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SUMMARY

Helicobacter pylori colonizes the gastric epithelium by interacting with carcinoembryonic
antigen-related cell adhesion molecules (CEACAMSs), notably CEACAM1, CEACAMS and
CEACAMBG, expressed on the gastric epithelial cells. Colonization may give rise to gastritis,
occasionally advancing to gastric cancer (GC). This work explored alterations in CEACAM
expression triggered by H. pylori infection. Results demonstrated a significant upregulation of
CEACAMBG after infection which promoted gastric cancer cell (GCC) proliferation, migration
and invasion. The tumor microenvironment (TME) promotes tumorigenesis through released
mediators. Therefore, the paracrine effects of the CEACAMG6-expressing GCCs were also
studied on surrounding non-aggressive GCCs. Supernatants from H. pylori-infected
CEACAMG6-transfected GCCs further enhanced tumorigenic traits in neighboring cells. Within
the TME, macrophages are key drivers of tumor progression. Co-culture experiments revealed
that epithelia- CEACAMS6 facilitated H. pylori-driven M2 macrophage polarization as
confirmed by flow cytometry and immunofluorescence microscopy. Cytokine signatures
linked to macrophage polarization were identified through antibody array analysis of the
CEACAMGo6-expressing cell supernatants.

Extracellular vesicles (EVs) are key secretory modulators that contribute substantially to tumor
development and progression. Significantly elevated levels of CEACAMO6 were found to be
present in the EVs secreted by H. pylori-infected gastric cancer cells (GCCs). To study the
impact of CEACAMG6-containing EVs, on tumor inducing capabilities, EVs were isolated from
CEACAMo6-expressing cells. Those were thoroughly characterised. Functional assays revealed
that CEACAMBG6-positive EVs enhanced proliferation, clonogenicity, migration and invasion
of recipient GCCs, with infection further amplifying these effects. EV sonication and
fractionation confirmed that CEACAMG6 was largely confined to the vesicle membrane.

Consistent with tissue findings, sera from GC patients exhibited significantly higher

12



CEACAMBS6 in EVs compared to those in healthy controls. Collectively, these findings suggest
that CEACAMG6-containing EVs act as potent mediators of tumorigenesis and potential

biomarkers in H. pylori-associated GC.
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Section A

1.A.1. Epidemiology

Gastric cancer (GC) poses a persistent clinical challenge, with late detection and limited
therapeutic options resulting in poor survival outcomes. GC remains one of the foremost global
health challenges among malignant diseases, occupying the fifth position in both incidence and
cancer-related deaths worldwide (1). China, India and Japan collectively comprised 61.5% of
global incidence in 2019, with 58.6% of deaths arising from these countries, and disability-
adjusted life years (DALYSs) (2). The geographical discrepancy can be attributed to food habits,
environmental factors, socio-economic status and genetic makeup of the population. If the
current management strategies remain unaltered, India is projected to record more than 1.6
million cases among individuals born between 2008 and 2017, positioning the country among
the “category A” burden areas (3). Gastrointestinal cancers in India occur more frequently in
men, with Northeastern India showing the highest rates (4). Among the Indian population,
esophageal and stomach cancers are most common in men, whereas more often women suffer
from esophageal and gallbladder cancers.

1.A.2. Risk factors

GC development can be ascribed to modifiable and non-modifiable risk factors (5) (Figure 1).
Modifiable risks involve lifestyle choices such as diet, smoking and alcohol. Non-modifiable
risks include age, genetics and medical conditions. Addressing lifestyle factors may lower

susceptibility, though genetic predispositions remain beyond individual control.
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Non-modifiable Risk Factors Modifiable Risk Factors

Genetics Helicobacter pylori
Family history Smoking
Age < Alcohol
Sex Stomach Salt
. Cancer
Race/ Ethnicity « Coffee
Blood group <« Obesity
Diabetes « Fast foods
Gastritis Red meat

Stomach
Previous gastrectomy

Altitude «
Socio-economic status

Occupational exposures
Fat grease
Proton pump inhibitors

Figure 1: Risk factors for GC development. Figure courtesy: (5).

