Exploring gastric cancer genetics: A turning
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Background: Gastric cancer (GC) stands as a prominent cause
of cancer-related mortality and ranks second among the most
frequently diagnosed malignancies in individuals with common
variable immunodeficiency (CVID).

Objective: We sought to conduct a comprehensive, large-scale
genetic analysis to explore the CVID-associated germline variant
landscape within gastric adenocarcinoma samples and to seek to
delineate the transcriptomic similarities between GC and CVID.
Methods: We investigated the presence of CVID-associated
germline variants in 1591 GC samples and assessed their impact
on tumor mutational load. The progression of GC was evaluated
in patients with and without these variants. Transcriptomic
similarities were explored by matching differentially expressed
genes in GC to healthy gastric tissue with a CVID
transcriptomic signature.

Results: CVID-associated germline variants were found in 60 %
of GC samples. Our analysis revealed a significant association
between the presence of CVID-related genetic variants and
higher tumor mutational load in GC (P <.0001); high GC
mutational load seems to be linked to immunotherapy response
and worse prognosis. Transcriptomic similarities unveiled key
genes and pathways implicated in innate immune responses and
tumorigenesis. We identified upregulated genes related to
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oncogene drivers, inflammation, tumor suppression, DNA
repair, and downregulated immunomodulatory genes shared
between GC and CVID.

Conclusions: Our findings contribute to a deeper understanding
of potential molecular modulators of GC and shed light on the
intricate interplay between immunodeficiency and cancer. This
study underscores the clinical relevance of CVID-related
variants in influencing GC progression and opens avenues for
further exploration into novel therapeutic approaches. (J
Allergy Clin Immunol Global 2024;3:100203.)
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common variable immunodeficiency, CVID

Cancer is widely recognized as a paradigmatic environmental
condition that arises in genetically susceptible individuals.
Chronic infection and the subsequent inflammation constitute
significant contributing factors to tumorigenesis and the progres-
sion of established malignant lesions.' Well-known cancer predis-
posing factors include inborn errors of immunity (IEI), which
render the patients more susceptible to chronic viral and bacterial
infections, immune dysregulation, defective immune surveil-
lance, and DNA repair functions, among other factors.” This is
particularly relevant for gastric cancer (GC), one of the most com-
mon causes of cancer death worldwide, in which Helicobacter py-
lori is a major driver of tumorigenesis.” ° Intriguingly, although H
pylori infects the gastric epithelial lining of more than half of the
global population, cancer is an exceedingly rare complication,
possibly indicating a contribution of the genetic background to
precancerous and cancerous lesions.” This has been exemplified
by the lack of MyDS8S8 signaling in a mouse model.*’ Tumor-
stroma interactions associated with immune alterations, such as
Stat3 overexpression during H pylori natural infection, promote
autocrine and paracrine mechanisms that favor accelerated tumor
growth, angiogenesis, and immune evasion.'’ Hence, exploring
the crossover between IEI and GC may aid in unraveling the hu-
man genetic architecture and tumorigenesis mechanisms of IEI.

Common variable immunodeficiency (CVID) is the most
frequent clinically manifested IEI, characterized by impaired
antibody responses and a broad range of manifestations, including
recurrent or severe infections, autoimmune diseases, B-cell
lymphoproliferation, granulomas, and cancer.'' CVID was first
described in the 1950s following the enthusiasm generated by
the first patients of agarnmaglobulinemia.]2’13 GC is the second
most common cancer in CVID, with incidence rates ranging
from 2% to 5.5% across various series and with a mortality rate
approximately 10-fold higher than in the general population. 14-18

With the availability of vast genetic databases and public gene
repositories, it is now possible to analyze how somatic mutations,
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Abbreviations used
CVID: Common variable immunodeficiency
DEG: Differentially expressed gene
DGE: Differential gene expression
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IEI: Inborn errors of immunity
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TCGA: The Cancer Genome Atlas

along with germline mosaicism, can contribute to a range of
nonmalignant conditions, including CVID phenotypes.
Conversely, certain congenital defects, such as CVID, may
contribute to tissue-specific somatic mutations that converge
into the development of cancer.'’

In this study, we conducted an analysis of somatic mutations of
extensive GC gene databases to seek possible crossovers with
described CVID-like germline variants. In addition, we sought
differentially expressed genes (DEGs) shared by both conditions.
Our aim was to gain insight into their possible causative role in
both diseases and to identify signaling pathways that could lead to
novel approaches for the prevention and treatment of cancer.

METHODS
Overall study design

This is a noninterventional study based on the analysis of real-
world data publicly available in the cBioPortal database and using
web-based analytical tools. We explored the presence of the
CVID-like signature in the genomic and transcriptomic profile of
GC to identify common pathophysiological mechanisms between
both conditions (Fig 1). All the analyses were performed in the
Cancer Immunomonitoring and Immuno-Mediated Pathologies
Support Unit of the Clinical Immunology Department, in close
collaboration with the Oncology Department, at the Hospital
Clinico San Carlos in Madrid, Spain.

Data collection and processing

Analysis of CVID-related pathogenic variants in
mutational landscape of GC. cBioPortal database,
gene ontology, and functional analysis. An integrative
analysis of GC (gastric adenocarcinoma) was performed using the
cBioPortal database (https://www.cbioportal.org; accessed in
September 2022)—a publicly available database for tumor
genomics” including 8 previous large-scale studies (n = 1591)
to explore the presence and distribution of CVID-related gene
variants among somatic alterations in gastric tumor (see
Table El in this article’s Online Repository at www.jaci-global.
org). A total of 50 of the most frequent CVID-associated genes
described as causative and CVID-associated pathogenic variants
were selected for analysis,”' > among which 20 causative CVID-
like genes stood out: CR2, LRBA, NFKBI, NFKB2, IL2],
TNFRSF13B, TNFRSF13C, CD81, IKZF1, PRKCD, MS4Al,
NOD2, MSHS5, TNFRSFI13B, HLA, CTLA4, PLCG2, PIK3CD,
PIK3RI1, and CDI9 according to the Online Mendelian Inheri-
tance in Man (OMIM) database and recent publications.m’23

The analogy between CVID-related pathogenic variants found
within the altered genes in GC was then verified through
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bibliographic sources as well as consulted using the
ClinVar-NCBI  tool  (https://www.ncbi.nlm.nih.gov/clinvar/).
Genes from the KMT2C family, for example, play an essential
role in immune functions and have been depicted as possibly
harmful with a high frequency of heterozygotes compared with
controls, despite not being considered as CVID-related patho-
genic variants.”**” These genes also were considered in the anal-
ysis. Variant allele frequency data were analyzed when available.

Given the 2 age peaks at 6 to 10 years and 21 to 35 years for
CVID onset,' *®?? and that GC in these series would be expected
as the first clinical manifestation, special attention was given to
those genes with an equal or greater prevalence of alterations in
young patients (age of diagnosis below median age) compared
with those above median age.

