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Abstract

Background The innate immune regulation, especially by the type I IFN signature in the CD14+ monocytes, is known to be
critical in the pathogenesis of autoimmune Sjogren’s syndrome (SjS) and systemic lupus erythematosus (SLE).

Objective Since patients with one condition can be overlapped with another, this study is to identify shared differentially
expressed genes (DEGs) in SjS and SLE compared to healthy controls (HCs) and refine transcriptomic profiles with the
integrated Reactome and gene-drug network analysis for an anti-inflammation therapy.

Methods CD14+ monocytes were purified from whole blood of SjS and SLE patients (females, ages from 32 to 62) and
subject to bulk RNA-sequencing, followed by data analyses for comparison with HC monocytes (females, ages 30 and 33).
Functional categorizations, using Gene Ontology (GO) and the Reactome pathway analysis, were performed and DEGs
associated with therapeutic drugs were identified from the Drug Repurposing Hub (DHUB) database.

Results The GO analysis revealed that DEGs in the inflammatory response and the cellular response to cytokine were highly
enriched in both conditions. A propensity toward M1 macrophage differentiation appears to be prominent in SjS while the
Response to Virus was significant in SLE monocytes. Through the Reactome pathway analysis, DEGs in the IFN signaling and
the cytokine signaling in immune system were most significantly enriched in both. Upregulation of NGF-induced transcrip-
tion activity in SjS and the complement cascade activity in SLE were also noted. Multiple anti-inflammatory drugs, such as
prostaglandin-endoperoxide synthase and angiotensin-I-converting- enzyme were associated with the DEGs in these conditions.
Conclusions Taken together, our analysis indicates distinct inflammatory transcriptomic profiles shared in SjS and SLE
monocytes. Comprehensive characterizations of the data from these conditions will ultimately allow differential diagnosis
of each condition and identification of therapeutic targets.

Keywords Sjogren’s syndrome - Systemic lupus erythematosus - Autoimmun Diseases - Monocytes - RNA-seq - Gene-drug
network

Introduction

Sjogren’s Syndrome (SjS) is an autoimmune disease char-
acterized by the inflammation of the salivary and lacrimal
glands. Systemic lupus erythematosus (SLE) is also an
autoimmune condition that causes widespread inflamma-
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54 Kyudong Han are also affected by SjS and about 15-35% of SjS patients

kyudong.han@gmail.com overlap with SLE (Ramos-Casals et al. 2007). The etiology
54 Seunghee Cha is poorly understood, and many studies have investigated

SCHA @dental.ufl.edu variety of factors, such as genetics, immune dysregulation,
and epigenetics, to identify causes or regulators for these

Kyung Eun Lee and Seyoung Mun are first authors contributed
equally to this work.

Extended author information available on the last page of the article

@ Springer


http://orcid.org/0000-0001-6791-2408
http://crossmark.crossref.org/dialog/?doi=10.1007/s13258-022-01308-y&domain=pdf

1216

Genes & Genomics (2022) 44:1215-1229

conditions. Monocytes have become an exciting cell type of
interest as they act as a central player for the innate immune
responses and serving as the foundation of the adaptive
immune responses.

Monocytes have been closely studied in their roles in
autoimmune diseases although their etiopathogenic roles
remain undefined. Increased levels of non-classical mono-
cytes have been observed in patients with SjS (Wildenberg
et al. 2009). In addition, SjS monocytes have described
dysfunctionality in the ability to engulf apoptotic epithelial
cells and stimulate an immunosuppressant cytokine profile
(Hauk et al. 2014). Instead, proinflammatory cytokine and
chemokine secretion, such as IL-6, IL-18, type I IFN and
BAFF, in SjS monocytes were up-regultaed while NF-xB
inhibitor was down-regulated.

Unlike SjS, SLE has not demonstrated a clear distinc-
tion in the level or proportion of monocytes in patients.
Results from one study showed an increased tendency for
monocytes to undergo apoptosis with C5a complement
involved (Chalmers et al. 2015). Monocytes also contribute
to SLE pathogenesis through their regulation of the adaptive
immune response. CD40L overexpression in SLE monocytes
suggests a potential role in promoting B cell hyperactivity,
which is observed in SLE patients, through its respective
pathway. Furthermore, SLE monocytes tend to differenti-
ate into dendritic cells with higher CD86 levels after IFN-«
treatment, enhancing their capabilities to present autoanti-
gens from autoreactive T and B cells (Blanco et al. 2001;
Decker et al. 2006).

The transcriptional profile of SjS and SLE monocytes has
been a topic of interest in elucidating the roles of monocytes
in disease pathogenesis. Gene co-expression network analy-
sis revealed four molecular signatures involved in process
related with translation, IFN-signaling, and toll-like receptor
signaling, which correlated with systemic and local inflam-
mation. These gene signatures were partially inhibited by
IFN-a and IFN-f receptor blockade, suggesting that circu-
lating inflammatory mediators, including type I IFNs, con-
tribute to the altered transcriptional profile of primary SjS
monocytes (Lopes et al. 2021).

