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Abstract Increasing evidence suggests an association between Sjogren’s syndrome (SS) and multiple cancers;
however, the causal relationships and regulatory mechanisms remain unclear. Using European genome-wide
association study data, we employed Mendelian randomisation (MR) and meta-analysis to explore the SS-cancer
causality. Bidirectional two-sample MR revealed that SS increased the risk of colorectal (odds ratio (OR) = 1.08)
and lung cancers (OR = 1.15), whereas lung (OR = 3.03) and female genital cancers (OR = 6.59) were found to
elevate the risk of SS. Co-localisation analysis confirmed bidirectional causality between SS and lung cancer.
Summary data-based MR identified HLA-DPB2 as a hub gene, with single-cell RNA and mRNA analyses
suggesting its role in memory B cells regulation via MHC-II ligands and lung carcinogenesis. This study
demonstrates a mutually positive association between SS and lung cancer, implicating HLA-DPB?2 as a potential
regulatory gene and offering novel insights into the relationship between SS and cancer, especially lung cancer.
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Introduction

Sjogren’s syndrome (SS) is a systemic autoimmune
disease characterized by lymphocytic infiltration of the
exocrine glands, leading to dryness of the affected glands
[1]. The diagnosis depends on serological tests, especially
the presence of SSA and SSB antibodies [2]. Along with
systemic lupus erythematosus and progressive systemic
sclerosis, SS is one of the most common autoimmune
disorders, with an incidence of approximately 4 cases per
1000 individuals every year and a prevalence of
approximately 0.5%; however, SS has received much less
attention than the other two conditions [3].
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The increased risk of lymphoma in patients with
primary Sjogren’s syndrome (pSS) has been widely
demonstrated, with non-Hodgkin lymphoma (NHL) being
the most common malignancy [2,4]. A meta-analysis
showed that, except for NHL, patients with pSS also had
a higher risk of lung cancer, although the histological
subtypes were not explored. Other cancers with elevated
risks in patients with pSS include oral and throat, non-
melanoma skin, and urinary tract cancer [5]. Recently, a
study that utilized two-sample Mendelian randomization
(MR) analysis for the first time showed that SS could
increase the risk of prostate, endometrial, urinary tract,
liver, and bile duct cancers, but did not find a significant
causal relationship of SS with lung and breast cancers [6].
Thus, although it has been documented that SS is linked
to a higher overall rate of cancers, its correlation with
specific tumors remains controversial [7,8].

Immune cells play an important role in mediating both
SS and cancer. However, it remains challenging to
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determine whether SS has a causal effect on solid cancers
or to identify the specific cellular or molecular factors
involved in their development. Human leukocyte antigen
(HLA) is a cell surface glycoprotein that presents
antigens to T cells and plays a key role in immune
recognition and responses [9]. A meta-analysis identified
that HLA class II is associated with pSS, suggesting that
alleles such as DRB1*03:01, DQAI1*05:01, and
DQB1*02:01 could be risk factors [10]. HLA class 1II is
also considered as a driver of SS variability by regulating
the expression level of IFN-a [11]. Additionally, studies
have shown that patients with SS primarily present
methylation alterations in B cells that are associated with
disease development [12].

MR, an epidemiological genetic approach, is a valuable
tool for investigating the potential causal relationships
and molecular connections between different traits. A
study using two-sample MR, which is widely used to
explore potential causality while minimising confounding
factors often found in observational studies, can reveal
the genetic interaction mechanism between the two
diseases and elucidate the role of some immune cells
[13,14]. In addition, summary data-based Mendelian
randomization (SMR) was applied to identify the genes
shared between SS and lung adenocarcinoma (LUAD).
By utilizing the expression quantitative trait locus (eQTL)
and genome-wide association studies (GWAS), SMR can
explore shared risk genes through gene expression
analysis, offering insights into the comorbidity of
different diseases [15,16].

