
Mos from pSS patients, there are different subtypes (Figure S2G). FOLR3 and IL1B exhibited opposite
expression trends. In addition, CEBPD was significantly upregulated in CD14" Mos from patients with
pSS, further demonstrating its role in regulation of CD14" Mos.

scRNA-seq analysis of changes in the distributions of NK-cell subsets

NK cells can directly exert cytotoxic effects, secrete immunomodulatory cytokines and chemokines, and
play an important role in connecting innate immunity and adaptive immunity. A total of 11,057 NK cells
were obtained, and these cells were mainly CD56-CD16" NK cells (Figures 4A and 4B). These NK cells
were subclustered into eight subsets. NKO and NK1 expressed FCGR3A (CD1é) at high levels, whereas
NCAM1 (CD56) was shown to be expressed at low levels. FCERTG was highly expressed in NKO cells,
and the opposite trend was observed for NK1 cells. We defined NKO and NK1 cells as CD56-CD16+
FCER1G+ NK cells and CD56"CD16+FCER1G- NK cells, respectively (Figure 4C). CD56-CD16+
FCER1G- NK cells showed enrichment of KLRC2 (NKG2) and KLRC3 (NKGJ), indicating a memory-like
NK-cell identity (Yang et al., 2019). Compared with those in the HC group, the genes that were highly
expressed by CD567CD16+FCER1G+ NK cells in the pSS patient group were involved in the activation
of signaling pathways related to a variety of viral infections, including Epstein-Barr virus (EBV) infection,
Kaposi sarcoma-associated herpes virus infection and hepatitis B infection (Figure 4D). Patients with pSS
showed trends in which the proportion of CD56"CD16+FCER1G+ NK cells/CD56-CD16+FCER1G- NK
cells was increased (Figure 4E). The results of the flow cytometric analysis agreed with those of the sin-
gle-cell analysis (Figure 4F). The expression of IFI44L was slightly increased in CD56 CD16+FCER1G+
NK cells in the pSS group (Figure 4G), indicating enhanced IFN signaling pathway activity (Soret
et al., 2021).

In addition, we showed that XCL1 and CXCR3, which are members of the chemokine family, were highly
expressed in CD56"CD16 cell clusters. The production of XCLT and CXCR3 by these NK cells may re-
cruit other immune cells, such as DCs (Shimasaki et al., 2020). The NK4 cluster highly expressed genes
related to cytotoxic NK cells, such as ZNFé83, PTGDS, and CCL5Figure 4C), which were identified as
markers of cytotoxic NK (cNK) cells (Zhao et al., 2020). Compared with those in the HC group, the genes
that were highly expressed by these cells in the pSS patient group were involved in thermogenesis and
ribosome pathways (Figure 4D). We found “inflamed NK" cell subsets with upregulated expression of
IFIT1, IFIT3, RSAD2, MX1 and IFI44L. Recently published single-cell analysis of NK cells reported strong
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Figure 4. Subgroup analysis of NK cells

(A) The left image represents the distribution of NK cells in different samples, and the right image shows the classification of NK cells in all samples.
(B) The distribution of NK-cell subset frequencies in each sample.

(C) Heatmap showing the marker genes with the highest expression in NK cells from the HC and pSS groups.

(D) Analysis of some differential pathways in both bulk NK cells and NK-cell subsets between pSS patients and HCs.

(E) Boxplots showing the proportions of CD56-CD16* NK-cell subtypes in the two groups. Cell types showing enrichment in FCER1G+ or FCER1G-
subgroups are marked. p values were calculated by the two-sided Wilcoxon test.

(F) Flow cytometric analysis of CD56”CD16™ NK cells. The cell markers used were CD3™ (T cells) and CD56"CD16+FCER1G (NK cells).

(G) Different genes induced NK cells in HCs and pSS patients.

IFN characteristics (Shimasaki et al., 2020; Soret et al., 2021), and our data were consistent with this
finding.