Analyses of these subsets revealed that “genes highly
expressed in intermediate and nonclassical monocytes were
significantly enriched in the transcriptional profile of pri-
mary SjS monocytes” (Lopes et al. 2021). Another study
utilized single cell RNA sequencing (scRNA-seq) to identify
11 different monocyte subsets in SjS patients. The majority
of these subsets had higher expression of TNF Superfam-
ily Member 10 (TNFSF10) which is one of cytokine that
belongs to the tumor necrosis factor (TNF) ligand fam-
ily. This protein preferentially induces apoptosis in trans-
formed and tumor cells but does not appear to kill normal
cells although it is expressed at a significant level in most
normal tissues and upregulation of interferon-related and
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neutrophil activation-associated pathways (He et al. 2022).
Transcriptomic analysis of SLE immune cells belonging to a
multiethnic cohort was performed with bulk RNA-seq. The
researchers of this study utilized a four-tier approach, taking
account a variety of factors, in order to identify various SLE
subgroups, resulting in two subsets for NK and B cells, and
three for CD4+ and CD14+ cells. From the data gathered,
this study surveyed the variations in gene expression across
different ethnic groups, bringing patient-specific care in SLE
a step closer (Andreoletti et al. 2021).

The objective of this study is to identify global RNA
expression profiles of CD14+4 monocytes of SjS and SLE
patients in an unbiased manner by bulk RNA-seq and utilize
the transcriptome data for protein—protein interactions and
gene-drug network analysis. Our study is the very first study
to explore the disease-specific transcriptional change of
monocytes in SjS and SLE patients, and by elucidating vari-
ous biological roles and pathways, the ecology of immune
responses common to monocytes in SjS and SLE and each
specific immunity reaction, such as interferon alpha/beta/
gamma signaling and cytokine signaling was announced.

Materials and methods
Ethics statement

This study was approved by the University of Florida Institu-
tional Review Board, and a written permission was obtained
from all who participated in the study. All clinical investigation
was performed in accordance with the Declaration of Helsinki.

Study participants

The total of eight patients with SjS or systemic lupus erythe-
matosus (SLE) diagnosis (n=4/group) who were enrolled
and donated their blood for the present study. The patients’
ages ranged from 47 to 56 for SjS and from 32 to 62 for
SLE patients. They were all female patients. SjS diagnosis
was made based on the 2012 American College of Rheu-
matology classification criteria (Shiboski et al. 2012). The
1997-updated criteria of the 1982-revised ACR criteria were
used for SLE (Hochberg 1997). Two healthy controls (HC)
include subjects without any signs and symptoms of dry
mouth and/or dry eyes, or known autoimmune disorders.
The possibility of bacterial or viral infection was evaluated
by serology to rule out any primary and secondary infection.

CD14+ monocyte purification
Human whole blood samples were added with EDTA (1 mM

final concentration) and RosetteSep™ Human Mono-
cyte Enrichment Cocktail (STEMCELL Technologies,
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Vancouver, BC, Canada) and incubated for 20 min at room
temperature. Blood samples were diluted with recommended
medium (PBS containing 2% FBS and 1 mM EDTA), added
to SepMate™-50 (STEMCELL Technologies, Vancouver,
BC, Canada) containing Lymphoprep™ (STEMCELL
Technologies, Vancouver, BC, Canada), and centrifuged
at 1200xg for 10 min. Enriched cells were washed recom-
mended medium and centrifuged at 500xg for 10 min. Rec-
ommended medium was aspirated, and remaining mono-
cytes were collected for use.

RNA sample preparation and RNA-seq data
production

The harvested monocytes isolated from patient whole blood
were separated and homogenized in 500 ul of TRIzol reagent
(Invitrogen, Carlsbad, CA, USA) using a micro-homogenizer
following the manufacturer’s instructions. Ten RNA samples
were purified using the RNeasy Mini Kit (Qiagen, Hilden,
Germany), following the manufacturer’s instructions. Prior
to constructing RNA-seq libraries, the quality of all RNA
samples was checked by 28S/18S ratio and RNA integrity
number (RIN) value using Agilent TapeStation 2100 system
(Agilent Technologies, Santa Clara, CA, USA). All RNA
samples show more than 8.0 RIN (RNA integrity number)
values (Supplementary Fig. A). mRNA molecules were
enriched and purified from 2 pg of the qualified RNA sam-
ples using oligo-dT magnetic beads. Double-stranded cDNA
was immediately synthesized by SuperScript III reverse tran-
scriptase (Thermo Fisher Scientific, Waltham, MA, USA).
According to the instruction of the NEBNext® Ultra™
RNA Library Prep Kit (Illumina, San Diego, CA, USA), a
sequential process of end-repair, poly-A addition, and adap-
tor ligation on both ends was carried out. The final selected
libraries were evaluated with Agilent TapeStation 2100 sys-
tem and were 400-500 bp in size. The cDNA libraries were
sequenced with an Illumina Novaseq 6000 (Illumina, San
Diego, CA, USA), which generated paired-end (PE) reads
of approximately 100 bp in size.

RNA-seq data analysis

Raw sequencing data were evaluated to discard low-quality
reads by FAST-QC (https://www.bioinformatics.babraham.
ac.uk/) as follows steps: Reads including more than 10% of
skipped bases (marked as ‘N’s); sequencing reads including
more than 40% of bases whose quality score is less than 20;
their average quality score (< 20). Quality distributions of
nucleotides, GC contents, the proportions of PCR duplica-
tion, and k-mer frequencies of sequencing data were also
calculated (Martin and Wang 2011).