The biological functions of these genes were obtained from the
2018 Molecular Function Gene Ontology Terms using the pub-
licly available EnrichR online platform (https://maayanlab.cloud/
Enrichr/; accessed October 4, 2022) (see Tables E2 and E3 in this
article’s Online Repository at www.jaci-global.org). To predict
protein-protein interaction (PPI) networks, we used the Search
Tool for the Retrieval of Interacting Genes (http://www.string-
db.org).>” The database defaults were deployed to map the inter-
action network and biological distance. A local clustering coeffi-
cient closer to 1 indicates that the network is more likely to form
functional clusters. Statistical significance was determined by the
PPI enrichment P value. Proteins with more interactions than the
average are considered hubs. Mutation co-occurrence, mutual ex-
clusivity, and mutations per patient analyses were performed us-
ing the cBioPortal online platform (see Tables E4 and ES5 in this
article’s Online Repository at www.jaci-global.org). This tool cal-
culates the odds ratio for each pair of query genes, indicating the
likelihood that the alterations for the 2 genes are co-occurrent or
mutually excluded in the selected cases, using the Fisher exact
test (statistical significance, P <.05).

Analysis of the expression of RNA-sequencing in GC
of the genes associated with the transcriptomic signa-
ture of CVID. Public data and preprocessing. The CVID-
associated transcriptomic signature and pathway analysis data
were based on the associated data previously described by van
Schouwenburg et al.”’

Differential expression analysis and gene-set enrich-
ment analysis between GC and normal gastric tissue.
Raw paired-end reads of the RNA-sequencing samples of GC in
The Cancer Genome Atlas (TCGA) were downloaded from the
Genomic Data Commons portal (https:/portal.gdc.cancer.gov/)
using the R/Bioconductor package “TCGAbiolinks.”?? RNA-
sequencing expression data for normal gastric tissue were down-
loaded from the database of the Genotype-Tissue Expression
project (https://gtexportal.org/home/).*® The unification of cancer
and normal RNA-sequencing data was carried out following these
steps: alignment, quality control, quantification, and checking for
batch effect correlation, as described by Wang et al.* The
genome annotation was obtained from the Genome-wide annota-
tion for Human using the R/Bioconductor package “org.
Hs.eg.db.”** The bioinformatic analysis of differential gene
expression (DGE) and gene-set enrichment was performed using
the R/Bioconductor package “DESeq2.””

CVID transcriptomic signature in the GC gene-set
enrichment. DEGs were analyzed in GC compared with normal
gastric tissue and then compared with CVID-associated
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The prevalence of alterations of the 50 CVID-associated genes and their
genetic variants in the GC mutation data sets was 949 out of 1590 samples
(60%)

Patients with GC exhibited somatic mutations in 52.2% of the 16 causative
described CVID-related genes; and 37.5% of patients younger than 67 years old.

The top 4 CVID-associated genes reflected in GC of younger
patients were KMT2C (present in 12%), SH3KBP1 (10%), ATP6API1 (10%)
and PTEN (7%).

Gastric tumor mutational load in patients with CVID-like variants was
significantly higher than in patients with non-CVID variants (159.5+26.1 vs
43.5+0.7; P <.0001).

Significantly enriched biological processes, with recurrent functions in cytokine
and TNF signaling

Six differentially overexpressed genes (TASIR3, SYTI, E2F7, COL9A3,

associated with the transcriptomic
signature of CVID

} MPZL1, and GRN) and 2 under expressed genes (PAIPB, and FOS) in both CVID and
GC

FIG 1. Flow diagram of data selection and analysis.

transcriptomic signature. We used a threshold of an adjusted P
value less than .005 and log,FoldChange greater than 0.58
(FoldChange = 1.5) or log,FoldChange less than —0.58
(FoldChange = —1.5) to define upregulated and downregulated
genes, respectively. Within these DEGs, we selected those sharing
a similar transcriptional pattern between GC and CVID.”' To
visualize DGE between individuals in both categories, we created
volcano plots, heat maps, and boxplots. The volcano plots were
represented using the R/Bioconductor package “EnhancedVol-
cano.”** Each heat map featured the log, transformation of the
fold changes and was created using the heatmap.2 function in
the R package “gplots.” For hierarchical clustering of expression
data, we used the R function heatmap.2 using default parameters.
Data analysis was performed using R (version 4.1.2).

RESULTS
Clinical, demographic, and histopathologic
characteristics

The 8 public GC data sets combined accounted for a total of
1590 GC samples of 853 patients. The distribution according to
sex was as follows: 60.2% men, 34.4% women, and 5.4% not
specified. The median age at diagnosis was 67 years (range, 30-90
years, n = 702; younger/older than 67 years, n = 187 [not
applicable]).

In terms of demographic information, in the cohort of 853
patients, comprehensive data were attainable for 783 individuals,
with most of the subjects predominantly hailing from the United
States, Russia, Poland, Vietnam, Ukraine, and Germany (Fig 2).
A total of 76 patients possessed documented records of H pylori
infection, 231 individuals exhibited negative findings for this
infection, and 476 patients lacked this specific infection status
within the registry. Furthermore, within this cohort, 71 patients
exhibited the presence of EBV, 416 individuals tested negative
for EBV, and such information was unrecorded in the case of
296 patients. Eighty percent of the samples were derived from
the primary tumor (gastric adenocarcinoma), but the remaining
20% were not specified within the studies.

Analysis of CVID-like variants in the genomic
landscape of GC

The prevalence of the 50 CVID-associated gene alterations was
investigated in the GC data sets. A total of 949 of 1590 samples
(60%) harbored CVID-associated genes being mainly distributed
among the studies associated with TCGA (750 of 1213 [61.83%]).
The most frequent CVID-related mutations were as follows:
KMT2C (15% of patients with GC), SH3KBP1 (12%), ATP6AP1
(11%), PTEN (10%), SLC25A5 and DOCKS (8%), LRBA (7%),
and CR2 (6%) (as provided in Table I). The functions of the
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FIG 2. Patient demographic characteristics.

main CVID-like genes described in all GC studies are provided in
Table E6 (in the Online Repository available at www.jaci-global.
org).

Globally, 52.2% (830 of 1590) of patients with GC exhibited
somatic mutations in the 16 causative CVID-related genes
described, of which 37.5% belonged to the group of younger
patients (<67 years) (Table I). The most common types of variants
(data available in 4 of the 8 studies: OncoSG, 2018; TCGA, Na-
ture 2014; TCGA, PanCancer Atlas 2018; and TCGA, Firehose
Legacy) were 1031 missense mutations, 860 amplifications, 421
truncating mutations (putative drivers), 414 deep deletions, and
29 inframe mutations (putative passenger). MSH2 genes were
considered as driver mutations, present in 3% of all adenocarci-
nomas and 4% in younger patients.