In this study, we investigated the causal relationships
between SS and various cancers, with a particular focus
on the interactions between SS and LUAD. Using eQTL,
bulk tissue RNA sequencing (bulk tissue RNA-seq), and
single-cell RNA sequencing (scRNA-seq) data, we
explored the potential underlying mechanisms of this
interaction.

Materials and methods

Research flowchart introduction

First, GWAS summary statistics, which included three SS
datasets and 248 cancer datasets (Fig. 1), were used in the
two-sample MR to estimate the causality between SS and
cancers through forward and backward MR, with
sensitivity and co-localization analyses for validation.
Second, as MR revealed that there may be a mutually
reinforcing relationship between lung cancer and SS, we
further explored the relationship between SS and LUAD
at the cellular and genetic levels. The blood cis-eQTL
data from eQTLGen were utilized for SMR analysis on
SS and LUAD, and intersection analysis was then
conducted to identify the hub genes of the causality
between SS and LUAD. Gene expression analysis in The

Cancer Genome Atlas (TCGA) data set of LUAD
confirmed HLA-DPB? as a potential hub gene.

Third, bulk RNA-based and scRNA-based analyses
were performed to investigate the potential mechanisms
and functions of HLA-DPB2. In the bulk RNA-based
analysis, weighted correlation network analysis
(WGCNA), Gene Ontology (GO), Kyoto Encyclopaedia
of Genes and Genomes (KEGG) enrichment,
CIBERSORT, protein—protein interaction (PPI) network
and correlation analysis were used, and a potential
relationship between the immune and hub genes was
revealed. For scRNA-based analysis, differential
expression analysis, gene set enrichment analysis
(GSEA), Monocle, and Cellchat were used to further
explore and validate the potential mechanisms.

Data acquisition
GWAS summary statistics

All traits uploaded to the MRC-IEU online database were
downloaded (updated to 2024.05.13, N = 50 044), and the
GWAS summary results for SS and all cancer traits were
obtained from the MRC-IEU online database, including 3
data sets of SS in total and 248 data sets for cancer of
European origin. Details of the GWAS summary traits are
presented in Table S1.

For SMR, the analysis was based on the summary data
of whole-blood cis-eQTL summary statistics, which were
downloaded from eQTLGen (a meta-analysis of 14 115
individuals).

Bulk tissue RNA-seq and scRNA-seq data

Bulk tissue RNA-seq gene expression data related to lung
cancer were obtained from TCGA database via
XenaBrowser, while scRNA-seq data were acquired from
the Gene Expression Omnibus (GEQO) repository
(accession: GSE131907). All pSS patient samples were
obtained from the GEO database, including two bulk
transcriptomic data sets (accession numbers: GSE173670
and GSE66795) and one scRNA-seq data set (accession
number: GSE253568). The “SingleR” and “Seurat” R
packages were used for processing the scRNA-seq data,
cell clustering, and annotation.

Single nucleotide polymorphisms selection and bi-
directional MR

To evaluate the causal relationship between SS and
different types of cancer, an MR analysis was performed
using the R package TwoSampleMR v0.6.3. The
instrument variants were mainly selected based on three
core assumptions: (1) the variants are associated with the
exposure, (2) the variants have no connection with the
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Fig. 1 Overview of this MR-based study. GWAS, genome-wide association studies; eQTL, expression quantitative trait locus; SMR, summary
data-based Mendelian randomization; TCGA, The Cancer Genome Atlas; WGCNA, weighted correlation network analysis; GO and KEGG
enrichment, Gene Ontology and Kyoto Encyclopaedia of Genes and Genomes enrichment; PPI network, protein—protein interaction network;

GSEA, gene set enrichment analysis.

outcome through confounding factors, and (3) the
variants do not affect the outcome directly, except by the
exposure.

