Genes & Diseases (2025) 12, 101527

Available online at www.sciencedirect.com

ScienceDirect

KeAi

CHINESE ROOTS
GLOBAL IMPACT

journal homepage: www.keaipublishing.com/en/journals/genes-diseases

Genes &
D

RAPID COMMUNICATION

Identifying functional subtypes and L)
common mechanisms of rheumatoid

Check for
updates

arthritis and systemic lupus erythematosus

There are similarities between rheumatoid arthritis (RA) and
systemic lupus erythematosus (SLE) in terms of clinical
manifestations, immune responses, and therapeutic strate-
gies,’ and thus a joint analysis of the two diseases could
contribute to a deeper understanding of the shared patho-
genesis of autoimmune diseases. The subtype analysis of RA
and SLE is currently understudied, and the marker genes
used for subtype definition in most studies are derived from
bulk RNA sequencing data or microarray data, which are
underrepresentative of individual immune cell status.’
Therefore, we aimed to identify cell type-specific expressed
genes as biomarkers based on single-cell RNA sequencing
data and to explore the commonalities and differences be-
tween RA and SLE by a combined subtype analysis based on
microarray data. Both the representativeness of the markers
in terms of immune characteristics and the reproducibility of
the results are ensured by the sufficient sample size. Im-
mune infiltration analysis revealed the subtype heteroge-
neity and significant differences in clinical characteristics
between different subtypes of RA patients, which verified
the heterogeneity between different subtypes. Finally, we
constructed subtype prediction models by machine learning
algorithms further validating the heterogeneity among sub-
types. Detailed methodology and the overall flowchart
(Fig. S1) are provided in the supplementary material.
Single-cell RNA sequencing data from peripheral blood
mononuclear cells of RA patients, SLE patients, and
healthy controls (GSE159117 and GSE162577) were
collected, and cell clustering was performed, resulting in
seven cell types including T cells, natural killer cells, B
cells, monocytes, neutrophils, megakaryocytes, and den-
dritic cells (Fig. 1A; Fig. S2). In the disease group, B cell
and monocyte proportions increased from 5.9% to 13.0%
and 12.9%—25.9%, respectively, while T cell proportion
decreased from 70.7% to 48.2%, highlighting the

Peer review under the responsibility of the Genes & Diseases
Editorial Office, in alliance with the Association of Chinese Amer-
icans in Cancer Research (ACACR, Baltimore, MD, USA).

https://doi.org/10.1016/j.gendis.2025.101527

importance of these cell types in disease pathology
(Fig. 1B and Table S1). Then, the top 138 cell-specific
genes for T cells, B cells, and monocytes were selected as
the marker genes for subtype analysis (Table S2). Two
subtypes of RA and SLE samples (GSE50772 and GSE61635)
were defined based on consensus clustering where two
subtype groups consisted of 149 and 243 samples,
respectively (Table S3). Interestingly, both subtype groups
contained RA and SLE individuals, indicating the potential
shared functional mechanisms between RA and SLE. The
expression distribution of 138 signature genes had distinct
expression patterns in different cell types for the two
subgroups (Fig. 1C). The robustness of signature genes and
subgroup definition was validated by external datasets
(Supplementary File; Fig. S3 and Table S4-7).

To confirm the reliability of shared subtypes between RA
and SLE, we explored the heterogeneity between different
disease subtypes. It showed significant differences in immune
cell infiltration between disease subtypes. Specifically, for
subtype I, the immune infiltration degree of phagocytic cells,
including macrophages, monocytes, mast cells, dendritic
cells, neutrophils, and eosinophils was higher than that of
subtype II. For subtype I, most lymphocytes including various
T cells, B cells, and natural killer cells had a higher immune
infiltration level than that of subtype I, consistent with the
pattern revealed by subtype classification (Fig. 1D).

To further investigate the subtype differences and to
validate the reliability of the classification, we analyzed six
clinical characteristics including C-reactive protein, anti-
cyclic citrulline peptide, the visual analogue scale for pain,
erythrocyte sedimentation rate, clinical disease activity
index, and rheumatoid factor for 232 RA patients reflecting
the disease severity. Significant differences for all six in-
dicators between different RA subtypes are observed
(P < 0.05; Fig. 1E). Moreover, compared with subtype I, RA
patients of subtype | have higher disease severity.