The PPI map displaying the significant functional network
integrated by the selected genes involved in patients with GC
(described in Table I) is shown in Fig 3. The spectrum of CVID-
related genes differed according to age in the different studies and
the proportion and number of altered samples (see Table E7 in this
article’s Online Repository available at www.jaci-global.org). To
further investigate the functional characterization of the set of
CVID-associated genes in younger patients, we searched the En-
richR database and the gene set was run through the Reactome
pathway analysis tool. Significantly enriched biological processes
related with cytokine and TNF signaling (significant ways
adjusted by ¢ value are provided in Table E2).

DGEs in CVID-like genes

Taking the intersection of the DGEs in the 8 data sets and
CVID-like genes, we identified 15 genes with an equal or greater
prevalence of gene alterations in younger patients with GC
compared with older patients (>67 years) (Fig 4; Table E3).
This enrichment may suggest that these variants were involved
in the early stages of GC formation. The CVID-associated gene
alterations significantly more prevalent in younger patients
included IRF2BP2, CLECI6A, ORI10XI, CD84, FCGR2A,
MSH2, TNFRSFI11A, TNRFSF4, SLC25A5, CD27, NFKB2,

TNFRSFI13C, TNFSF12, CD19, and ACOT4. The genes MSH2,
TNFRSF4, FCGR2A, OR10X1, and CD84 reached statistical sig-
nificance, but were not significant after correction (g value).
Regarding the genes with the highest prevalence in the older
group, CR2, KMT2C, PTEN, ARHGEF 1, STAT3, PMS2, NOD2,
MSHS5, PRKCD, and CDS81 stood out, all of them being significant
even after statistical correction.

CVID-like variants associate with mutational load in
GC

The mutational load observed in GC samples was significantly
higher in those exhibiting a CVID-like profile (“CVID-positive
group,” >2 CVID-like variants, n = 949; median, 4; mean, 12
[range, 2-22]) and also in those with non-CVID variants
(“CVID-negative group,” n = 641) (159.5 £ 26.1 vs 43.5 = 0.7;
P <.0001), suggesting a role in tumor immune escape and tumor
progression. However, the CVID-positive group had a signifi-
cantly higher female/male ratio than the CVID-negative group,
especially in the younger group (first quartile, <45 years, 73.5%
[n = 25]/26.5% [n = 9] vs 18% [n = 71/82% [n = 32];
P = 5.688 X 10~ °). Regarding the co-occurrence in the CVID-
positive group, the possible synergy between KMT2C and
PLCG2, ARHGEF1, PRKCD, and PIK3RI as well as between
CD84 and FCGR2A, ORI10X1, IRF2BP2, and CR2 is striking.
In mutual exclusivity, PTEN stands out with genes such as AT-
P6API1, SLC25A5, IKZF1, OR10X1, TNFRSF4, and MOGS and
KMT2C with genes ORI0X1 and FCGR?2A, all of them statisti-
cally significant (Table II). The co-occurrence and mutual exclu-
sivity of altered CVID-like genes in GC samples are provided in
Tables E4 and E5.

Analysis of a CVID-associated transcriptomic
signature in GC

First, we filtered out the expression pattern of healthy gastric
tissue. Expression analysis was performed on 766 samples,
including 407 GC samples from TCGA and 359 normal gastric
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TABLE I. Prevalence of the main CVID-associated genetic alterations observed in the GC data set

No. of altered

Gene symbol samples (all patients)

Percentage of altered
samples (all patients)

No. of altered
samples (< 67 y old)

Percentage of altered
samples (< 67 y old)

KMT2C 234 15
SH3KBP1 183 12
ATP6API 169 11
PTEN 153 10
SLC25A5 130 8
DOCKS 127 8
LRBA 116 7
CR2 97 6
IRF2BP2 87 5
PLCG2 81 5
PMS2 75 5
IKZF1 75 5
CLECI6A 73 5
PIK3CD 69 4
ARHGEFI 69 4
ORI10X1 67 4
TNFSF11 64 4
PIK3R1 64 4
CD84 63 4
MSHS5 60 4
FCGR2A 57 4
TNFRSFI1IA 57 4
MSH?2 49 3
TNFRSF4 40 2.5

76 12
63 10
63 10
46
44
41
43
26
38
26
18
2
30
17
24
27
2
19
29
13
26
21
25
19

-

[

Only gene variants observed in at least 0.5% of cases are displayed. The prevalence in the subgroup of patients younger than 67 y is shown.

tissue samples from GTEx. Individual expression data of each
gene were normalized. We detected 20,198 DEGs between both
conditions, which included most of the annotated human
reference genes. We found 14,717 upregulated genes and 5,481
downregulated genes in GC in comparison with healthy tissue
(adjusted P <.005; log,FoldChange > 0.58 [FoldChange = 1.5]).

We then cross-filtered these 20,198 genes differentially ex-
pressed in GC with the 112 DEGs in CVID transcriptomic
signature”' and matched those genes that showed similar upregu-
lation and downregulation, identifying 6 genes with increased
expression (TASIR3, SYT1, E2F7, COL9A3, MPZLI, and GRN)
and 2 genes with decreased expression (PAIPB and FOS) in
both CVID and GC (Fig 5).

DISCUSSION

Our results reveal that GC samples have a high prevalence of
somatic variants in CVID-associated genes. The alteration of the
somatic genes could imply an alteration of host immunity similar
to that of CVID but within a local tumor microenvironment,
thereby predisposing to and/or directly influencing the develop-
ment of GC. Three potential scenarios may explain our results: (1)
pure de novo somatic CVID-associated variants in the gastric tu-
mor burden; (2) genome mosaicism at the postzygotic stage of
CVID-associated variants affecting diverse patients’ tissues
including the immune system and gastric tissue; and (3) CVID-
associated germline variants in undiagnosed patients with
CVID included into the pool of patients with GC. All 3 may be
present in different proportions to be deciphered when paired
somatic-germline studies become available. All 3 might be
driving immune escape and inflammation advantageously for
the tumor. Indeed, the mutational load differed between patients

with GC harboring CVID-like variants and those who did not,
which could be linked to better immunotherapy response because
of a higher neoantigen load and tumor immunogenicity’®*” and to
worse prognosis.”” "’ These data highlight the biological and clin-
ical relevance of CVID-like variants in GC with direct effect
within the tumor and tumor niche affecting prognosis. Alterna-
tively, our findings may also provide unique insight into the mech-
anisms of GC in CVID and could explain, in part, the worse
prognosis of patients with CVID affected with GC.