In the forward MR exploring the causal relationship
between SS and cancer, all the single nucleotide
polymorphisms (SNPs) from different studies are listed in
Table S1. We selected genetic variants based on two
thresholds for SS exposure: 5¢—8 and 5e—6 (Table S2),
with a minor allele frequency threshold of 0.01. The
threshold of 5e—8 was mainly considered for discovery,
and a lenient threshold of 5e—6 was used for validation
[17]. Results showing consistent directionality and
nominal significance (P < 0.05) at both genetic variant
thresholds were considered significant. Thus, SNPs
meeting the 5e—8 threshold with P < 0.05 were used as
instruments, and heterogeneity and pleiotropy tests were
performed (Table S3). For results showing significant
heterogeneity, data were generated using a random-
effects model [18].

In the backward MR analysis, which explored the
relationship between cancer and SS, SNPs associated
with cancer were selected using the same criteria as
meaningful (thresholds of 5¢—8 and 5e—6), and the MR
results using Se—8 for genetic variants were considered as
the main results (Table S4). Results with the same
directionality as the MR with P < 0.05, using 5e—6
genetic variants for validation, were considered positive
(Table S5).

Steiger filtering was performed to ensure that the
directionality of the SNPs (P < 0.05) was applied to the
MR [19]. The inverse variance weighting method was
primarily used to assess the causal effect between two
phenotypes [20]. When only a single instrumental
variable was available, the Wald ratio was used to
evaluate the causal effect, and MR-PRESSO was applied
to detect outliers [21]. The F-statistics of the instrumental
variables were calculated by the formula F = RZ(N — 2)/
(I — R?), the R values were obtained using the
“get r from bsen” function in R, and only instruments
with > 10 were considered reliable for further analysis
[22]. The F-statistics of all the instrumental variants
ranged from 18.92 to 109.21 for forward MR, and from

20.858 to 455.996 for backward MR (Tables S2 and S4),
indicating no significant weak instrument bias [23].

Causal relationships with significant P-values (P <
0.05) in both thresholds for exposure were considered
significant.

Co-localization

Co-localization analysis between LUAD and SS was
accomplished using R package coloc v5.2.3 within + 150
kb of leading SNP of each trait with the default
paraments. Results of PPH3 + PPH > 0.8 were deemed
significant [24].

Identification and validation of the shared hub gene

SMR was used to infer causal genes using a single eQTL
(Table S6) [15]. SMR analysis was performed on the data
from over 19 250 known eQTL. Subsequently, HLA-
DPB?2 was identified as a shared hub gene by intersection
analysis and validation of its expression in bulk RNA-seq
data.

The shared genes were validated by comparing their
expression levels in the early and advanced disease stages
using a t-test to further confirm the hub genes.

Bulk RNA-seq based validation and further
exploration

Construction of a weighted gene co-expression network

The R package WGCNA was specifically utilized to
perform gene co-expression network analysis of tumor
tissues to further explore the function of HLA-DPB2 and
the genes co-expressed with it [25,26].

Enrichment analysis

GO enrichment analyses and KEGG pathway were used
to identify the function of HLA-DPB2 co-expression
genes [27].

To explore the associations between genes in the green
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gene module and HLA-DPB2, we analyzed the PPI
networks of the 151 identified genes in the green module
(Table S7) using the STRING database.

Correlation analysis and immune infiltration profiles

To explore the correlation between HLA-DPB2 and its
parental gene HLA-DPBI, Tumour Immune Estimation
Resource (TIMER) was applied, and Spearman
correlation analysis was used to determine relationships
in the TCGA-LUAD data collection to verify the result of
TIMER.

To explore the correlation of immune cells with HLA-
DPBI and HLA-DPB2, CIBERSORT was used [28].
Spearman correlation analysis was conducted between
HLA-DPBI and HLA-DPB?2 and the immune cells.

scRNA-seq based exploration
ScRNA-seq data processing

Cells were filtered using gene expression counts below
500 and cells with more than 25% mitochondrial content.
After removing low-quality cells, the selected single cells
were normalized.

Dimension-reduction, cell clustering and annotation

Principal component analysis (PCA) was applied to
reduce the dimensionality of the statistics utilizing the top
2000 most variable genes in the data set by using the
“FindVariableFeatures” function in Seurat.