RNA-seq analysis and statistical comparison
of differentially expressed genes (DEGs)

Only highly qualified reads to increase mapping quality were
mapped to the human reference genome (Homo sapiens:
GRCh38) using an accurate aligner TopHat2 v2.1.1 to iden-
tify express genes (Kim et al. 2013). We only used uniquely
mapped read pairs for the analysis of downstream DEGs.
Gene expression level was quantified by an R package,
DESeq2 v1.26.0 (Love et al. 2014). DEGs for three groups
were analyzed using DESeq2 methods in R. The DEGs
with log, fold-change (log, FC) more than one and adjusted
P-value (Q-value) less than 0.05 were considered statisti-
cally significant. The overall expression pattern between
samples showed in pairwise correlation analysis and scat-
terplot, the hierarchical samples clustering heatmaps, and
principal components analysis (PCA) plots. These general
analyses for statistical validation were performed with the
ggplot2 package using R (Steenwyk and Rokas 2021). The
Heatmap clustering analysis of DEGs was performed based
on the log, FPKM values, and the heat map was generated
using hclust2 package (v 3.6.2, available at https://github.
com/SegatalLab/hclust2) with the popular clustering distance
(euclidean) and hierarchical clustering method (complete)
functions. A Venn diagram was generated using jVenn
(http://jvenn.toulouse.inra.fr/app/index.html) (Bardou et al.
2014).

Gene ontology (GO) function classification analysis
for DEGs

The online functional prediction tool, Metascape (http://
metascape.org/), was used for the biological interpretation
of DEGs (Zhou et al. 2019). Functional enrichment analysis
for DEGs was performed for three categories of GO terms:
BP, MF, and CC. All DEGs were analyzed based on these
three categories, focusing on the most significant enrich-
ment terms. (i) A two-fold change (increase or decrease)
between groups was considered significant. (ii) Terms with
a BH-adjusted p-value (q-value) of < 107, minimum count
of 3, and (iii) enrichment factor (ratio of the observed count
to the count expected by chance) of > 1.5 were collected and
clustered based on their membership similarities.

Integrative mining of biological pathways based
on the Reactome database

To facilitate biological interpretation, the Reactome pathway
database that interprets biological pathways is also used to
identify the functional role of genes that show differences
in gene expression depending on the patient types (Jassal
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et al. 2020). Reactome pathways were selected based on
statistically significant differences (p <0.05) (Szklarczyk
et al. 2019).

Gene-drug network analysis

All DEGs, including genes with prominent promiscuous
expression, were used to find potential drugs. We used the
Drug Repurposing Hub (DHUB) dataset, available at https://
clue.io/repurposing. The DHUB dataset is a suitable replace-
ment for the results of our study as it provides information on
comprehensive FDA-approved drugs, investigational drugs,
and preclinical instrumental compounds for all diseases,
not cancer-focused data. The key information introduces
the communication of 2183 gene targets and 6798 drugs or
compounds covering 24 disease domains. In addition, by
providing a mechanism of action (MOA) for the drug, it
was possible to differentiate compounds according to the
antagonist and agonist potency in a DEG-dependent manner
by SCI. In detail, as shown in Supplementary Table S5, we
identified (i) genes, (ii) drugs, (iii) clinical stage, and (iv)
disease area and its indications. Here, we constructed a drug-
gene interaction network using Cytoscape (version: 3.9.1).
As aresult of the drug-gene network analysis, only effective
drugs were included based on the number of evidence sup-
porting the interaction with the gene.

Results
Transcriptome sequencing analysis

To identify transcriptional differences in innate immune
responses between SS and SLE, a total of ten monocyte
samples isolated from whole blood were subjected to bulk
RNA-seq. The sequencing result revealed that an average of
66.8 million raw reads were produced, with a read length of
100 bp using an Illumina Nova-seq 6000 platform. Approxi-
mately 98.67% of the raw data was qualified through the
quality control step for sequencing data, and the average
number of 60.3 million reads, accounting for 91.58% of
raw data, were uniquely mapped onto the human reference
genome (Homo sapiens: GRCh38). After gene annotation
using the Ensembl database (release 77), among the 23,362
reference genes, a total of 18,447 were detected in at least
one sample, and 13,200 were commonly expressed in the
entire group (Supplementary Table S1 and Supplementary
Figure S1A). The distribution of individually expressed
genes in the ten samples showed expression consistency
among the samples, supporting no variability in the sample
preparation and data generation. Uniform data conditions
were confirmed in the gene expression distribution for each
sample (Supplementary Fig. S1B).
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To emphasize the association between the samples in
each group, the reproducibility of technical replication was
confirmed using the pairwise correlation analysis, based on
the overall gene expression in each sample. As a result, simi-
lar distributions of gene expression were shown while con-
firming the distinct differences between HC and the patient
groups (Supplementary Figure S1C). The log2 transformed
FPKM was calculated to determine the similarity of gene
expression among the samples. The three datasets demon-
strated concordant transcriptome dynamics and high repro-
ducibility between the samples among groups, as shown by
the multidimensional scaling (MDS) plot (Supplementary
Figure S1D). Moreover, the hierarchical clustering heatmap
also showed the transcriptional concordance among the sam-
ples. The results showed that our clinical samples for SjS
and SLE were separated from each other, which demon-
strated concordant transcriptome alterations specific for each
disease group (Supplementary Figure S1E).