Despite the genetic heterogeneity of GC and CVID, we observed
putative shared alterations in regulators of key processes such as
histone methylation, mainly by lysine methyltransferases (KMTs),
B-cell activation (SH3KBP1), and proton secretion within the
microenvironment (ATP6AP1). KMTs (lysine methyltransferases)
have a distinctive impact among the cluster of diverse histone
methylation modifiers that play a vital role in GC. The SH3
domain—containing kinase binding protein 1 (SH3KBPI) gene en-
codes an adapter protein involved in the regulation of diverse signal
transduction pathways and is required in the control of cell shape
and migration. Patients with SH3KBPI mutations suffer from se-
vere bacterial infections because of defective antibody produc-
tion,*" which has also been described as a prognostic factor of
pancreatic cancer infiltration by immune cells in tumor microenvi-
ronment.””> SH3KBP1 has been found to form a complex with
MUC-1 and to play a role in the signaling pathways of gastrointes-
tinal epithelial cells during health and disease."* Cancer occurrence
and progression may be facilitated by aberrant expression of
ATPase H" transporting accessory protein 1 (ATP6API) through
its ability to increase H" secretion, resulting in tumor cell survival
in hypoxia and an acidic tumor microenvironment.** The AT-
P6AP1 protein is altered in numerous tumors, including head and
neck carcinoma, lung cancer, and leukemia.*’
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FIG 3. PPl map displaying the functional network integrated by the CVID-like selected genes involved in
patients with GC. Known interactions are displayed in blue and pinklines. Predictive interactions include the
following: green line, gene neighborhood; red line, gene fusions; blue line, gene co-occurrence; yellow line,
text mining; black line, coexpression; and gray line, protein homology. Connections are filtered by the high-
est confidence (0.7). PPl enrichment P value less than 2.6 x 1072,

Zheng et al*® described the prevalence of gastrointestinal can-

cer in [El integrating 149 patients from 76 studies, in which CVID
was the most frequent immunodeficiency linked to this type of
malignancy. Of note, 12% of patients had molecular genetic diag-
noses, the 3 most frequently implicated genes being ATM, CAR-
MIL2, and CTLA4; these genes are more involved with DNA
repair and cancer development than with the own pathogenesis
of CVID.

In line with the genetic and immunologic theory of infection
proposed by Jean-Laurent Casanova, according to which severe
infections can be due to IEL*"*® we can extend the reasoning
into that cancer might also be due to more complex forms of in-
heritance of IEI together with triggering infections, because
cancer is indeed a major clinical phenotype of IEI. Likewise,
to unravel underlying mechanisms by which chronic inflamma-
tion promotes many human cancers, it should be noted that
chronic infections are associated with an inflammatory state
that is increasingly being recognized to induce immune exhaus-
tion and promote tumor growth and progression.*’ Cancer oc-
curs because of cumulative oncogenetic variants, raising the
question of how such a random process can lead to the
described enrichment of CVID-related genes. In parallel to
that described for severe infections, it could be possible to infer
general mechanisms of protective immunity to a particular can-
cer, which may pave the way to new avenues of immunotherapy.
This approach should be complemented by experimental func-
tional models in specific cell subsets or molecular pathways
in host protection against GC, as well as bioinformatic pipelines
to identify the potential functional interactions of microbial

ligand-human receptor pairs in ex vivo samples. To understand
whether and how increased mutation loads have a functional ef-
fect and predispose to CVID and cancer or the other way
around, single-cell analysis or clones grown out of a single
cell may be of great relevance.™

In our study, we also conducted an analysis of DGE with the
aim of identifying the transcriptomic signature of CVID in GC
samples. An enrichment was observed in pathways involved in
the innate immune response against pathogen-associated molec-
ular patterns and type 2 immune responses to parasites and
protozoa in the distal small intestine and to viruses (TAS/R3 and
SYTI, respectively)S 1-54. DNA repair (E2F 7)55; cell proliferation,
migration, and invasion in several types of cancers (MPZLI)*®";
and regulation of cell cycle, inflammation, and host-defense
response (PGRN).>%!

Particularly, PGRN, which encodes the precursor protein
progranulin, expressed in cells of several tissues, including
stromal cells in the bone marrow and cells of the innate and
acquired immune system, has been described as a promoter of
antibody diversity in B cells and an immune-regulatory molecule
of TNF signaling pathways.’”%" It has also been shown to stimu-
late tumorigenesis by regulating cells’ growth, division, and sur-
vival.®*°® PGRN expression is constitutively high in various solid
(breast cancer, ovarian cancer, and cholangiocarcinoma)(’3 4% and
hematological malignancies (diffuse large B-cell lymphoma—
non-Hodgkin lymphoma),”>®” the latter being the most frequent
malignancy associated with CVID.”' Interestingly, a significant
overexpression of PGRN in gastric epithelial cells has been
described after prolonged infection by H pylori, inducing a



J ALLERGY CLIN IMMUNOL GLOBAL SANCHEZ-RAMON ET AL 7
VOLUME 3, NUMBER 2

Alteration event frequency (%)

0 5 10 15
KMT2C
SH3KBP1
ATP6API *
PTEN
SLC25A5
DOCK8
LRBA
CR2
IRF2BP2 *
PLCG2
PMS2
IKZF1
CLECI6A *
PIK3CD
ARHGEF1
OR10X1 *
TNFSF11
PIK3RI
CD84 *
MSH5
FCGR2A *
TNFRSF11A *
VAVI
TNFRSF13B
MSH2 *
PRKCD
TRNTI
NOD2
IL10RA
STAT3
TNFRSFIA
TNFRSF4 *
MOGS
Icos
NFKB2 -
STXBP2
SEC61AI
CTLA4
ICOSLG
MAPKS
NFKBI
TNFSFI3
TNFRSF13C *
cD27
CD19 &
CD81 Bl <67 years old
TNFSF12 Bl >67 years old
RAC2
MS4A1
ACOT4 *

FIG 4. Prevalence of CVID-associated gene alterations according to age groups. *More prevalent CVID-like
genetic alterations described in the GC studies in patients younger than 67 years compared with patients
older than 67 years.
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TABLE Il. Main genes with co-occurrence and mutual exclusivity of CVID-positive group in GC samples
Gene A Gene B Both P value q value Tendency
SH3KBPI ATP6API 115 <.001 <0.001 Co-occurrence
ATP6API SLC25A5 109 <.001 <0.001 Co-occurrence
SH3KBPI SLC25A5 107 <.001 <0.001 Co-occurrence
CD84 FCGR2A 36 <.001 <0.001 Co-occurrence
CR2 SH3KBP1 34 <.001 0.002 Co-occurrence
ORI10X1 FCGR2A 32 <.001 <0.001 Co-occurrence
ORI10X1 CD84 32 <.001 <0.001 Co-occurrence
KMT2C PLCG2 32 .001 0.014 Co-occurrence
DOCKS8 LRBA 30 <.001 <0.001 Co-occurrence
CR2 IRF2BP2 27 <.001 <0.001 Co-occurrence
KMT2C ARHGEFI 27 .002 0.025 Co-occurrence
KMT2C PRKCD 26 <.001 <0.001 Co-occurrence
KMT2C PIK3RI1 25 .001 0.018 Co-occurrence
IRF2BP2 CD84 24 <.001 <0.001 Co-occurrence
CR2 CD84 24 <.001 <0.001 Co-occurrence
PTEN ATP6API1 153 .006 0.047 Mutual exclusivity
PTEN SLC25A5 123 <.001 <0.001 Mutual exclusivity
PTEN IKZF1 68 .006 0.044 Mutual exclusivity
PTEN ORI0X1 63 .004 0.033 Mutual exclusivity
KMT2C ORI10X1 60 <.001 0.012 Mutual exclusivity
KmMT2C FCGR2A 51 .005 0.043 Mutual exclusivity
PTEN TNFRSF4 40 <.001 0.012 Mutual exclusivity
PTEN MOGS 35 .002 0.023 Mutual exclusivity
300
[ Not_sig
@ log2FoldChage
@ p_adj
200 @ p_adj& log2FoldChage
=
£
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100
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FIG 5. Volcano plot displaying the differential expression between GC and healthy gastric tissue. The genes
with a similar expression pattern in the CVID-associated transcriptomic signature are highlighted.