The Uniform Manifold Approximation and Projection
(UMAP) was then applied to further reduce the
dimensionality of the data set using the “RunPCA”
function [29]. Single-cell data were downscaled using
UMAP to project the cells onto a two-dimensional space
and the cells were clustered using Seurat clusters.

The “SingleR” R package was used to annotate the cell
clusters [30]. Highly and specifically expressed genes
have been used as markers to identify cell types [31].
Marker genes for each cluster were identified using the
“FindAllMarkers” function in Seurat.

ScRNA-seq and analysis (pseudotime analysis)

Monocle (V2.30.1) was used to predict the pseudotime of
each T cell to explore their differentiation trajectory of T
cells [32] and to verify the reliability of T cell re-
annotation [32].

Cell-cell interaction analysis

The R package “CellChat” (Version 1.6.1) was applied to
infer the potential intercellular communication in the

scRNA-seq data [33]. A threshold of 10 cells was used to
filter communication.

Results

Forward and backward MR revealed the effects of SS
on lung cancer and other cancers

In the set of instrumental variables (P < 5¢—8), forward
MR was performed to evaluate the causal effects of SS
exposure and different types of cancers as outcomes. As
shown in Figs. 2A, 2B and S1, of all the results, the SS is
a protective factor in the development of breast cancer
(odds ratio (OR) 0.95, 95% confidence intervals (CI)
0.94-0.96), ovarian cancer (OR 0.90, 95% CI 0.80-1.01),
esophageal adenocarcinoma and endometrial cancer (OR
0.87, 95% CI 0.83-1.01), with ORs of less than 1. On the
other hand, SS is a risk factor for lung cancer (OR 1.15,
95% CI 1.07-1.23), colorectal cancer (OR 1.08, 95% CI
1.04-1.12), malignant lymphoma, bile ducts and liver
cancer, with an OR > 1.

Backward MR was used to explore the causal
relationships between cancer and SS. Five independent
SNPs associated with specific cancers were found to be
significantly associated with SS (Fig. 2C and 2D). Meta-
analysis of independent SNPs suggested that female
genital cancer (OR 6.59, 95% CI 3.89-11.15) and lung
cancer (OR 3.03, 95% CI 2.43-3.78) were risk factors for
the SS (Fig. S2).

HLA-DPB2 was identified as the hub gene between SS
and lung cancer

To further explore potential shared genes between SS and
LUAD, we conducted a co-localization analysis, which
identified a co-localization region near 6p21 with a PPH4
probability of 90.8%, which is considerably higher than
80% (Fig. 2E). This result indicates strong co-localization
effects in this area [34]. Analysis of the eQTL data
revealed that 10 genes were significantly correlated with
these two traits. We identified 6 shared gene expressions
in TCGA database, and their corresponding causal effects
on SS and LUAD are presented in Fig. 2F. Because all
tissues in the TCGA data set were obtained from patients,
normal tissues could not be used as controls to validate
the causality of lung cancer development. Therefore, we
compared tissues from the early and advanced stages of
lung cancer to assess progression and validate the 6
shared genes. HLA-DPB2 was downregulated in the
advanced stages of the disease (Fig.2G), which was
consistent with the SMR results (Fig. 2F). Besides, the
HLA-DPB? is located on chromosome 6 (6p21.32), close
to the co-localization region identified in the co-
localization analysis. This proximity suggests that this
gene is a potential hub linking SS and LUAD. Thus,
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HLA-DPB2 was considered as a hub gene for further
exploration. After confirming directionality using
Steiger’s test, a bidirectional causality was found between
LUAD and SS, suggesting a mutually reinforcing
interaction between these two diseases.

HLA-DPB2, the pseudogene of HLA-DPB]I, is highly
related with immune function

To further explore the potential mechanisms of the hub
genes, WGCNA and GO were used. WGCNA revealed 5
distinct modules, with the green module (Fig.3A)
comprising 172 genes showing the highest correlation
with HLA-DPB2 and a negative correlation with
advanced staging (Fig. 3B; Table S7). HLA-DPB? is the
pseudogene of HL-DPBI, it is a non-functional gene that
contains sequences similar to functional gene HLA-DPBI.