Analysis of changes in the distribution of B-cell subsets

A large number of studies have shown that B cells are one of the main groups of cells that produce proin-
flammatory cytokines and secrete auto-antibodies, and B cells play a critical role in pSS pathology (Du
et al., 2021). Our study detected 3,208 B cells in all samples, and these B cells were subclustered into
six subsets (Figures 5A and 5B). In our research, we found that B cells were mainly divided into two major
groups: one is the initial B-cell subgroup comprising cells mainly expressing TCLTA, and the other is the
active B-cell subgroup mainly comprising cells expressing TNFRSF13B. BO cells expressed high levels of
the activated naive B-cell markers TCL1A, SELL, IL4R, and CLECL1 (Figure 5C). B1 and B2 cells expressed
high levels of TNFRSF13B. The high expression of CLECLT, CTSH and TCF4 in B1 cells indicated that
these cells were memory B cells. We observed marked upregulation of IFI44L, RAC1, and ZFP36L2 in
the patients compared with HCs (Figure 5D). Naive B cells and memory B cells participated in viral
myocarditis, phagosome and leukocyte transendothelial migration and were highly enriched in pSS pa-
tients compared with HCs. Compared with those of HCs, the genes that were highly expressed by mem-
ory B cells and immature B cells of patients with pSS were involved in oxidative phosphorylation, and the
antigen processing and presentation signaling pathway was highly enriched in pSS samples (Figure 5D).
In addition, RPS4Y1, RPS10, and RPL36A were downregulated in the B-cell subpopulations of pSS pa-
tients, and the signaling pathways related to ribosomes were highly enriched in memory B cells and acti-
vated B cells (Figure 5E).

scRNA-seq analysis of changes in the distribution of eight T cell subsets

We conducted further analysis of T cells. After removing some of the duplicates, 28,957 T cells were de-
tected, and T cells were the most prevalent cell type (Figures 6A and 6B). Reclustering revealed seven clus-
ters, which were designated as effector memory CD4"T cells (CD4* Tem cells, LTB, AQP3, CD40LG and
KLRB1, cluster 0), naive CD4"T cells (CD4, CCR7, LEF1 and TCF7, cluster 1), CD8" cytotoxic T cells
(CD8" CTLs, CD8A, GNLY and GZMB, cluster 2), effector memory CD8'T cells (CD8" Tem cells, CD8A,
GZMK, cluster 3), naive CD8"T cells (CD8B, CCR7, LEF1 and TCF7, cluster 4), T helper 2 (Th2) cells
(GATA3, CAPG and CCR4, cluster 5), and regulatory T cell (Treg) cells (FOXP3, cluster 6) (Figure 6C).
Both CD8" CTLs and CD8" Tem cells exhibited high expression of CCL5. CCL5 has a chemotactic effect
on T cells, eosinophils and basophils and plays an active role in recruiting leukocytes to sites of inflamma-
tion. Human T lymphocyte virus-1 (HTLV-1)-infected T cells specifically express the CCL5 gene and produce
CCL5 (Agrawi et al., 2018). Th2 cells expressed high levels of GPR183 and CD40LG. The protein encoded by
CD40LG is expressed on the surface of T cells. It regulates B cell function by engaging CD40 on the B cell
surface (Sanosyan et al., 2019). Tregs works by keeping immune responses in check and avoiding uncon-
trolled responses that can harm the body (Keindl et al., 2022). The selective inhibition of the body’s
auto-reactive T cells and effector T cells is an important mechanism for the formation and maintenance
of immune homeostasis and for the prevention of autoimmune diseases.

IFI44L, DUSP2, RAC1, and LAMP1 were upregulated, whereas RPS4Y1, RPS10 and RPL36A were downregu-
lated in the pSS group compared with the HC group (Figure 6D). KEGG analysis showed that the genes that
were highly expressed by naive CD4'T cells and CD4" Tem cells in the pSS group were involved in path-
ways related to viral and bacterial infections. Both CD8* CTL cells and CD8" Tem cells play an important
role in the T-cell receptor signaling pathway and the differentiation of Th1 cells, Th2 cells, and Th17 cells. In
addition, inthe pSS group, antigen processing and presentation and the intestinal immune network for IgA
production were enriched in CD8" CTL cells (Figure 6F, Table S3) compared with those in the HC group.
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Figure 5. B-cell clusters in PBMCs from HCs and pSS patients

(A) Two-dimensional UMAP visualization of two B-cell clusters. The left image represents the distribution of B cells in different samples, and the right image

shows the subsets of B cells in all samples.
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Figure 5. Continued

(B) The proportion of each cluster in the B-cell subpopulation.
(@)
(D)
(E) Some differentially expressed genes that were induced in B cells in HCs and pSS patients.