chronic inflammatory state that contributes to an immune dysre-
gulation profile associated with proinflammatory cytokine
production.“’(’g’(’g

Other interesting gene dysregulations bridging GC and CVID
were the elevated expression of the deubiquitinase ubiquitin-
specific protease 3 (USP3), an essential GC oncogene and a
biomarker of worse prognosis, as well as the upregulation of
COL9A3, known to promote epithelial-to-mesenchymal transi-
tion, GC progression, and metastasis.’” In contrast, FOS, a mem-
ber of the leucine zipper protein family encoding genes, was
found to be downregulated in patients with CVID. FOS can

dimerize with proteins of the JUN family to form the transcription
factor complex AP-1. The AP-1 transcription factor JunD acti-
vates LILRB1, which plays pivotal roles in immunologic bal-
ance.”' LILRB1 binds MHC-I molecules to regulate immune
cell function through transduction signals recruiting protein tyro-
sine phosphatase molecules, leading to negative regulation of im-
mune cell activation.”'”’* Reduced expression of LILRB1 on
B cells has been observed in patients with SLE.”

All these genes are closely related to the development of
tumors and may provide essential clues about the link between
CVID and GC. Ideally, the expression analysis of GC samples
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with and without a concurrent CVID diagnosis would help
understand the pathophysiological implications of these gene
dysregulations and their potential impact in early disease and
prognosis, but existing data on CVID in published cancer series
and repositories remain unfortunately very limited.”®

Our study has several limitations. First, it is based on a
compilation of heterogeneous data, in which clinical and
pathological annotation is not universally consistent or available.
Although this limitation is inherent to large-scale mining of
genomic databases, further efforts are highly needed to generate
databases focused on immunodeficiencies. Second, we explored
the representation of CVID-related germline mutations in data of
somatic mutations. Although most of the tumor mutations
reported in the source studies did not filter out germline
mutations, we cannot exclude some bias in the different process-
ing pipelines including mutation calling among the studies. Third,
our results are hypothesis-generating and posit a novel avenue of
research but will require both dedicated patient cohorts and
preclinical models for validation.

We are aware that the data presented in this work strongly
indicate the potential genetic association of both conditions. Still,
it is necessary to continue the efforts to provide a definitive cause-
effect linkage between them. Currently, we are working on
several cause-effect studies to resolve this issue.

Our main project is focused on multi-omics integration, using
multiomics approaches (genomics, transcriptomics, and prote-
omics of patients with CVID and GC) to comprehensively
understand the molecular pathways linking CVID-related genetic
variants to GC to identify the key regulatory networks. In the
same way, we planned to explore the cellular and molecular
interactions between the immune system, genetic variants, and
GC through single-cell analysis and to explore how immune
deficiencies associated with CVID may create an environment
that could foster GC development.

Conclusions

We provide a first report on the common genomic and
transcriptomic grounds of GC and CVID, describing a putative
molecular connection between these 2 entities, in which immu-
nodeficiency facilitates tumorigenesis. Our findings may have
important clinical implications in different scenarios such as the
primary and secondary prevention strategies of early-onset GC in
patients with CVID or the investigation of immunotherapies once
a GC diagnosis is established. Although challenging, studies
involving the omic characterization of prospective cohorts of
patients with CVID with gastric and other malignancies are
required, including an ongoing institutional effort, to further
investigate our findings and improve patient management and
outcomes.
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Key messages

o We observed that 60% of 1591 patients with GC harbored
somatic mutations of CVID-associated germline variants.

Fifty-two percent of patients with GC showed somatic
mutations in the 16 causative CVID-related genes.

The top 4 CVID-associated genes present in GC of
younger patients were the DNA lysine methyltransferase
gene KMT2C (12%), B-cell activation gene SH3KBPI
(10%), proton secretion gene ATP6API (10%), and the tu-
mor suppressor gene PTEN (7%).

CVID-like variants might modify tumor behavior: pres-
ence of CVID-like variants was associated with signifi-
cantly higher gastric tumor mutational load than in
patients with non-CVID variants (159.5 = 26.1 vs
43.5 = 0.7; P <.0001).

When we cross-filtered 20,198 DEGs in GC versus healthy
tissue with a CVID transcriptomic signature, we identi-
fied 6 matched upregulated genes (TASIR3, SYTI,
E2F7, COL9A3, MPZL1, and GRN) and 2 downregulated
genes (PAIPB and FOS).

REFERENCES

1. Coussens LM, Werb Z. Inflammation and cancer. Nature 2002;420:860-7.

2. Hauck F, Gennery AR, Seidel MG. Editorial: The relationship between cancer pre-
disposition and primary immunodeficiency. Front Immunol 2019;10:1781.

3. Wroblewski LE, Peek RM, Wilson KT. Helicobacter pylori and gastric cancer: fac-
tors that modulate disease risk. Clin Microbiol Rev 2010;23:713-39.

4. Patrad E, Khalighfard S, Amiriani T, Khori V, Alizadeh AM. Molecular mecha-
nisms underlying the action of carcinogens in gastric cancer with a glimpse into
targeted therapy. Cell Oncol (Dordr) 2022;45:1073-117.

5. Norwood DA, Montalvan EE, Dominguez RL, Morgan DR. Gastric cancer:
emerging trends in prevention, diagnosis, and treatment. Gastroenterol Clin North
Am 2022;51:501-18.

6. Karbalaei M, Keikha M. Statistical proof of Helicobacter pylori eradication in pre-
venting metachronous gastric cancer after endoscopic resection in an East Asian
population. World J Gastrointest Surg 2022;14:867-73.

7. Hooi JKY, Lai WY, Ng WK, Suen MMY, Underwood FE, Tanyingoh D, et al.
Global prevalence of Helicobacter pylori infection: systematic review and meta-
analysis. Gastroenterology 2017;153:420-9.

8. Fuentes-Panana E, Camorlinga-Ponce M, Maldonado-Bernal C. Infeccidn, in-
flamacion y céncer gastrico. Salud Pablica México 2009;51:427-33.

9. Banerjee A, Thamphiwatana S, Carmona EM, Rickman B, Doran KS, Obonyo M.
Deficiency of the myeloid differentiation primary response molecule MyD88 leads


http://www.jaci-global.org
http://www.jaci-global.org
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref1
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref2
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref2
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref3
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref3
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref4
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref4
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref4
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref5
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref5
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref5
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref6
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref6
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref6
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref7
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref7
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref7
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref8
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref8
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref8
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref8
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref8
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref8
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref8
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref8
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref8
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref9
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref9

10

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

SANCHEZ-RAMON ET AL

to an early and rapid development of Helicobacter-induced gastric malignancy.
Infect Immun 2014;82:356-63.