GO enrichment analysis of the genes in the green
module revealed predominant associations with immune-
related pathways, particularly the MHC-II pathway

(Fig. 3C).  Similarly, KEGG pathway analysis
demonstrated that the functions of the green module that
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(Fig. S4). Given that HLA-DPB? is a pseudogene strongly
correlated with HLA-DPBI, but direct expression data for
HLA-DPB?2 are generally unavailable in single-cell data
sets, we hypothesized that proteins strongly interacting
with HLA-DPBI may also be relevant to HLA-DPB2.
Therefore, we analyzed HLA-DPBI in single-cell tumor
data set as a proxy to infer the potential mechanisms by
which HLA-DPB2 might suppress tumorigenesis and
progression.

HILA-DPBI expression is decreased in tumor tissues

First of all, we demonstrated a close association between
HLA-DPB2 and HLA-DPBI in the transcriptome. To
avoid the potential limitations of using a single method,
we performed co-localization analysis using eQTL data
for HLA-DPB2 and HLA-DPBI, which revealed a strong
co-localization effect between these two genes (PPH3 +
PPH4 = 1.00 > 0.8, Fig. S3D). Using scRNA-seq
analysis, we first validated HLA-DPBI expression in the
immune cells of normal and tumor tissues. The results
showed a significant decline in HLA-DPBI expression in
immune cells from the tumor tissues (Fig. 4A). Next, we
explored immune cells in early and advanced tumor
tissues according to our bulk RNA-seq results. To ensure
reliable results, the distribution of immune cells was
explored at different cancer stages using UMAP
(Fig. S5).

HLA-DPBI is predominantly expressed in B cells,
macrophages and monocytes

To identify the primary immune cell types expressing
HLA-DPBI1, we pre-processed the scRNA-seq data set
GSE131907 of lung cancer immune cells using stringent
quality control metrics [29] and visualized them using the
UMAP method. We categorised the cells into 25 cell
subpopulations using Seurat clusters (Fig. S6) and

annotated them into 10 cell types using the singleR
package (Figs. 4B and S7). UMAP plots and differential
expression analyses revealed that HLA-DPBI was highly
expressed in B cell, macrophages, and monocytes,
suggesting that it plays a significant role in these immune
cells (Figs. 4C and S8).

HLA-DPBI expression is downregulated in MemB
with cancer progression

The results of the SMR and downregulated expression in
lung cancer patients compared to normal individuals
(Fig. 4A) suggest that HLA-DPBI acts as a protective
factor. HLA-DPBI was higher in B cells in the early stage
of cancer than in the late stage but showed no difference
in macrophages and monocytes (Fig. 5A). To refine the B
cell analysis, we re-annotated them into two subsets,
MemB and germinal center (GC) B cells (Figs. 5B and
S9). To explore B cell subpopulations with differential
HLA-DPB1 expression, we performed differential
analysis in GC B cells and MemB and found that HLA-
DPBI was only different in MemB (Fig. 5C). The GSEA
of MemB indicated the upregulation of three immune-
related pathways in the progression of LUAD, including
the intrinsic component of the plasma membrane, side of
the membrane, and antigen binding (Fig. S10).

Significant alterations in the MHC-II signaling
pathway during the progression of lung cancer

In the immune system, anti-tumor effects mainly rely on
T cells [38]. In the scRNA analysis, since SingleR
annotation did not differentiate T cell subpopulations
such as depleted T cells, we conducted a detailed
subpopulation delineation and annotation of T cells
(Figs. S11-S13) and validated it by pseudotime analysis
(Fig. S14A and S14B).