Heatmap showing the highest expression of genes in each B-cell subgroup from the HC and pSS groups.
Analysis of some differential pathways in both bulk B cells and B-cell subsets between pSS patients and HCs.

Analysis of the interactions between cells

Cell communication analysis mainly describes the relationship between cells. Next, we analyzed the in-
teractions between cells in the different groups. The patterns of interactions among different cell types
are shown in Figure 7A. CD14* Mos, CD14*CD16* Mos and CD16" Mos had enhanced effects in the pSS
group. CD16" Mos communication with CD8" CTLs and CD56 CD16+FCER1G+ NK cells was enhanced
in pSS patients compared with HCs. Further analysis of the roles of ligands and receptors revealed that
compared with those in the HC group, Mos and CD56"CD16+FCER1G+ NK cells in the pSS group
exhibited significantly upregulated expression of the ligand-receptor pair CD52-SIGLEC10, which may
be a stimulatory factor for CD56 CD16+FCER1G+ NK cells activation in inflamed sites Figure 7B).
Compared with the HC group, the pSS patient group exhibited enhanced effects of the ligand-receptor
pair CD74-COPA in interactions between Mos and naive B cells (Figure 7B). The same phenomenon
was also observed in the myeloid cell cluster, where the CD74-APP pair mediated interactions between
Mos and memory B cells and naive T cells. CellChat results showed that the effects of CD56~
CD16+FCER1G+ NK cells, CD16" Mos and CD8"* CTLs were enhanced, whereas the effect of CD14"
Mos was weakened (Figure 7C). These findings suggest that the pSS patients’ ligand-receptor activity
may encourage the autoimmune response. Further data and analysis are needed to reveal the mecha-
nism involved in this.

DISCUSSION

In this paper, we used scRNA-Seq to reveal the complexity of the immune cell populations in the PBMCs of
patients with pSS and HCs. The relevant subtypes of myeloid cells, NK cells, B cells and T cells were
analyzed. Here, we discovered cell subsets and their related DE-Gs and signaling pathways, including viral
infection, IFN system activation, antigen presentation, and activation of B cells and T cells.

We found that monocyte accounted for the major population of myeloid cells in patients with pSS.
Similar analysis of PBMCs of the pSS with scRNA-seq was conducted by He et al. (2022), which mainly
focused on transcriptomic changes in monocyte subsets showed that almost all monocyte subsets had
increased expression of TNFSF10 (TRAIL). They also found that CEBPD was upregulated in Mos and
our study further confirms that CEBPD was predominantly upregulated in CD14" Mos from patients
with pSS. Activation of CEBPD has been observed in many autoimmune diseases, and in the inflamma-
tory environment, CEBPD is thought to be activated by inflammatory factors such as IL-6, IFN-a, I[FN-y,
and IL1B (Ko et al., 2015). In addition, FOLR3 and IL1B were upregulated in CD14" Mos of different pa-
tients. FOLR3 is involved in rheumatoid arthritis (Tseng et al., 2019) and SARS-CoV-2 (Sfikakis et al., 2021),
but its relationship with pSS has not been reported. According to data from this study, it was found that
FOLR3 showed the opposite trend of IL1B expression. Upregulated IL1B is observed in the lacrimal and
salivary glands of pSS patients, and inhibition of the pathogenic function of IL1B may be beneficial for
the treatment of pSS (Chen et al.,, 2012). However, the sample size of that clinical study was small, which
needs to be further explored.