1.A.3. Classification of GC

World Health Organization (WHO) classifies GC into adenocarcinoma, signet ring-cell

carcinoma and undifferentiated carcinoma. Though the Lauren system of classification remains

more widely adopted, dividing GC into intestinal and diffuse types (6). GC may also arise
sporadically; such cases are referred to as “sporadic gastric cancers” (SGCs) (7) and
predominantly affect individuals in the age group of 45 or above. These GCs commonly arise
from the interaction of several environmental determinants and are frequently diagnosed

between the ages of 60 and 80.

The Cancer Genome Atlas (TCGA) defined the following subtypes of GC in 2014 (8):

1. Epstein Barr virus (EBV)-associated (8.8%): Found in the proximal stomach, marked by
DNA hypermethylation, Programmed Cell Death Protein-Ligand 1/Ligand 2 (PD-L1/PD-
L2) overexpression and CDKN2A silencing.

2. Microsatellite instability (MSI)-associated (21.7%): Linked to MutL. Homolog 1
(hMLH1) promoter mutations and deficient DNA repair; associated with Lynch syndrome
and distal intestinal-type cancers.

3. Chromosomal instability (CIN)-associated (49.8%): Characterized by chromosomal
instability and CpG island methylation; commonly arises in the gastric cardia and gastro-

esophageal junction.
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4. Genomically stable (GS) (19.7%): Associated with diffuse GC (DGC).

In 1982, Marshall and Warren discovered that H. pylori infection was responsible for gastritis
(9). In 1994, the International Agency for Research on Cancer (IARC) identified H. pylori as
a Group I carcinogen (10). While H. pylori is frequently linked to various gastrointestinal
conditions, only about 10-15% of affected individuals develop peptic ulcers and a smaller
proportion (1-3%) advance to GC (11). Close to 89% of non-cardia GC incidence has been
attributed to H. pylori infection, while 9% are linked to EBV. H. pylori-dependent GC
progression is described by Correa’s cascade which outlines a multistep progression of
intestinal-type GC, beginning with chronic active gastritis then progressing through multifocal
atrophic gastritis (AG), intestinal metaplasia (IM), dysplasia (low- or high-grade) and
ultimately gastric adenocarcinoma (12). The modified Sydney system, introduced in 1994,
employs both targeted and non-targeted biopsies from the gastric mucosa, including the
antrum, incisura and corpus (13). This approach improves the detection of IM, AG and
dysplasia (14). A study predicted that among 15.6 million future GC cases worldwide, 76%
will stem from H. pylori infection, with Asia bearing 67% of the burden, followed by the
Americas (13%) and Africa (12%) (3). These estimates underscore the urgent need to elucidate
H. pylori-mediated GC pathogenesis and to develop strategies for early diagnosis, which will

be critical for reducing GC-related mortality.
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Figure 2: Correa’s cascade shows H. pylori-mediated disease progression. Figure courtesy:
(15).

1.A 4. Pathogenesis of H. pylori

Human gastric epithelial cells (GECs) form a protective barrier against pathogens, but H. pylori
disrupts it by producing cytotoxins and binding with receptors. Infection involves survival
inside the acidic human stomach, barrier penetration, receptor attachment and tissue damage.
Key virulence factors include BabA, OipA, OMP, OMV, VacA, CagA, HtrA, NepA and SabA
(16). H. pylori survives gastric acidity through urease-mediated acid acclimation. The urease
gene cluster (ureA/B, urel, ureE-H) regulates urea metabolism, with nickel insertion aided by
metallochaperones UreE (17). Urel channels open under acidic pH that enables urea entry and
ammonium production resulting in proton neutralisation. Extracellular urease further buffers
acidity and modulates macrophage interactions.