To investigate the differences in the interactions
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between MemB and other immune cells in the early and
advanced stages, we analyzed cellular interactions using
CellChat and found that MemB primarily interacts with
effector T cells, macrophages, and monocytes (Fig. 6A),
with stronger communication observed at early cancer
stages (Fig. 6B and 6C). Ligand-receptor pairs from
MemB to effector T cells, macrophages, and monocytes,
including MIF, MHC-II, ICAM, CD99, ANNEXIN,
IL16, CLEC, and UGRP1, were significantly
downregulated during the progression of lung cancer
(Fig. 6D). Interactions based on the MHC-II signaling
pathway between MemB and exhausted T cells, such as
macrophages, monocytes, and B GC cells, increased (Fig.
6E). Since the effector T cells also presented obvious
interactions with macrophages and monocytes, we
investigated their communication and found that the
GALECTIN, CLEC, CD99, MIF, RESISTIN, and
ALCAM pairs showed statistically significant variation at
different stages (Fig. S15). These scRNA-based findings
suggest that elevated MHC-II-mediated communication
with immune cells is a key pathway through which HLA-
DPB?2 contributes to LUAD progression.

Validation of HLA-DPB2 expression in pSS patients

Having established that HLA-DPB2 is significantly
associated with lung cancer progression and inferred

(through analysis of its parental gene, HLA-DPBI) that
MemB are likely to mediate this involvement, we
subsequently validated these findings using pSS patient
data sets. Given that pSS is a systemic autoimmune
disorder, we used peripheral blood data sets to validate
the association between HLA-DPB2 expression and the
disease pathology. We found a correlation between HLA-
DPB?2 expression levels and both clinical disease severity
(GSE66795, Fig.7A) and progression (GSE173670,
Fig. 7B).

Elevated HLA-DPBI1 in MemB correlates with
immune suppression in healthy individuals

To elucidate the role of HLA-DPB2 in B cells and
investigate the potential mechanisms for suppressing pSS
pathogenesis, we analyzed the GSE253568 single-cell
data set. Similar to the lung cancer scRNA-seq data,
HLA-DPB?2 expression was not directly detectable in this
data set. Therefore, we used the parental gene HLA-DPBI
as a proxy. Given the absence of detailed clinical severity
data for this cohort, we performed the analyses using only
healthy controls. These samples were stratified into high-
and low-expression groups based on B cell HLA-DPBI
levels (Fig. 7C) to identify the functional differences that
may explain HLA-DPBI’s putative protective effects
against pSS development. Differential expression analysis
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revealed significant transcriptional differences between
HLA-DPBI high and HLA-DPBI low MemB, with 79
upregulated and 107 downregulated genes in the high-
expression group (false discovery rate (FDR) < 0.05,
[logo,FC| > 1) (Fig. 7D). GO enrichment analysis of genes
downregulated in HLA-DPBI high MemB revealed
significant suppression of pro-inflammatory pathways
(FDR < 0.05), including the immune response-regulating
signaling pathway, immune response-regulating cell
surface receptor signaling pathway, and immune
response-activating signaling pathway (Fig. 7E, Table
S10). KEGG pathway analysis corroborated the GO
enrichment results, demonstrating the coordinated
downregulation of immune-related and cancer-associated
pathways in HLA-DPBI high MemB (Fig. 7F, Table
S11). Functional enrichment analysis of the 79
upregulated genes yielded limited results, with only two
mitochondria-related pathways identified in the GO
analysis (Table S12). No significant pathways were
detected in the KEGG analysis (FDR > 0.1). These
findings demonstrate that decreased HLA-DPB?2
expression is significantly associated with pSS disease

progression, corroborating the MR results.
Mechanistically, high expression of its parental gene,
HLA-DPBI, in healthy B memory cells was found to
suppress multiple pathogenic pathways, including pro-
inflammatory responses, immune activation, and tumor-
associated processes. These results suggest that the HLA-
DPB2/DPBI axis confers protection against both pSS and
lung cancer through the coordinated downregulation of
shared pathological pathways.