Currently, there are fewer reports of NK cells in pSS, including previous reports of pSS scRNA-seq that do
not involve NK cells (Hong et al., 2021; He et al., 2022; Hou et al., 2022). Previous studies had reported that
NK cells activity was decreased and that it may be partially restored by IFN-a in SS. Our investigation
revealed an increased frequency of CD56-CD16+FCER1G+ NK cells and increased expression of IFI44L
in pSS patients. Increased expression of [FI44L is part of the IFNs response and is closely related to the
pathogenesis of pSS. Recent research findings show that FCER1G upregulation is dependent on cell
proliferation progression mediated by IL-2, IL-15, or IL-12, is sensitive to mTOR suppression, and is
inhibited by TGFB or IFNa in NK cell subsets (Shemesh et al., 2022). How NK cells migrate to different sites
and how NK cells participate in the pathogenesis of pSS remain to be fully elucidated.

In the earliest paper reported by Hong, CD4" CTLs cytotoxic T lymphocyte was revealed to may be involved
in the pathogenesis of pSS (Hong et al., 2021). They found Th17 cell subsets and no Th2 cell subsets in
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Figure 6. T cell subsets in PBMCs from HCs and pSS patients

(A) UMAP plot of T cells across all six donors. The left image represents the distribution of T cells in different donors, and the right image shows the subsets
of T cells.

(B) The fraction of cells from eight cell types in the HC and pSS groups.

(C) The most highly expressed differentially expressed genes in T cell subtypes from HCs and pSS patients.

(D) Differentially expressed genes in T cell subsets between HCs and pSS patients. The expression level of each gene is indicated on a red (high)-blue (low)
color scale.

(E) Analysis of some differential pathways in both bulk T cells and T cell subsets between pSS patients and HCs.

patients. In contrast, Th2 cells were detected in pSS group whereas Th17 cells were not clearly detected in
our study. In the pre-pSS stage, Th1 and Th17 cells trigger pSS, and as pSS progress, Th2 and Tth cells
dominate (Psianou et al., 2018). which also showed that cell subpopulations might differ among patients
with different stages of pSS. Th2 cells in turn promote the activation of B cells, and patients with advanced
pSS mainly exhibit symptoms because of B cell activation (Ibrahem, 2019). In addition, Th2 cell differenti-
ation is affected by the presence of Tregs, and defects in Tregs lead to syndromes characterized by hyper-
sensitivity and autoimmunity (Das et al., 2011).

Our study found that pathways related to a variety of virus infections were enriched in the pSS group. This
study suggested that virus infection-associated pathways were key up-regulated pathways in the B cells of
pSS patients, consistent with previous report (Hong et al., 2021). B cells are the main target of EBV infection,
and EBV is one of the factors that induces pSS (Maslinska, 2019). EBV infection contributes to the differen-
tiation of B and T cells into the typical effector phenotypes observed in pSS patients (Barcelos et al., 2021).
There are several infectious agents that can cause disease manifestations similar to Sjogren’s syndrome,
including hepatitis C virus, EBV, cytomegalovirus and HTLV-1, and these four pathogens have been found
to cause persistent infection of the salivary glands after the first infection; this persistent infection subse-
quently leads to organ destruction and xerostomia syndrome (Bjork et al., 2020; Utomo and Putri, 2020).
However, virus affects the intrinsic immune response of patients with pSS remains to be explored.

In this study, we collected PBMCs from HCs and patients with pSS and analyzed the pSS-driven changes in
the composition and function of PBMCs through scRNA-seq. CD14* Mos, CD14"CD16" Mos, CD16" Mos,
CD8" CTLs, and CD56 CD16+FCER1G+ NK cells were found to play major roles in pSS. These results not
only illustrate the molecular and cellular immune characteristics in the clinical progression of pSS but also
provide a way to identify urgently needed biomarkers and therapeutic targets in pSS.

Limitations of the study

The interpretation of this study had important limitations. First, because only a limited number of patients
were examined in our study, we need to perform larger clinical trials and further studies to verify the differ-
ences between pSS patients and HCs. Second, our research focused on single-cell transcriptomic data
from PBMCs in the blood. If we can combine this information with data from lesions (such as those in
the salivary glands), our analysis will be more systematic and comprehensive.
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Figure 7. Cell-cell communication network in PBMCs

(A) Heatmap displaying the key cell-cell interaction pairs among PBMCs. The number of significantly enriched ligand-
receptor pairs of each pair of cells is indicated by different colors.