. Jarnicki A, Putoczki T, Ernst M. Stat3: linking inflammation to epithelial cancer

—more than a “gut” feeling? Cell Div 2010;5:14.

. Cunningham-Rundles C. Common variable immune deficiency: dissection of the

variable. Immunol Rev 2019;287:145-61.

. Olhagen B. Recidiverande luftvagsinfektioner och agammaglobulinemi—ett nytt

syndrom. Nord Med 1953;50:1688-9.

. Janeway CA, Apt L, Gitlin D. Agammaglobulinemia. Trans Assoc Am Phys 1953;

66:200-2.

. Chapel H, Lucas M, Lee M, Bjorkander J, Webster D, Grimbacher B, et al. Com-

mon variable immunodeficiency disorders: division into distinct clinical pheno-
types. Blood 2008;112:277-86.

. Vajdic CM, Mao L, van Leeuwen MT, Kirkpatrick P, Grulich AE, Riminton S. Are

antibody deficiency disorders associated with a narrower range of cancers than
other forms of immunodeficiency? Blood 2010;116:1228-34.

. Resnick ES, Moshier EL, Godbold JH, Cunningham-Rundles C. Morbidity and

mortality in common variable immune deficiency over 4 decades. Blood 2012;
119:1650-7.

. Pulvirenti F, Pecoraro A, Cinetto F, Milito C, Valente M, Santangeli E, et al.

Gastric cancer is the leading cause of death in Italian adult patients with common
variable immunodeficiency. Front Immunol 2018;9:2546.

. Kralickova P, Milota T, Litzman J, Malkusova I, Jilek D, Petanova J, et al. CVID-

associated tumors: Czech nationwide study focused on epidemiology, immunology,
and genetic background in a cohort of patients with CVID. Front Immunol 2019;9:
3135.

. Erickson RP. Somatic gene mutation and human disease other than cancer. Mutat

Res 2003;543:125-36.

Cerami E, Gao J, Dogrusoz U, Gross BE, Sumer SO, Aksoy BA, et al. The cBio
cancer genomics portal: an open platform for exploring multidimensional cancer
genomics data. Cancer Discov 2012;2:401-4.

de Valles-Ibanez G, Esteve-Solé A, Piquer M, Gonzalez-Navarro EA, Hernandez-
Rodriguez J, Laayouni H, et al. Evaluating the genetics of common variable immu-
nodeficiency: monogenetic model and beyond. Front Immunol 2018;9:636.
Guevara-Hoyer K, Fuentes-Antrds J, de la Fuente-Mufioz E, Fernandez-Arquero
M, Solano F, Pérez-Segura P, et al. Genomic crossroads between non-Hodgkin’s
lymphoma and common variable immunodeficiency. Front Immunol 2022;13:
937872.

Common variable immunodeficiency. Online Mendelian Inheritance in Man
(OMIM). Available at: https://www.omim.org/. Accessed January 31, 2023.
Maurya S, Yang W, Tamai M, Zhang Q, Erdmann-Gilmore P, Bystry A, et al. Loss
of KMT2C reprograms the epigenomic landscape in hPSCs resulting in NODAL
overexpression and a failure of hemogenic endothelium specification. Epigenetics
2022;17:220-38.

Martin A, Li Z, Lin DP, Bardwell PD, Iglesias-Ussel MD, Edelmann W, et al. Msh2
ATPase activity is essential for somatic hypermutation at A-T basepairs and for
efficient class switch recombination. J Exp Med 2003;198:1171-8.

Rada C, Ehrenstein MR, Neuberger MS, Milstein C. Hot spot focusing of somatic
hypermutation in MSH2-deficient mice suggests two stages of mutational target-
ing. Immunity 1998;9:135-41.

Carsetti R, Di Sabatino A, Rosado MM, Cascioli S, Piano Mortari E, Milito C,
et al. Lack of gut secretory immunoglobulin A in memory B-cell dysfunction-
associated disorders: a possible gut-spleen axis. Front Immunol 2019;10:2937.
Cunningham-Rundles C, Maglione PJ. Common variable immunodeficiency.
J Allergy Clin Immunol 2012;129:1425-6.e3.

Guevara-Hoyer K, Vasconcelos J, Marques L, Fernandes AA, Ochoa-Grullon J,
Marinho A, et al. Variable immunodeficiency study: evaluation of two European
cohorts within a variety of clinical phenotypes. Immunol Lett 2020;223:78-88.
Szklarczyk D, Gable AL, Nastou KC, Lyon D, Kirsch R, Pyysalo S, et al. The
STRING database in 2021: customizable protein—protein networks, and functional
characterization of user-uploaded gene/measurement sets. Nucleic Acids Res 2020;
49:D605-12.

van Schouwenburg PA, Davenport EE, Kienzler AK, Marwah I, Wright B, Lucas
M, et al. Application of whole genome and RNA sequencing to investigate the
genomic landscape of common variable immunodeficiency disorders. Clin Immu-
nol 2015;160:301-14.

Colaprico A, Silva TC, Olsen C, Garofano L, Cava C, Garolini D, et al. TCGAbio-
links: an R/Bioconductor package for integrative analysis of TCGA data. Nucleic
Acids Res 2016;44:¢71.

Wang Q, Armenia J, Zhang C, Penson AV, Reznik E, Zhang L, et al. Unifying can-
cer and normal RNA sequencing data from different sources. Sci Data 2018;5:
180061.

Blighe K, Rana S, Turkes E, Ostendorf B, Grioni A, Lewis M. EnhancedVolcano:
publication-ready volcano plots with enhanced colouring and labeling.

36.

37.

38.

40.

42.

43.

45.

46.

47.

48.

49.

50.

S1.

52.

53.

55.

56.

57.

58.

59.

J ALLERGY CLIN IMMUNOL GLOBAL
MAY 2024

Bioconductor version, Release 3.16. 2023. Available at: https://bioconductor.org/
packages/EnhancedVolcano/. Accessed January 31, 2023.

. Love MI, Huber W, Anders S. Moderated estimation of fold change and dispersion

for RNA-seq data with DESeq2. Genome Biol 2014;15:550.

Rizvi NA, Hellmann MD, Snyder A, Kvistborg P, Makarov V, Havel JJ, et al. Can-
cer immunology. Mutational landscape determines sensitivity to PD-1 blockade in
non-small cell lung cancer. Science 2015;348:124-8.

He Y, Liu ZX, Jiang ZH, Wang XS. Identification of genomic features associated
with immunotherapy response in gastrointestinal cancers. World J Gastrointest On-
col 2019;11:270-80.