Discussion

In our study, we employed bidirectional MR to
investigate the potential reciprocal promotion -effect
between SS and cancer, uncovering a mutually
reinforcing causal relationship between SS and lung
cancer. Additionally, MR can prevent the influence of
potential bias in previous studies on the correlation
between SS and malignancy [39]. Through SMR analysis
of the eQTL data, we further identified HLA-DPB?2 as a
putative gene, and subsequent multi-omics investigations
revealed its dual protective role in both lung cancer and
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pSS. In lung cancer, transcriptomic analysis demonstrated
a strong correlation between HLA-DPB2 and immune
function, and its involvement in immune response
pathways, whereas single-cell RNA sequencing-based
analyses indicated that HLA-DPB2 predominantly exerted
its effects on MemB, suggesting a potential mechanism
by which these cells modulate tumorigenesis and tumor
progression via macrophage/monocyte-dependent
regulation of T cell-MHC-II interactions. Parallel studies
in patients with pSS revealed an inverse correlation
between HLA-DPB?2 expression and disease severity, and
functional validation showed that high expression of its
parental gene, HLA-DPBI, in B cells significantly
downregulated pro-inflammatory, immune activation, and
oncogenic signaling pathways. This study established a
causal relationship between SS and lung cancer, and
based on this, we identified the HLA-DPB2/DPB1 axis as
a conserved immunoregulatory mechanism.

In our study, we identified a consistent causal
relationship between SS and lung cancer using both
forward and reverse MR analyses. This finding was
further supported by co-localization analysis, suggesting a

potential reciprocal relationship between SS and lung
cancer. Several studies support this association. Studies
have shown that up to 20% of SS patients exhibit lung
involvement that can be found in imaging [40,41].
Another study revealed an incidence of lung cancer of
0.477% in patients with pSS, which is higher than that in
the normal population (91.36 and 58.18 cases per 100 000
individuals for male and female individuals, respectively)
[42]. Adenocarcinoma was identified as the most
common subtype [43]. However, these findings were
limited by the small sample size (10 patients with SS and
lung cancer) and the lack of a large lung cancer control
group, which may have introduced bias. However,
conflicting perspectives exist on this topic. A two-sample
MR study revealed no significant causal relationship
between SS and lung cancer (including LUAD and
squamous cell lung cancer) [6]. However, this study
relied solely on GWAS data, which may lead to bias
owing to a lack of wvalidation. Moreover, the SNPs
identified in this study did not completely represent
variants of SS [6]. Differences in data sources and lung
cancer subtypes between their study and ours may explain
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these discrepancies.

As our study revealed a possible mutually reinforcing
causal relationship between SS and lung cancer, we
combined eQTL, transcriptomic, and single-cell data
analyses to investigate the cellular and molecular
mechanisms, which further revealed the HLA-
DPB2/DPBI axis as a key regulatory mechanism and the
role of MemB. We identified HLA-DPB2 as a hub gene
influencing the development of SS and LUAD, and its
expression decreased in advanced stages of lung cancer,
as validated by single-cell-based analysis. Although HLA-
DPB?2 is a pseudogene that does not encode proteins,
studies have shown that pseudogenes can act as long
noncoding RNAs to regulate parent or unrelated protein-
coding genes, influencing tumor development by acting
as microRNA decoys [44]; moreover, the study revealed a
robust association between the HLA-DPB2/DPBI axis
[35], and we proved the robust associations between the
HLA-DPB2/DPB]1 axis by correlation analysis and co-
localization analysis, thereby supporting the rationale of
using HLA-DPBI as a proxy to investigate HLA-DPB2’s
biological functions. Several studies have shown an
association between HLA-DPB2 and various cancers
including cervical [45], breast [35], ovarian [46] and
rectal cancers [47]. In breast cancer, expression of the
HLA-DPB2/DPBI axis is closely associated with T cells
during disease progression, indicating an anti-tumor
effect through immune cell recruitment, in accordance
with our results [35]. Previous studies have shown that
HLA class II alleles can increase the risk of SS in HLA-
DR by promoting B-lymphocyte survival and activation,

whereas genes on HLA-DQ can also influence
progression. However, the role of HLA-DP in SS
development remains unclear [10,11,48]. Notably,

although HLA-DPB2 expression has been implicated in
the severity of rheumatoid arthritis [49], its potential
causal role in the development of that condition remains
unclear. Similarly, the effect of HLA-DPB2 expression on
SS susceptibility and progression represents a significant
knowledge gap. Our study provides the first evidence that
HLA-DPB?2 expression may serve as a protective factor
against pSS and lung cancer development, with higher
expression levels correlating with less severe disease
progression under both conditions. Mechanistically, we
propose that this protective effect is mediated by B cells,
particularly the MemB population. However, further
investigation at the genetic and molecular levels is
required.