The weighted gene co-expression network analysis
(WGCNA) method was employed to identify co-expression
modules associated with the disease subtypes (Fig. S4) and
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Figure 1  Key findings of this research. (A) A total of 25 cell clusters were divided into 7 different cell types and distinguished by

different colors. (B) The percentage stacked bar chart shows the percentage of different cell types in the total number of cells in
the control group and the disease group. (C) The heat map shows the expression differences of different cell cluster marker genes

in different cluster populations. (D) ssGSEA algorithm was used to
different subtypes. ns, P > 0.05; *P < 0.05, **P < 0.01, **P < 0.001,

determine the differences in immune infiltration levels among
and ****P < 0.0001. (E) The violin chart shows the differences in

clinical indicators among patients with different subtypes of rheumatoid arthritis. (F) The correlation between different modules
and subtypes. The numbers in each cell represent correlation and significance. (G) The network diagram shows the correlation

between functional pathways. Among them,
mechanisms underlying the two subtypes.

three subtype-correlated modules were identified. The
black module had a correlation coefficient of 0.53 with
subtype |, while the turquoise and light green modules had
a correlation coefficient of 0.71 and 0.70 with subtype II,
respectively (P < 0.001; Fig. 1F; Fig. S5A—C). Subtype |
related module is mainly involved in functions including
phagocytosis, activation of immune cells, positive regula-
tion of inflammatory response, and defense response to
bacteria (Fig. S5D—F). Therefore, we hypothesized the
mechanism of disease subtype | as follows: a patient has
immune responses leading to abnormal activation of
phagocytes (e.g., macrophages and neutrophils) after a
bacterial infection, which ultimately leads to the devel-
opment of an immune disease. The subtype Il related
module is mainly involved in functions associated with T
cell activation, differentiation, T-cell receptor, B cell
activation, and B-cell receptor signaling pathway, indi-
cating that the biological mechanism of subtype Il is closely
related to the activation of lymphocytes.

red and blue represent pathways enriched by two subtypes. (H) Hypothetical

Furthermore, 302 up-regulated genes and 138 down-
regulated genes were identified between subtype Il and
subtype | (Table S8). For subtype |, down-regulated genes
were enriched in terms related to inflammatory response
and defense against bacteria, validating our previous hy-
potheses about the biological mechanism of subtype I. For
subtype Il, up-regulated genes were enriched in T and B cell
activation and differentiation, consistent with the func-
tional enrichment results of the WGCNA co-expression
module. In addition, we discovered genes that were related
to the positive regulation of natural killer cell-mediated
cytotoxicity in the characteristic genes of subtype Il. Posi-
tive regulation of natural killer cell-mediated cytotoxicity
refers to the enhancement of natural killer cell’s killing
effect on infectious pathogens through a series of signaling
pathways and factors, while cytotoxicity refers to the
phenomenon of viral infection leading to host cell death or
damage (Fig. S6A—C). This implies that viruses may be the
source of pathogenesis in subtype Il. Specifically, viral
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infection leads to abnormal activation of lymphocytes,
which may cause immune dysregulation. In conclusion,
subtype | may be caused by bacterial infection, leading to
abnormal activation of phagocytic cells, while subtype Il
may be caused by viral infection, leading to abnormal
activation of lymphocytic cells. Then, the gene set
enrichment analysis (GSEA) was performed using immune
function datasets from the MsigDB database as background
gene sets. Significantly enriched pathways included
phagocytic cells and lymphocytic cells, further validating
the previous biological functional mechanism inference
(Fig. S6D—F). The functional correlations between different
groups were demonstrated by the network map (Fig. 1G).

To further investigate the underlying mechanisms of the
subtypes and facilitate disease diagnosis and treatment, 50
potential gene biomarkers were selected from 440 differ-
entially expressed genes by LASSO dimensionality reduc-
tion. The top 10 markers achieved strong classification
performance with an average AUC of 0.993 (Fig. S7, 8).
Notably, signaling lymphocytic activation molecule family
member 6 (SLAMF6), C—C motif chemokine ligand 28
(CCL28), and B cell scaffold protein with ankyrin repeats 1
(BANK1)*~> have been reported to be involved in immune
response or to be related to autoimmune diseases (Sup-
plementary File). Therefore, we speculate that a potential
pathway influencing subtype | may involve bacterial infec-
tion, leading to BANK1-FOXO1 (forkhead box O1) pathway
dysregulation and lymphocyte abnormalities. Conversely,
subtype Il may be impacted by viral factors affecting the
CCL28-CCR10 (C—C motif chemokine receptor 10) pathway,
resulting in phagocyte-related abnormalities (Fig. 1H).

In summary, we aim to identify shared subtypes between
RA and SLE, whereas previous classification studies have
focused on a single disease. This joint analysis explores simi-
larities and differences between different diseases, which
helps to better identify consistent targets for drug treatment,
further classify diseases and guide treatment plans for pa-
tients. Besides, we innovatively selected cell-type-specif-
ically expressed genes obtained from single-cell RNA
sequencing data as signature genes for sample clustering,
rather than using differentially expressed genes derived from
microarray or bulk RNA sequencing data, which accurately
differentiate between different cell types and therefore
accurately perform disease clustering and classification. This
study may provide new perspectives for the analysis of sub-
types and molecular mechanisms of autoimmune diseases.
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