Adhesins such as BabA, SabA, OipA and OMP bind to mucins and epithelial receptors,
anchoring the bacterium. BabA binds Lewis b and ABO antigens, facilitating VacA and CagA

delivery via T4SS (18). SabA targets sialylated antigens, aiding in colonization. The attachment
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shields H. pylori from clearance mechanisms like peristalsis, mucus turnover and fluid flow.

The outer membrane proteins (HOP family) of H. pylori, including HopQ, HopZ and

Adherence associated lipoprotein A/B (AlpA), mediate adhesion to host epithelial receptors

(19). OipA, linked to the cagA expression, induces Interleukin-8 (IL-8) secretion, inflammation

and apoptosis inhibition. HopQ transports CagA into host cells, enhancing virulence, whereas

Hom promotes IL-8 release and adhesion. Table 1 provides a list of virulence factors and their

roles in H. pylori mediated pathogenesis. The subsequent sections elaborate CagA and VacA,

two well-studied virulence factors responsible for H. pylori mediated gastritis and

carcinogenesis.

Table 1: List of the important virulence factors of H. pylori

associated gene

A

Virulence Full Name Mechanism of Action Role in Pathogenesis &
Factor Disease
BabA Blood group Binds to fucosylated Strains expressing BabA are
antigen-binding | Lewis b (Le®) blood | associated with higher bacterial
adhesin group antigens on the | loads, severe inflammation and
gastric epithelium. increased cancer risk (20).
CagA Cytotoxin- Injected into host cells Disrupts cell polarity and

via the Type IV
Secretion System
(T4SS). Itis
phosphorylated by
host kinases (Src/Abl)
and binds Src
homology-2 domain-

containing protein

signaling (hummingbird
phenotype). Designated as a
bacterial oncoprotein, it drives
proliferation and is strongly

linked to GC (21).
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tyrosine phosphatase 2

(SHP2).
DupA Duodenal ulcer Component of a Strongly associated with
promoting gene | T4SS-like apparatus duodenal ulcers but often
A distinct from the Cag- | negatively associated with GC
T4SS. Specifically (22).
induces IL-12 and IL-
8 production from
immune cells.
Flagella Flagella Provides motility to Essential for colonization;
(FlaA/FlaB) move through the allows the bacteria to navigate
viscous gastric mucus. away from the acidic lumen
toward the neutral pH of the
epithelial surface (23).
GGT v-Glutamyl Hydrolyzes glutamine Depletes host antioxidants
Transpeptidase | and glutathione from (causing oxidative stress) and
the host environment. generates ammonia. It also
specifically inhibits T-cell
proliferation, thereby
preventing bacterial clearance
(24).
HcpA Helicobacter | A secreted protein that The inflammatory response

Cysteine-rich

Protein A

specifically triggers a
strong Th1

(inflammatory)

leads to chronic infection and is

associated with diseases such as
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immune response and

IFN-y production.

gastritis, peptic ulcers and GC

(25).

HomB Helicobacter | Binds to host cells and | Recent clinical studies correlate
Outer strongly induces IL-8 HomB presence specifically
Membrane B secretion. with peptic ulcer disease and
GC in children and adults (26).
HopQ Helicobacter Binds to CEACAM It acts stabilizes the T4SS
Outer receptors needle against the host cell,
Membrane (CEACAML, 3,5, 6) ensuring efficient injection of
Protein Q on the host cell the CagA oncoprotein (27).
surface.
HtrA High A secreted serine Opens the paracellular space
Temperature protease that cleaves (between cells), allowing
Requirement A | E-cadherin and other bacteria to penetrate deeper
junctional proteins. tissues and facilitating
epithelial-mesenchymal
transition (EMT) (28).
OipA Outer Promotes adhesion Increases the pro-inflammatory
inflammatory and activates the cytokine IL-8 release. Its
protein A STAT1 signaling presence correlates with high

pathway.