Dynamic transcriptional changes in monocytes
of SjS and SLE patients

To explore the transcriptional differences between the
HC and the patient groups, we performed three pairwise
comparisons as follows: group A (HC) vs. group B (SjS
patients), group A (HC) vs. group C (SLE patients), and
group B (SjS patients) vs. group C (SLE patients) (Sup-
plementary Figure S2). In the comparison of DEGs for the
SjS patient group compared to HC, we identified 291 genes
(182 up-regulated and 109 down-regulated genes). The
genes, such as interferon, alpha-inducible protein (/FI127),
chemokine (C-C motif) ligand 2 (CCL2), early growth
response 1 (EGRI), chemokine (C—C motif) ligand 3-like 1
(CCL3L1I) and interferon-induced protein 44 (IFI44L) were
most significantly up-regultaed in SjS with the expression
log, FC> 3. In contrast, genes, such as microtubule-associ-
ated tumor suppressor 1 (MTUS1), major histocompatibility
complex, class II, DQ alpha 2 (HLA-DQA2), CD3e mol-
ecule, epsilon (CD3-TCR complex) (CD3E), interleukin 7
receptor (IL7R), matrix-remodeling associated 7 (MXRA7),
were the most significantly down-regulated with the expres-
sion log, FC < —3 (Supplementary Figure S2).

As for SLE transcriptional differences, 209 up- and 99
down-regulated genes were identified in our analysis com-
paring the SLE data set with the HC data set. IFI27, EGRI
and CCL2 showed the highest expression difference, similar
to DEGs between SjS and HC, and AXL receptor tyrosine
kinase (AXL) and ubiquitin specific peptidase 18 (USPI8),
were also high in SLE. Similar to the DEGs between SjS
compared to HC, MTUS1, HLA-DQA?2, and IL7R, and
trophoblast glycoprotein (TPBG) and poly(A)-specific ribo-
nuclease (PARN)-like domain containing 1 (PNLDC1) were


https://clue.io/repurposing
https://clue.io/repurposing

Genes & Genomics (2022) 44:1215-1229

1219

significantly down-regulated in SLE monocytes compared
to HC monocytes.

In a comparative analysis between SjS and SLE, we iden-
tified 66 up-regulated genes in SjS and 105 up-regulated
genes in SLE. ADAM metallopeptidase with thrombos-
pondin type 1 motif, 2 (ADAMTS2), matrix-remodeling
associated 7 (MXRA7), RecQ mediated genome instabil-
ity 2 (RM12), fms-related tyrosine kinase 3 (FLT3), and
lipoma HMGIC fusion partner (LHFP) were detected to be
the highest up-regulated genes in SLE patients. The genes,
such as ankyrin repeat domain 24 (ANKRD24), C-type lectin
domain family 18, member A (CLEC18A), thrombospondin

(A) Up-regulated genes

HC vs SjS HC vs SLE

©

Heatmap of HC vs SjS DEGs

1 (THBS1), coiled-coil serine-rich protein 1 (CCSERI), and
immunoglobulin heavy constant gamma 1 (/GHGI), were
the most significantly up-regulated genes in SjS patient
monocytes.

As shown in the unsupervised hierarchical clustering
using z-scores for normalized values, the decisive shifts in
DEGs have occurred in monocyte cells of SjS compared
to HC and SLE compared to HC (Fig. 1). Therefore, we
focused 267 up-regulated and 165 down-regulated gene sets,
which was generated by comparing two sets of DEGs from
the SjS vs. HC comparison and the SLE vs. HC compari-
son. Among them, 124 up-regulated and 43 down-regulated

(B) Down-regulated genes
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(D)

Heatmap of HC vs SLE DEGs
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Fig. 1 Summary of DEG analysis and significant aspects of transcrip-
tional transition in SjS and SLE compared to HC. The number of A
up- and B down-regulated genes identified in the two comparison sets
(HC vs. SjS and HC vs. SLE). Overlapping areas in the Venn diagram
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represent genes common to both comparison groups. D Hierarchical
clustering heatmap presents 291 DEGs in SjS and 308 in SLE. A his-
togram in the color key shows the number of expression values within
each color bar
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genes were shared within the autoimmune disease groups.
The detailed information for DEGs is listed in Supplemen-
tary Table S2.