(B) Bubble plots present ligand-receptor pairs of growth factors associated with HCs and pSS patients. The interaction
intensity is presented by the bubble color.

(C) The strength of the interaction of these pairs between different groups of sender or recipient cells.
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O Transcription factor analysis
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O Prediction of ligand-target gene regulation
O Antibodies and flow cytometric analysis
o QUANTIFICATION AND STATISTICAL ANALYSIS
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REAGENT or RESOURCE SOURCE IDENTIFIER
Biological samples
PBMC This paper N/A

Critical commercial assays

Chromium Next GEM
Single-Cell 5" Reagent Kits v1.1

10X Genomics

# PN-1000165

Chromium Single Cell 10X Genomics #PN-1000020

5’ Library Construction Kit

Deposited data

pSS scRNAseq (GSE157278) GEO GSE157278

Software and algorithms

R (v4.1.2) R CRAN https://cran.r-project.org/

Seurat R package (v4.0.5) R CRAN https://cran.r-project.org/web/packages/
Seurat/index.html

pheatmap R package (v1.0.12) R CRAN https://cran.r-project.org/web/packages/

CellChat R package (v1.1.3) Github https://github.com/sqjin/CellChat

SCENIC R package (v1.2.4) Github https://github.com/aertslab/SCENIC

ClusterProfiler R package (v4.2.0)

Bioconductor

https://bioconductor.org/packages/release/
bioc/html/clusterProfiler.html

GseaVis (v0.0.1) Github https://github.com/junjunlab/GseaVis

Scillus (v0.5.0) Github https://github.com/xmc811/Scillus

CellPhoneDB (v3.0) Github https://github.com/Teichlab/cellphonedb

Monocle3 (v 1.2.9) Github https://github.com/cole-trapnell-lab/
monocle3

NicheNet (v1.1.0) Github https://github.com/saeyslab/nichenetr

Antibodies

PE anti-human CD56 (NCAM) Antibody Biolegend Cat#362524; RRID:AB_2564161

FITC anti-human CD16 Antibody Biolegend Cat#302006; RRID:AB_314206

Anti-Human CD3, violetFluor 450 (SK7)
Anti-FCER1G/APC Conjugated antibody

Multi-Sciences

Bioss

Cat#70-AH00307-100
Cat#tbs-13167R-APC

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and data should be directed to and will be fulfilled by the

lead contact, Bin Wu (wuubinn@126.com).

Materials availability

This study did not generate new unique reagents.

Data and code availability

The authors declare that all datasupporting the findings of this study are available within the article, the
supplementary data, and the data repository or from the corresponding author upon reasonable request.
Any additional information required to reanalyze the data reported in this paper is available from the lead
contact upon request. The raw sequence data reported in this paper had deposited in the Genome

iScience 25, 105509, December 22, 2022 17


mailto:wuubinn@126.com
https://cran.r-project.org/
https://cran.r-project.org/web/packages/Seurat/index.html
https://cran.r-project.org/web/packages/Seurat/index.html
https://cran.r-project.org/web/packages/
https://github.com/sqjin/CellChat
https://github.com/aertslab/SCENIC
https://bioconductor.org/packages/release/bioc/html/clusterProfiler.html
https://bioconductor.org/packages/release/bioc/html/clusterProfiler.html
https://github.com/junjunlab/GseaVis
https://github.com/xmc811/Scillus
https://github.com/Teichlab/cellphonedb
https://github.com/cole-trapnell-lab/monocle3
https://github.com/cole-trapnell-lab/monocle3
https://github.com/saeyslab/nichenetr

¢? CellPress

OPEN ACCESS

Sequence Archive of the BIG Data Center at the Beijing Institute of Genomics, under accession number
HRAQ001355 (accessible at http://bigd.big.ac.cn/gsa-human). The codes used to perform including pro-
cessing, clustering, batch effect correction and subclustering are available on GitHub: https://github.
com/tudoubbb/pSS.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Study design and patients