mucosal inflammation and

duodenal ulcers (29).
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NapA Neutrophil- Attracts and activates | Triggers an oxidative burst of
activating neutrophils and reactive oxygen species (ROS)
protein A monocytes. in immune cells, causing tissue

damage that releases nutrients
for the bacteria to feed on (30).
OMVs Outer Spherical buds from | They allow H. pylori to deliver
Membrane the bacterial virulence factors to cells deep
Vesicles membrane that carry in the tissue or bloodstream
CagA, VacA and without direct contact,
Pepsinogen to host potentially explaining extra-
cells. gastric diseases (e.g.,
cardiovascular issues) (31,32).
SabA Sialic acid- Binds to sialyl-Lewis Enables inflammation-
binding adhesin x (sLe¥) antigens, dependent adhesion, allowing
which are upregulated the bacteria to persist even
on inflamed gastric when the tissue is chronically
tissue. inflamed and the normal
receptors are lost (33).
Tip-a TNF-a Inducing | Enters host cells and Induces the release of TNF-a
Protein activates the NF-kB and chemokines, creating a
pathway. tumor-promoting inflammatory
microenvironment (34).
TlpD TlpA-D Family TlpD is a cytosolic TlpD allows the bacteria to

sensor that detects

sense inflammation, ROS and

flee from it to safer niches (like
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ROS and cellular the gastric glands). It is crucial

energy levels. for survival in the inflamed
antrum (35).
Urease Urease Enzyme | Hydrolyses urea into Raises the pH around the
ammonia (NHs) and bacterium, allowing it to

carbon dioxide (COz). | survive in the acidic stomach.
Ammonia is also directly toxic

to epithelial cells (36).

VacA Vacuolating A secreted pore- Induces apoptosis and inhibits
cytotoxin A forming toxin that T-cell activation, aiding
enters cells via immune evasion. Found in all
endocytosis, causing strains but varies in activity
massive vacuolization (s1/m1 is most toxic) (37).

and mitochondrial

damage.

1.A.4.1. CagA

CagA is one among the many proteins translated from the cag pathogenicity island (cagPAI)
present in H. pylori genome. This protein is delivered into host GECs by a type IV secretion
system (T4SS). Several cagPAl components are critical for the function of the T4SS and CagA
translocation. CagT is important for CagA delivery into epithelial cells, while CagY modulates
immune responses to support bacterial persistence and influence T4SS activity. CagL is a pilin-
like surface protein that interacts with host integrin a581, which is required for efficient CagA
translocation (38,39). CagA activity is dependent upon the Glu-Pro-lle-Tyr-Ala

(EPIYA) motifs present at the C-terminal of the protein. H. pylori isolated from Western
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countries differs from the East Asian countries due to the presence of either the EPIYA-C or
the EPIY A-D motifs, respectively (40). After translocation, CagA undergoes phosphorylation
at the tyrosine residue of EPTY A motifs by various host kinases. Phosphorylated CagA interacts
with SHP2 or Grb2 leading to impaired cell adhesion, altered proliferation increased IL-8
production and changes in cell elongation through Ras-ERK and Wnt-f§ signaling pathways
(41). The resulting cytoskeletal changes and morphological alteration causes the humming bird
phenotype visible in AGS cells under in vitro conditions. EPIY A-D containing CagA proteins
exhibit stronger binding affinity towards SHP2 kinases relative to EPIYA-C containing
proteins (42). This essentially translates into higher virulence of EPIYA-D carrying CagA
proteins. The levels of interleukin secretion during H pylori infection are closely linked to both
the number and specific variants of EPIY A motifs. Notably, strains harboring the EPIYA-D
motif tend to produce significantly higher IL-8 compared to other motif types (43).