Wang F, Wei XL, Wang FH, Xu N, Shen L, Dai GH, et al. Safety, efficacy and tu-
mor mutational burden as a biomarker of overall survival benefit in chemo-
refractory gastric cancer treated with toripalimab, a PD-1 antibody in phase Ib/II
clinical trial NCT02915432. Ann Oncol 2019;30:1479-86.

. Kim J, Kim B, Kang SY, Heo YJ, Park SH, Kim ST, et al. Tumor mutational burden

determined by panel sequencing predicts survival after immunotherapy in patients
with advanced gastric cancer. Front Oncol 2020;10:314.

Fu M, Huang Y, Peng X, Li X, Luo N, Zhu W, et al. Development of tumor mu-
tation burden-related prognostic model and novel biomarker identification in stom-
ach adenocarcinoma. Front Cell Dev Biol 2022;10:790920.

. Amirifar P, Yazdani R, Azizi G, Ranjouri MR, Durandy A, Plebani A, et al. Known

and potential molecules associated with altered B cell development leading to pre-
dominantly antibody deficiencies. Pediatr Allergy Immunol 2021;32:1601-15.
Wang L, Bi J, Li X, Wei M, He M, Zhao L. Prognostic alternative splicing signa-
ture reveals the landscape of immune infiltration in pancreatic cancer. J Cancer
2020;11:6530-44.

Breugelmans T, Oosterlinck B, Arras W, Ceuleers H, De Man J, Hold GL, et al.
The role of mucins in gastrointestinal barrier function during health and disease.
Lancet Gastroenterol Hepatol 2022;7:455-71.

. Collins MP, Forgac M. Regulation and function of V-ATPases in physiology and

disease. Biochim Biophys Acta Biomembr 2020;1862:183341.

Tian Y, Gao M, Huang L, Zhou H, Wang J. ATP6API is a potential prognostic
biomarker and is associated with iron metabolism in breast cancer. Front Genet
2022;13:958290.

Zheng B, Chung H, Bing C, Sun S, Lebwohl B, Green PH, et al. Inmunogenetics
of gastrointestinal cancers: a systematic review of inborn errors of immunity in hu-
mans. medRxiv 2022; https://doi.org/10.1101/2022.01.25.22269823.

Casanova JL, Abel L. The genetic theory of infectious diseases: a brief history and
selected illustrations. Annu Rev Genomics Hum Genet 2013;14:215-43.
Casanova JL, Abel L. Lethal infectious diseases as inborn errors of immunity: to-
ward a synthesis of the germ and genetic theories. Annu Rev Pathol 2021;16:23-50.
Boukhaled GM, Gadalla R, Elsaesser HJ, Abd-Rabbo D, Quevedo R, Yang SYC,
et al. Pre-encoded responsiveness to type I interferon in the peripheral immune sys-
tem defines outcome of PD1 blockade therapy. Nat Immunol 2022;23:1273-83.
Vijg J, Dong X. Pathogenic mechanisms of somatic mutation and genome mosai-
cism in aging. Cell 2020;182:12-23.

Triantafillou V, Workman AD, Kohanski MA, Cohen NA. Taste receptor polymor-
phisms and immune response: a review of receptor genotypic-phenotypic varia-
tions and their relevance to chronic rhinosinusitis. Front Cell Infect Microbiol
2018;8:64.

Howitt MR, Cao YG, Gologorsky MB, Li JA, Haber AL, Biton M, et al. The taste
receptor TAS1R3 regulates small intestinal tuft cell homeostasis. ImmunoHorizons
2020;4:23-32.

Kim H, Kwon H, Kim S, Kim MK, Botella MA, Yun HS, et al. Synaptotagmin 1
negatively controls the two distinct immune secretory pathways to powdery
mildew fungi in arabidopsis. Plant Cell Physiol 2016;57:1133-41.

. El Kasmi I, Khadivjam B, Lackman M, Duron J, Bonneil E, Thibault P, et al.

Extended synaptotagmin 1 interacts with herpes simplex virus 1 glycoprotein M
and negatively modulates virus-induced membrane fusion. J Virol 2018;92:
e01281-17.

Mitxelena J, Apraiz A, Vallejo-Rodriguez J, Garcia-Santisteban I, Fullaondo A, Al-
varez-Fernandez M, et al. An E2F7-dependent transcriptional program
modulates DNA damage repair and genomic stability. Nucleic Acids Res 2018;
46:4546-59.

Chen D, Cao L, Wang X. MPZL1 promotes tumor cell proliferation and migration
via activation of Src kinase in ovarian cancer. Oncol Rep 2019;42:679-87.

Feng J, Ouyang H, Wang J, Pan D, Sheng L, Xu C, et al. MPZL1 upregulation pro-
motes tumor metastasis and correlates with unfavorable prognosis in non-small cell
lung cancer. Carcinogenesis 2022;43:919-29.

Jia D, Jing Y, Zhang Z, Liu L, Ding J, Zhao F, et al. Amplification of MPZL1/PZR
promotes tumor cell migration through Src-mediated phosphorylation of cortactin
in hepatocellular carcinoma. Cell Res 2014;24:204-17.

Saeedi-Boroujeni A, Purrahman D, Shojaeian A, Poniatowski LA, Rafiee F, Mah-
moudian-Sani MR. Progranulin (PGRN) as a regulator of inflammation and a


http://refhub.elsevier.com/S2772-8293(23)00128-5/sref9
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref9
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref10
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref10
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref10
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref10
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref11
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref11
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref12
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref12
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref12
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref13
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref13
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref14
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref14
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref14
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref15
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref15
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref15
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref16
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref16
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref16
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref17
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref17
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref17
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref18
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref18
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref18
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref18
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref19
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref19
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref20
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref20
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref20
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref21
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref21
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref21
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref21
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref21
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref21
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref22
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref22
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref22
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref22
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref22
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref22
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref22
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref22
https://www.omim.org/
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref24
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref24
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref24
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref24
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref25
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref25
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref25
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref26
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref26
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref26
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref27
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref27
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref27
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref28
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref28
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref29
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref29
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref29
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref29
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref30
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref30
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref30
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref30
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref31
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref31
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref31
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref31
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref32
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref32
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref32
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref33
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref33
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref33
https://bioconductor.org/packages/EnhancedVolcano/
https://bioconductor.org/packages/EnhancedVolcano/
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref35
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref35
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref36
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref36
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref36
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref37
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref37
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref37
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref38
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref38
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref38
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref38
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref39
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref39
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref39
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref40
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref40
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref40
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref41
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref41
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref41
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref42
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref42
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref42
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref43
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref43
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref43
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref44
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref44
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref45
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref45
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref45
https://doi.org/10.1101/2022.01.25.22269823
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref47
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref47
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref48
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref48
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref49
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref49
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref49
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref50
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref50
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref51
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref51
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref51
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref51
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref52
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref52
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref52
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref53
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref53
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref53
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref54
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref54
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref54
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref54
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref55
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref55
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref55
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref55
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref55
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref55
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref55
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref56
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref56
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref57
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref57
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref57
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref58
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref58
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref58
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref59
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref59
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref59

J ALLERGY CLIN IMMUNOL GLOBAL
VOLUME 3, NUMBER 2

60.