The study was approved by the Ethics Committee of Chongqing Hospital of Traditional Chinese Medicine
(Chongging Traditional Chinese Medicine Hospital Ethics Committee Approval Number, 2021-KY-KS-WB).
After obtaining written informed consent from all the patients, we collected blood from three pSS patients
and three HCs who were recruited at the Rheumatology Department of Chongging Traditional Chinese
Medicine Hospital between October 2020 and March 2021. Patient’s clinical and laboratory features
were analyzed. All patients fulfilled 2016 American College of Rheumatology/European League Against
Rheumatism (ACR/EULAR) criteria for pSS. The EULAR SS disease activity index (ESSDAI) score of pSS pa-
tients were calculated. All clinical information, including demographic data, medical history, symptoms,
signs and laboratory data, was derived from the patient’s medical history. Laboratory data included data
about routine blood parameters, lymphocyte subsets, and inflammatory cytokines (Table S1).

The collection, processing and laboratory testing of the samples followed the World Health Organization
(WHO) guidelines. For both the pSS patients and HCs, 5 mL of peripheral blood was collected from each
person into a heparin K test tube. All the samples were placed on ice after collection and were processed
within 2-3 h of collection.

Data collection

The Human scRNA-seq data of GSE157278 were obtained from the NIH Gene Expression Omnibus (GEO)
database.

METHOD DETAILS
PBMC isolation

Peripheral blood was diluted with Hanks' balanced salt solution (HBSS) without Ca®" and Mg2+ (containing
0.04% BSA, 400 pg/mL). The diluted blood was centrifuged at 500 g and 20°C for 20 min. The interface layer
containing PBMCs was collected along the periphery of the centrifuge tube and transferred into another
centrifuge tube. Then, 5 mL of HBSS was added to wash the samples, the PBMCs were centrifuged at
300 x g for 10 min, and the supernatants were discarded; these steps were repeated 6 times. Then,
1 mL of HBSS was added to resuspend the cells, and the cell suspensions were mixed gently. Cell viability
was examined by 0.4% trypan blue staining, and it was confirmed to be higher than 90% per sample. The
concentration of live cells was adjusted to the ideal concentration (1,000-2,000 cells/pL).

Gel bead-in-emulsions generation and barcoding

Cellular suspensions were loaded on a 10x Genomics GemCode single-cell instrument to generate single-
cell gel beads-in-emulsions (GEMs). Libraries were generated from the cDNAs and sequenced with Chro-
mium Next GEM Single-Cell 5’ Reagent Kits v1.1. Upon dissolution of the gel bead in a GEM, primers
containing (i) an lllumina R1 sequence (read1 sequencing primer), (i) a 16 nt 10x barcode, (i) a 10 nt unique
molecular identifier (UMI), and (iv) a poly-dT primer sequence were mixed with the cell lysate and Master
Mix. Barcoded, full-length cDNAs were then reverse-transcribed from polyadenylated mRNA.

Library construction and sequencing

The prepared cell suspensions were processed with a 10x Chromium Single-Cell 5’ library kit. The Gel Bead
and Multiplex Kit and Chip Kit (10x Genomics) were used to convert the single-cell suspensions of scRNA-
seq samples into a barcoded scRNA-seq library. The DNA libraries were sequenced on an lllumina
sequencing platform by Genedenovo Biotechnology Co., Ltd. (Guangzhou, China). Each library was
sequenced using an lllumina NovaSeqé000 sequencer with a paired-end 150 bp read strategy. The
Single-Cell 5 protocol was followed to produce Illumina-ready sequencing libraries according to the man-
ufacturer’s instructions.
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scRNA-seq data processing

10x Genomics Cell Ranger software (version 3.0.2) was used to convert raw base call (BCL) files to FASTQ
files and perform alignment and count quantification. Reads with low-quality barcodes and UMIs were
filtered out, and then, the remaining reads were mapped to the reference genome GRCh38.p5. Reads
that were uniquely mapped to the transcriptome and had at least 50% overlap with an exon were consid-
ered for UMI counting. Before quantification, the UMI sequences were corrected for sequencing errors, and
valid barcodes were identified based on the EmptyDrops method. Cells were produced by gene matrices
via UMI counting and cell barcode calling.