In our study, the expression of HLA-DPBI was
predominantly found in MemB and was higher in early
samples. Immune-related pathways were significantly
upregulated in the early stage compared to advanced
stages, suggesting that pathways associated with HLA-
DPB2 may influence lung cancer development through
MemB. By combining genomic, transcriptomic, and

single-cell analyses, we provided evidence for the role of
the HLA-DPB2/DPBI axis in lung cancer development.
This is consistent with the findings of previous studies. A
multi-omics study showed that the immune infiltration of
MemB differed between normal and tumor tissues, with
MemB being highly enriched in tumor tissues [50,51] and
showing a significant increase in patients with LUAD
[52]. Another study focusing on MemB subtypes found
that increased CD27 expression in switched MemB and
IgD*CD24" B cells may be associated with the
development of lung cancer [53]. However, the roles of
MemBs in lung cancer remain unclear. A study using a
metagenomic approach (CIBERSORT) suggested that the
lack of MemB is associated with poor prognosis in early
clinical LUAD, often accompanied by an increase in the
number of macrophages [54]. Lung cancers with
abundant MemB infiltration respond better to anti-PD-1
therapy [55]. In addition, MemB was correlated with a
positive treatment outcome following neoadjuvant
chemoimmunotherapy [56], which was positively
associated with a low risk of developing tumors [57].
This study provides important preliminary evidence that
implicates MHC-II-related pathways and MemB in tumor
progression. However, validation in patients with SS
remains limited owing to insufficient clinical progression
data in the available SS samples. Future studies are
needed to investigate the molecular mechanisms of MHC-
Il pathways in lung cancer pathogenesis and to conduct
large-scale sequencing studies with well-documented
disease progression metrics in SS cohorts.

Our study had several limitations. First, the GWAS data
used in the bidirectional MR analysis were primarily
derived from individuals of European descent, limiting
their generalisability to other ethnic groups. Additionally,
confounding factors such as age and sex, as well as other
environmental variables, exerted a certain influence on
the MR analysis. Future studies with larger sample sizes
and diverse populations are needed. Second, the
association between HLA-DPB2 expression and pSS
severity in the transcriptomic data sets did not reach
statistical significance, possibly because of insufficient
sample size. Larger pSS cohorts with standardised
clinical phenotypes are required to clarify this
relationship. Third, although our single-cell analysis of
HLA-DPBI in healthy donor B cells provided mechanistic
insights, future studies should examine pSS patient-
derived samples with well-characterized disease severity
to confirm their translational relevance. Finally, our study
was conducted based on existing research data, and
further in vivo and in vitro experiments are necessary to
confirm the correlation between SS and lung cancer and
to clarify the functions of HLA-DPB2 and MemB in
disease progression.

To our knowledge, this is the first study that integrates
Mendelian  randomization  with  single-cell and
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transcriptome analyses to investigate the causal
relationship between SS and malignancy and the potential
underlying mechanisms. Our study revealed a mutually
reinforcing causal relationship between SS and lung
cancer, with HLA-DPB?2 playing a key role. Single-cell
analysis further revealed that the hub gene may affect
MemB, influencing tumor occurrence and development
through MHC-II ligands on monocytes, macrophages,
and effector T cells. Parallel pSS single-cell data
confirmed the MemB-mediated immunomodulation of
shared pathogenic pathways. These findings collectively
establish the HLA-DPB2/DPB] axis as a novel protective
mechanism in both pSS and lung cancer pathogenesis,
mediated through the MemB-dependent regulation of
immune homeostasis.
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