Classification of global gene ontology (GO)
functions of DEGs

Predicting the functions of DEGs and their biological path-
ways involved is an important step to understand the impact
of the DEGs on a particular disease. Therefore, we analyzed
the biological functions of the DEGs identified in SjS and
SLE monocytes through the GO classification (Fig. 2). Of
the 267 up-regulated DEGs compared to HC (182 in SjS
and 209 in SLE), 149 were significantly associated with 20
specific biological processes. A gene group showing SjS and
SLE common, SjS-specific, and SLE-specific up-regulations
was analyzed. Since SjS and SLE share many DEGs and
pathways in our preliminary analysis when compared with
HC, we described the comparison between the autoimmune
disease (AID) group (SjS and SLE combined) with the HC
group in the following sections and occasionally we applied
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Fig.2 Function prediction analysis for DEG in SjS and SLE mono-
cytes using Metascape. The bar chart of clustered enrichment ontol-
ogy categories (GO) with a discrete color scale represents statistical
significance. The function classification for A 266 up- and C 162
down-regulated DEGs, which were specific in three comparison sets
(HC vs SjS, 85 up and 66 down; HC vs SLE, 58 up and 56 down;
and common in both, 123 up and 43 down) are visualized and
screened. The subset of representative GO terms from the full cluster
of B up- and D down-DEGs were presented by network. Each term
is represented by a circle node, where its size is proportional to the
number of input genes falling into that term, and its color represents
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GO to compare between SjS and SLE. Throughout SjS and
SLE, the up-regulated DEG was intensively enriched to bio-
logical terms involved in the immune response containing
"response to virus (GO:0009615)”, “cellular response to
cytokine stimulus (GO:0071345)", and specifically "negative
regulation of cell population proliferation (GO:0008285)"
by accelerating the immune system also showed significant
relevance (Fig. 2B). While, in aspects of down-regulation
patterns, the genes related to major biological mechanisms
required for normal cell activity and maintenance, such as
"regulation of cell—cell adhesion (GO:0022407)" and "cir-
cadian regulation of gene expression (GO:0032922)", were
down-expressed (Fig. 2D).

The result in Fig. 2E indicates that the inflammatory
response (GO:0006954) and cellular response to cytokine
(GO:0071345) were highly enriched in AID with the immu-
nity-related genes including TNF, IL-10, IL-1B, CX3CRI,
and AXL, which are well known as inflammatory cytokines
or receptors. Among them, the representative molecules
such as TNF, IL8, ZFP36, IFIT5, THBSI, and IL1B were up-
regulated in SjS monocytes higher than in SLE monocytes.
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its cluster identity. The detailed results for the function classifica-
tion of case-specific DEGs are listed in Supplementary Table S3. E
Clustering heatmap of genes related to significant immune response
function including the inflammatory response (GO:0006954) and
cellular response to cytokine (GO:0071345). Within the DEG com-
parison group, DEG with up-regulation specific to SjS and SLE were
expressed in pink and red letter, respectively, and down- regulation
also were presented in blue and sky-blue letter. The gene marked in
black is a gene that exhibits common expression changes in SjS and
SLE
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AXL, STATI, CD40, NLRP6, CXCR4, and CD274 were
significantly up-regulated in SLE monocytes higher than
in SjS monocytes (Fig. 2E). The regulation of hemopoie-
sis (GO:1903706) process was prominent for the up-regul-
taed DEGs in SjS. This is because TNF, IL-1B, CCL2, and
CX3CRI cytokines are a set of marker molecule involved in
various biological processes including hematopoiesis, cell
survival, immunological functions, inflammation, apop-
tosis, and necrosis (Torkestani et al. 2021). A propensity
toward M1 macrophage differentiation appears to be promi-
nent based on the DEGs identified in SjS (Supplementary
Table S2). In the SLE monocytes samples, the response to
virus (GO:0009615) functional term was significant This is
most likely due to up-regultaed genes involved in the pat-
tern recognition receptor-mediated pathways such as STAT
and TLR7, IFIHI, IFITM2, NLRP6, and ADARBI in SLE.
Activation of the complement cascade was also observed
with Clgc and Clgb. Up-regultaed Clqga was detected in
both AID (Supplementary Table S3).

Of the 165 down-regulated DEGs (109 in SjS and 99
in SLE), 86 were significantly associated with 20 specific
biological process. The regulation of cell-cell adhesion
(G0:0022407) process and positive regulation of immune
response (GO:0050778) were most significantly enriched
with ZFPM1, EP300, SMAD7, ZP3, RASGRP1, and CD3E.
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The Reactome analysis mapped a network up- and down-regulated
DEGs associated with biological pathway in detail. A large circular
node indicates the significant Reactome pathway detected by inte-
grated analysis with case-specific DEGs. The Reactome pathways
were selected based on statistically significant differences (p <0.05).
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Especially, CD3E, CD247, HLA-DQA2, ZAP70, PLCGI,
RHOH, and IGF IR which are the crucial factors associated
with Th17 cell differentiation from peripheral blood were
included in the functional classification of down-regulated
DEGs (Fig. 2 and Supplementary Table S3).

Exploration of molecular biological pathway
through the integrated Reactome analysis

In order to explore the biological pathway and immunologi-
cal responses occurring in SjS and SLE monocytes in detail,
we performed integrated analyses of genes with expression
differences specific to both medical conditions using the
Reactome Pathway Database version 77 (Croft et al. 2011).
The 267 up-regulated (182 in SjS and 209 in SLE) and 165
down-regulated (109 in SjS and 99 in SLE) identifiers were
subject to the Reactome pathway analyzer. For the up-regu-
lated DEGs, we identified a network between transcriptomic
changes that are specific for each condition or common to
both conditions and crucial biological pathways. As a result,
92 genes were significantly accumulated in the 25 Reactome
pathways (Fig. 3 and Supplementary Table S4).