Cells with an unusually high number of UMIs (> 10,000) or percentage of mitochondrial genes (>10%) were
filtered out. We also excluded cells with fewer than 200 or more than 3,000 genes detected. To minimize the
effects of batch effects and behavioral conditions on clustering, we used Seurat 4.0 (Stuart et al., 2019),
which utilizes canonical correlation analysis and mutual nearest neighbor analysis, to aggregate all sam-
ples. A total of 2,000 highly variable genes were selected in each sample based on a variance-stabilizing
transformation. Anchors between individual datapoints were identified, and correction vectors were calcu-
lated to generate an integrated expression matrix, which was used for subsequent clustering.

To validate our results, we also analyzed another scRNA-seq dataset. scRNA-seq data from 5 pSS patients
and 5 controls in GSE157278 from GEO were used in our study. This study was treated and filtered using the
same approach as described.

Differentially expressed gene analysis

The expression value of each gene in a given cluster was compared against that in the rest of the cells using
the Wilcoxon rank-sum test. Significantly upregulated genes were identified using a number of criteria. An
adjusted p< 0.05 and |log2FC| > 0.36 were used to define significant differentially expressed genes
(DE-Gs). For DE-Gs, Gene Ontology (GO) analysis, Kyoto Encyclopedia of Genes and Genomes (KEGG)
analysis and Gene Set Enrichment Analysis (GSEA) were performed with clusterProfiler4.0 (Wu et al., 2021).

Transcription factor analysis

Single-cell regulatory network inference and clustering (SCENIC) was used to predict transcription factors
(TFs) and corresponding target genes, build a transcription factor regulatory network module (regulon),
quantify the activity of each regulon in cells based on the expression of TFs and target genes in the regulon,
and finally determine the transcriptional regulatory activity of TFs in different cells (Aibar et al., 2017). We
performed SCENIC by starting from the raw counts and following the proposed workflow using the default
parameters and retaining those with a cis-regulatory binding motif for upstream regulators. Custom scripts
for analysing data are available at https://github.com/aertslab/SCENIC.

Ligand-receptor expression abundance analysis

CellPhoneDB (Efremova et al., 2020) and CellChat (Jin et al., 2021) software were used to construct the cell
communication network based on the single-cell gene expression matrix. CellPhoneDB contains ligand-re-
ceptor information that is used to analyze the expression of ligand-receptor pairs in two cell types on the
basis of the expression of the receptor by one cell type and that of the ligand by another cell type. Only
receptors and ligands that were expressed in a percentage of cells in a specific cluster that was higher
than a user-specified threshold were considered for the analysis (default was 10%).

Prediction of ligand-target gene regulation

Ligand activity analysis was performed with NicheNet (Browaeys et al., 2020) to prioritize which sender cell
ligands were most likely to affect gene expression in interacting recipient cells. This procedure, called
ligand activity prediction, was used to rank ligands according to how well their prior target gene predic-
tions corresponded to the observed changes in gene expression resulting from communication with
sender cells.

Antibodies and flow cytometric analysis

Six pSS patients and seven healthy controls were recruited. A total volume of 100 pL whole blood from
these participants was incubated with 2.5 pl antibody and treated with 2 mL erythrocyte lysis buffer for
15 min, and the cells were collected by centrifugation (300 g/min, 5 min). The monoclonal antibodies
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used were antibodies specific for human CD56 (Biolegend, 362524), CD16 (Biolegend, 302006), CD3 (Multi-
Sciences, 70-AH00307-100) and FCER1G (Bioss, bs-13167R-APC). The cells were analyzed using a BD Accuri
Cé6 Cytometer (BD Biosciences). All the samples were processed within 2-3 h of collection. The percentages
of CD56"CD16+FCER1G + NK cells and CD56~CD16+FCER1G- NK cells were calculated by a two-sided
Wilcoxon test, and the difference was considered significant if the p value was less than 0.05.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was carried out in R (v4.1.2). We used either two-sided non-parametric Wilcoxon rank
sum tests or Wilcoxon signed rank tests to compare two groups of values.
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