61.

62.

63.

64.

65.

66.

67.

68.

critical factor in the immunopathogenesis of cardiovascular diseases. J Inflamm
(Lond) 2023;20:1.

Yin F, Banerjee R, Thomas B, Zhou P, Qian L, Jia T, et al. Exaggerated inflamma-
tion, impaired host defense, and neuropathology in progranulin-deficient mice.
J Exp Med 2010;207:117-28.

Liu C, Li J, Shi W, Zhang L, Liu S, Lian Y, et al. Progranulin regulates inflamma-
tion and tumor. Antiinflamm Antiallergy Agents Med Chem 2020;19:88-102.
Puga I, Cols M, Barra CM, He B, Cassis L, Gentile M, et al. B cell-helper neutro-
phils stimulate the diversification and production of immunoglobulin in the mar-
ginal zone of the spleen. Nat Immunol 2011;13:170-80.

Jian J, Konopka J, Liu C. Insights into the role of progranulin in immunity, infec-
tion, and inflammation. J Leukoc Biol 2013:93:199-208.

Naumnik W, Panek B, Ossolinska M, Naumnik B. B cell-attracting chemokine-1
and progranulin in bronchoalveolar lavage fluid of patients with advanced non-
small cell lung cancer: new prognostic factors. Adv Exp Med Biol 2019;1150:
11-6.

Zhou C, Huang Y, Wu J, Wei Y, Chen X, Lin Z, et al. A narrative review of mul-
tiple mechanisms of progranulin in cancer: a potential target for anti-cancer ther-
apy. Transl Cancer Res 2021;10:4207-16.

Elkholy RA, Allam AA, Elattar SH, Elkady AM. Prognostic significance of progra-
nulin and B7-H4 in patients with diffuse large B-cell lymphoma. Egypt J Haematol
2019;44:82-90.

Jiang Y, Cai G, Lin J, Zhang J, Bo Z, Li Y, et al. B7-H4 is highly expressed in
aggressive Epstein-Barr virus positive diffuse large B-cell lymphoma and inhibits
apoptosis through upregulating Erk1/2 and Akt signalling pathways. Infect Agent
Cancer 2019;14:20.

Wang H, Sun Y, Liu S, Yu H, Li W, Zeng J, et al. Upregulation of progranulin by
Helicobacter pylori in human gastric epithelial cells via p38MAPK and MEK1/2

69.

70.

71.

72.

73.

74.

75.

76.

SANCHEZ-RAMON ET AL 11

signaling pathway: role in epithelial cell proliferation and migration. FEMS Immu-
nol Med Microbiol 2011;63:82-92.

Wex T, Kuester D, Schonberg C, Schindele D, Treiber G, Malfertheiner P.
Mucosal progranulin expression is induced by H. pylori, but independent of
secretory leukocyte protease inhibitor (SLPI) expression. BMC Gastroenterol
2011;11:63.

Wu X, Wang H, Zhu D, Chai Y, Wang J, Dai W, et al. USP3 promotes gastric can-
cer progression and metastasis by deubiquitination-dependent COL9A3/COL6AS
stabilisation. Cell Death Dis 2021;13:10.

Davidson CL, Cameron LE, Burshtyn DN. The AP-1 transcription factor JunD ac-
tivates the leukocyte immunoglobulin-like receptor 1 distal promoter. Int Immunol
2014;26:21-33.

Colonna M, Navarro F, Bellon T, Llano M, Garcia P, Samaridis J, et al. A common
inhibitory receptor for major histocompatibility complex class I molecules on hu-
man lymphoid and myelomonocytic cells. J Exp Med 1997;186:1809-18.

Merlo A, Tenca C, Fais F, Battini L, Ciccone E, Grossi CE, et al. Inhibitory recep-
tors CD85j, LAIR-1, and CD152 down-regulate immunoglobulin and cytokine pro-
duction by human B lymphocytes. Clin Diagn Lab Immunol 2005;12:705-12.
ZhangJ,Mai S, Chen HM, Kang K, Li XC, Chen SH, et al. Leukocyte immunoglobulin-
like receptors in human diseases: an overview of their distribution, function, and poten-
tial application for immunotherapies. J Leukoc Biol 2017;102:351-60.
Monsivais-Urenda A, Nifio-Moreno P, Abud-Mendoza C, Baranda L, Layseca-Espi-
nosa E, Lopez-Botet M, et al. Analysis of expression and function of the inhibitory
receptor ILT2 (CD85j/LILRB1/LIR-1) in peripheral blood mononuclear cells from
patients with systemic lupus erythematosus (SLE). J Autoimmun 2007;29:97-105.
Liu G, Bolkov MA, Tuzankina IA, Danilova IG. Identification of candidate disease
genes in patients with common variable immunodeficiency. Quant Biol 2019;7:
190-201.


http://refhub.elsevier.com/S2772-8293(23)00128-5/sref59
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref59
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref60
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref60
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref60
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref61
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref61
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref62
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref62
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref62
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref63
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref63
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref64
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref64
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref64
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref64
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref64
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref65
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref65
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref65
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref66
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref66
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref66
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref67
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref67
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref67
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref67
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref68
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref68
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref68
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref68
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref69
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref69
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref69
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref69
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref69
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref70
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref70
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref70
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref71
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref71
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref71
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref72
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref72
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref72
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref72
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref72
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref73
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref73
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref73
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref74
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref74
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref74
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref75
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref75
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref75
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref75
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref75
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref75
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref75
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref76
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref76
http://refhub.elsevier.com/S2772-8293(23)00128-5/sref76

	Exploring gastric cancer genetics: A turning point in common variable immunodeficiency
	Methods
	Overall study design
	Data collection and processing
	Analysis of CVID-related pathogenic variants in mutational landscape of GC
	cBioPortal database, gene ontology, and functional analysis

	Analysis of the expression of RNA-sequencing in GC of the genes associated with the transcriptomic signature of CVID
	Public data and preprocessing
	Differential expression analysis and gene-set enrichment analysis between GC and normal gastric tissue
	CVID transcriptomic signature in the GC gene-set enrichment



	Results
	Clinical, demographic, and histopathologic characteristics
	Analysis of CVID-like variants in the genomic landscape of GC
	DGEs in CVID-like genes
	CVID-like variants associate with mutational load in GC
	Analysis of a CVID-associated transcriptomic signature in GC

	Discussion
	Conclusions

	Disclosure statement
	References