The interferon signaling (R-HSA:913531), including
Interferon alpha/beta/gamma signaling (R-HSA:909733
and R-HSA:877300), was the most common significantly
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The proportion of the pie reflected in the large circular node repre-
sents the ratio included in the corresponding Reactome pathway. A
The red, orange, purple nodes are SjS-specific, SLE-specific, and up-
regulated shared DEGs, respectively. B The sky blue, emerald, blue
nodes are SjS-specific, SLE-specific, and down-regulated, shared
DEGs, respectively
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enriched pathway with 36 genes. The cytokine signal-
ing in immune system (R-HSA:1280215) was also highly
associated with 56 genes. In particular, guanylate-binding
protein (GBP) 1, 3, 4, and 5 belonging to the superfam-
ily of IFN-inducible guanosine triphosphate hydrolases
(GTPases), which are known to control infection and
autoimmunity(Wang et al. 2018), were remarkably enriched.
We also found evidence that up-regulation of HISTIHIC,
HISTIHID, HISTIHIE, HISTIH4E, HIST2H2AC, and
HIST2H2BE among 82 histone cluster genes (Histone cluster
1, H2A, B, and H4) were significantly associated with both
autoimmune conditions. In addition, an integrated analysis
confirmed noticeable differences in biological pathways
between SjS and SLE. For SjS, the nerve growth factor
(NGF)-induced transcription (R-HSA:9,031,628) activity of
the EGRI, EGR2, EGR3, F3, FOSLI1, JUNB, SGK1, TRIBI,
and c-Jun was particularly noted in the SjS monocytes. The
Complement cascade (R-HSA:166658) includes CIQA,
CIQB, CIQC, C2, C3ARI, CFB, CLU, and SERPING1 was
highly associated with SLE.

As for the down-regulated DEGs of AIDs, 17 genes
among 165 DEG were significantly accumulated in the 17
Reactome pathways (Fig. 3 and Supplementary Table S4).
The FCGR3A-mediated IL10 synthesis (R-HSA:9664323),
generation of second messenger molecules (R-HSA:202433),
and RORA activates gene expression (R-HSA:1368082)
were most significantly enriched with CD247, ITPR3,
PLCGI, PRKAR2B, CD3E, ZAP70, HLA-DQA2, EP300,
and PPARA genes.

For SjS monocytes, ABLIMI and PLCGI related to the
Netrin-1 signaling pathway (R-HSA:373752), which play
an important role in neuronal movement and axon induc-
tion during the development of the nervous system, showed
down-regulation. Only the pathway related to fertilization
(R-HSA:1187000) involving CD9 and ZP3 was identified.

In the down-regulated genes of SLE monocytes, ‘the
RORa« activates gene expression’ pathway required for TH17
cell pathogenicity by regulating /L17 gene transcription was
distinct in SLE patient monocytes with gene enrichment of
EP300, PPARA, ARNTL2, ITPR3, and PRKAR2B.

Identification of potential drug or chemical
candidates for SjS and SLE patient treatment

One of the aims of this study was to focus on improving the
knowledge of drug therapy potential through understand-
ing the transcriptomic profiles and interactions for AIDs.
To explore the potential therapeutic drugs related to or may
respond to transcriptional changes caused by both SjS and
SLE, we performed gene-drug network analysis using the
Broad’s Drug Repurposing Hub (DHUB) dataset (Corsello
et al. 2017). A total of the 267 up-regulated (182 in SjS and

@ Springer

209 in SLE) and 165 down-regulated (109 in SjS and 99 in
SLE) were implicated in the text mining step with Python.

Against the DHUB dataset, 436 interactions between 42
genes and 400 drugs were mined for up-regulated DEGs.
Interactions of 208 between 42 genes and 400 drugs were
mined for up-regulated DEGs. The data included a lot of
information, such as preclinical, phased trials, and even
withdrawn drugs. Therefore, we only focused on currently
available drugs (launched), whose efficacy and use have
already been clearly identified in the next step. As a result of
comparing the up- and down-regulated genes in each period
with the DHUB dataset, 207 interactions between 26 genes
and 194 drugs and 98 interactions between 17 genes and 96
drugs were identified, respectively.

As a final step, considering the aberrantly biased change
in gene expression by AIDs, drug antagonists were selected
from gene-drug interactions focused on upregulation, and
agonists were selected from downregulation focused on
DEG. The results elicited 154 antagonistic interactions
between 17 genes and 148 drugs (Supplementary Table S5).
The representative connections with antagonistic drug
were observed with prostaglandin-endoperoxide synthase
(PTGS2), Complement C2 (C2), and angiotensin I convert-
ing enzyme (ACE). PTGS2, C2, and ACE genes showed the
most association with 63, 21, and 20 drugs, respectively,
and most of them were frequently used drugs in influential
disease, rheumatology, endocrinology, cardiology, obstet-
rics, and nephrology, showing a close relationship with the
autoimmune diseases.

In 37 agonistic interactions, four down-regulated genes
along with 36 drugs. Estrogen receptor 1 (ESR/) and per-
oxisome proliferator activated receptor alpha (PPARA) were
shown higher relations with 26 and nine agonist drugs,
respectively. The ESRI and PPARA gene were also screened
for drugs aimed at treating hematologic diseases in the fields
of endocrinology and hematology (Table 1).

Discussion

Monocytes play critical roles in activation of adaptive
immune cells and maintenance of chronic inflammation
in AID. Their diverse roles include phagocytosis, antigen
presentation, cytokine and chemokine secretion, nitric
oxide synthesis, and migration to the tissues with infec-
tion or injury (Lopes et al. 2021). A recent study with
weighted gene co-expression network analysis identified
four molecular signatures in monocytes from primary SjS
patients, functionally annotated for processes related with
translation, IFN-signaling, and toll-like receptor signaling
(Lopes et al. 2021). Represented hub genes of all four sig-
natures were partially inhibited by IFN-alpha/beta receptor
blockade, indicating that the inflammatory mediators such
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as type I IFNs contribute to the altered transcriptional pro-
file of primary SS-monocytes. In addition, a group led by
Brkic et al. reported that the expression of the type I IFN
signature of CD14+ monocytes in SjS compared to healthy
controls (Brkic et al. 2013; Maria et al. 2014). The same
group reported that hydroxychloroquine treatment down-
regulated systemic interferon activation in primary SjS in
the JOQUER randomized trial (Bodewes et al. 2020).

Our current GO analysis revealed that DEGs from bulk
RNA-seq of AID monocytes were enriched in the inflamma-
tory process and cellular response to cytokines. More specif-
ically, TNF, IL8, ZFP36, IFIT5, THBS1, and IL1B were up-
regulated in SjS monocytes to a greater degree than in SLE
monocytes. We also observed enrichment of AXL, STATI,
CD40, NLRP6, CXCR4, and CD274 in SLE monocytes to a
greater degree than in SjS monocytes. DEGs involved in M1
macrophage differentiation and viral response genes were
also up-regultaed more in SjS and in SLE, respectively.
These are consistent with published studies reporting that
SjS and SLE have shown elevated inflammatory phenotype
and/or the interferon signature (Brkic et al. 2013; Elkon and
Wiedeman 2012; Maria et al. 2014).

In addition, an integrated analysis confirmed noticeable
differences in biological pathways between SjS and SLE.
In SjS monocytes, the nerve growth factor (NGF)-induced
transcription (R-HSA:9031628) activity was particularly
noted, whereas the complement cascade (R-HSA:166658)
was highly associated with SLE. NGF levels are known to be
increased in numerous inflammatory and autoimmune states,
such as in multiple sclerosis, RA, SLE, and mastocytosis,
along with increased accumulation of mast cells (Skaper
2017; Xu and Chen 2015). Mast cells can be activated and
maturated by NGF to release potent mediators of inflamma-
tion, and in turn they can also produce and release NGF after
degranulation. Moreover, NGF also exerts its proinflamma-
tory action, not only on mast cells, but also in B and T cells,
neutrophils and eosinophils (Kritas et al. 2014). Interest-
ingly, our current analysis points out increased activity of
various transcription factors involved in mast cell prolifera-
tion and hyperactivity in SjS monocytes.

As mentioned earlier, the activation of the complement
system was characteristically identified in the transcriptional
changes of SLE monocytes. The complement cascade is a
rapid response system that can be activated either directly
by a pathogen or indirectly by a pathogen-binding antibody,
leading to a series of various effector functions (Dunkel-
berger and Song 2010). As a major feature of inflammatory
lesions of SLE, immune complexes containing autoantigens
and autoantibodies fix and activate complements, causing
tissue damages such as in the kidney (Dunkelberger and
Song 2010; Walport 2002a). Upregulation of DEGs associ-
ated with the activation of the complement system, there-
fore, may reflect activated classical pathway, triggered by

@ Springer

the interaction of Clq with immune complexes as reported
(Walport 2002b).

Our Reactome pathway analysis revealed that the
Interferon Signaling (R-HSA:913531), including Inter-
feron Alpha/Beta/Gamma Signaling (R-HSA:909733 and
R-HSA:877300), was the most significantly enriched path-
way with 36 genes. The analysis revealing 56 genes also
supported the involvement of the Cytokine Signaling in
Immune System. One interesting molecule, GBP, enrich-
ment was noted in our analysis. The GBP family is mainly
known for its various functions against invading microorgan-
isms and pathogens as part of the innate immune response.
The expression changes of interferon-o and GBP have been
reported in rheumatic diseases such as RA, SLE, and SjS
(Haque et al. 2021). Furthermore, GTPase of the immune-
associated nucleotide-binding proteins (GIMAP) 4, 6, and 7,
which are known to link to thymocyte development, apopto-
sis of peripheral lymphocytes, and T helper cell differentia-
tion, were also included in the interferon signaling pathway
(R-HSA:913531) (Filen and Lahesmaa 2010). Another inter-
esting molecule was histone cluster genes, which were also
enriched in the AID group. This result is consistent with the
previous publications indicating that the epigenetic change
and gene expression of the histone cluster are involved in
the pathogenesis of AID, such as SLE (Doyle et al. 2013;
Lietal. 2017).

As for down-regulated DEGs in AID by our Reactome
pathway analysis, we found that the FCGR3A-mediated
IL10 synthesis, Generation of Second Messenger Molecules,
and RORA activates gene expression (R-HSA:1368082)
were most significantly enriched. Of these, CD3E, CD247,
ZAP70,PLCGI, and HLA-DQA?2 are major molecules asso-
ciated with the T-Cell Receptor (TCR) signaling pathway,
mediated by CD3 phosphorylation/ZAP70 recruitment and
TCR zeta chains. Thus, since both AID showed a significant
decrease in the expression of CD3 and TCR zeta chains,
particularly in monocytes from SjS patients, it is presumed
that aberrant TCR signaling may play a role in impairing
proper T cell development, activation, and immune tolerance
as supported by a study (Lysechko and Ostergaard 2005).

Activation of Th17 cells by RORyt is an important bio-
logical pathway in AID (Hams et al. 2021; Nejati Mohar-
rami et al. 2018). However, the expression of ROR«
was reduced in monocytes of SLE patients in our bulk
RNA-seq analysis. RORy and RORYt are two isoforms
that are transcribed from the RORC gene, and four iso-
forms, RORa1-4, are produced from the corresponding
RORA gene through alternative promoter usage and exon
splicing (Castro et al. 2017). RORyt has been suggested
to be important for Th17 differentiation by regulating
the expression of Th17 genes. Mouse T cells lacking the
expression of both RORyt and RORa showed a complete
blockade in Th17 cell differentiation in contrast to the
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partial defects in T cells with a deficiency of either one,
suggesting a complementary role for RORyt and ROR«
in Th17 commitment (Yang et al. 2008a). One interest-
ing study demonstrated that ROR« is a negative regulator
of the inflammatory response in human primary smooth-
muscle cells (Delerive et al. 2001). This action of RORa,
especially RORal on NF-kB is associated with the induc-
tion of IkBa, the major inhibitory protein of the NF-kB
signaling pathway, whose expression was found to be tran-
scriptionally up-regultaed by RORa1 via a ROR response
element in the IkBa promoter (Delerive et al. 2001).
Therefore, down-regulated DEGs involved in the RORa-
mediated pathway may suggest augmented inflammation
via NF-kB in the monocytes of SLE.

Moreover, through the investigation of gene-drug interac-
tion analysis, we selected and presented alternatives to vari-
ous potent drugs that can be used for SjS or SLE symptom
relief and treatment purposes (Table 1). Typically, non-ste-
roidal anti-inflammatory (NSAIDs) drugs, such as indometh-
acin, aspirin, nabumetone, and celecoxib are useful drugs to
alleviate some of the symptoms of autoimmune-activated
patients by inhibiting cyclooxygenase activity (Bhunyakarn-
janarat et al. 2021). Cox-2 (cyclooxygenase) enzyme coded
by the PTGS?2 gene is a major factor that can modify T cells
and macrophages in several inflammatory and autoimmune
diseases (Wise et al. 2022).

Furthermore, we presented potent drugs including
amrinone, pentoxifylline, pirfenidone, pranlukast, and ibudi-
last, which are effective for inflammatory diseases includ-
ing SjS and SLE by inhibiting phosphodiesterase, TGF beta
receptor, leukotriene receptor activity (Kikuchi and Inagaki
2002; Li et al. 2018; Martin-Gomez et al. 2016). Phospodi-
esterase, especially type 4 is a cyclic adenosine monophos-
phate (cyclic AMP)-specific enzyme that hydrolyzes the
cyclic AMP in cells into 5'-AMP. Phosphodiesterase inhibi-
tor is known to inhibit TNF-alpha production and IL-1f and
reduce inflammatory responses by increasing the intracel-
lular cAMP concentration in monocyte blood cells (Brideau
et al. 1999; Coon et al. 2014; Molnar-Kimber et al. 1992).
Pharmacological studies also have shown that the signaling
cascades by leukotriene receptor stimulates the degranula-
tion, chemotaxis, and phagocytosis of neutrophils, leading
to chronic inflammatory disorders (Sasaki and Yokomizo
2019).

As for potent agonist, PPAR is a type of steroid hormone
nuclear receptor superfamily that plays an important role
in lipid metabolism, energy balance, arteriosclerosis, and
glucose regulation, and is an important factor in controlling
inflammation activity (Choi and Bothwell 2012). Yang et al.
study have shown that PPAR plays an important role in regu-
lating immune responses by mechanisms, that involve trans-
activation or trans repression of gene expression through
activation of transcription factors including NF-xB, AP1 and

NFAT, and suggested that PPAR-a agonist will provide clues
to the treatment of autoimmune diseases (Yang et al. 2008b).

The limitation of our current study includes a small sam-
ple number for each group. The recruitment of the patients is
in progress and additional sets of the transcriptomic data are
being accumulated for our upcoming studies. Nonetheless,
the Reactomes and gene-drug target analyses provided novel
findings regarding the inflammatory nature of AID mono-
cytes. This information on gene-drug association may serve
as a stepping stone to future drug design for SLE and/or SjS.
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