CagA is strongly linked to the initiation and progression of epithelial-mesenchymal transition
(EMT) in the gastric mucosa. This transition is driven by multiple CagA-mediated
mechanisms, including suppression of programmed cell death protein 4 (PDCD4), promotion
of cancer stem cell-like traits and activation of fibroblasts (44-47). CagA inhibits Parlb
activity, disrupting tight junctions and cellular polarity, causing loss of epithelial integrity (48).
CagA downregulates host heat shock proteins, specifically HSPH1 (HSP105), HSPA1A
(HSP72) and HSPD1 (HSP60), contributing to impaired cellular stress responses (49). HSP1
downregulation by CagA also results in the host immune suppression. The presence of
CagA-positive H. pylori enhances susceptibility to gastritis and contributes to poor clinical
outcomes in GC.

1.A.4.2. VacA

VacA creates pores in host cells and induces vacuolation. Its p33 subunit creates anion

channels, while the p55 subunit promotes apoptosis. VacA suppresses immune responses by
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inhibiting T cell function, impairs mitochondrial activity and alters cell polarity. VacA
sequences exhibit diversity in three primary regions: the signal (s) region, the intermediate (i)
region and the middle (m) region (50). These regions exhibit genetic polymorphism due to
multiple allelic variants. Strains of H. pylori with VacA types sl, il or ml are linked to a
higher risk of GC and peptic ulcers compared to strains with s2, i2 or m2 (51). Strains with the
sl allele often carry the cagPAI and the adhesin BabA, while s2 strains typically lack these
elements. Vacuolation process begins when VacA binds to the plasma membrane, forms
oligomers and traffics to late endosomes (LEs), where it creates anion-selective channels. VacA
induces autophagy in GECs by forming membrane channels through a process distinct from its
vacuole-forming activity (52). This autophagy depends on VacA binding to LRP1 and may
serve as a host defence to degrade the toxin (53). VacA compromises mitochondrial membrane
potential, causing release of Cytochrome C followed by apoptotic pathway activation. VacA
rapidly alters cell signaling by activating mitogen-activating protein (MAP) kinases (p38,
ERK1/2), Cyclooxygenase-2 (COX-2) and Vascular Endothelial Growth Factor (VEGF) (54-
56).

1.A.5. Mechanisms of H. pylori-mediated GC development

H. pylori infection impacts all three major MAPK pathways extracellular signal-regulated
kinase (ERK), c-jun N-terminal kinase (JNK) and p38 which are among the key contributors
to the GC development. ERK triggers nuclear factor kappa-light-chain-enhancer of activated
B cells (NF-kB) activation, while JNK can boost the signal transducer and activator of
transcription 3 (STAT3) activity (57). H. pylori infection-induced YAP1 activation has been
associated with the progression from chronic gastritis to GC (58). The phosphatidylinositol 3-
kinase/protein kinase B (PI3K/Akt) pathway promotes cell proliferation, cell survival and
apoptosis inhibition (59), while also triggering EMT through activation of Snail and Twist (50).

CagA also promotes stem cell-like traits via the PI3K/Akt/FOXO03a pathway (45).
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H. pylori induces oxidative stress by generating excess ROS and reactive nitrogen species
(RNS) through its metabolism and virulence factors. Upregulation of nicotinamide adenine
dinucleotide phosphate (NADPH) oxidase and inducible nitric oxide synthase (iNOS) in
immune cells, further exacerbates the oxidative stress. H. pylori disrupts expression activity
of antioxidants such as glutathione (GSH) (60). It also reduces availability of antioxidant such
as vitamins C, weakening the host’s protection against oxidative stress (61). H. pylori infection
contributes to genomic instability by causing gene mutations, copy number variations and
chromosomal alterations. Additionally, H. pylori impairs the tumor suppressor p53, further
enhancing cell proliferation and genomic instability (62). These changes disrupt tumor
suppressors and oncogenes, promoting carcinogenesis. Chronic inflammation can create an
environment that helps tumors grow. Inflammatory molecules are involved in several important
steps in the development of GC. Inflammatory cytokines such as IL-6 and TNF-a can activate
STAT3 and NF-kB contributing to the neoplastic transformation (63). Immune cells also
produce large amounts of ROS and RNS further damaging DNA and causing genomic
instability (64). Oxidative stress increases the production of inflammatory molecules such as
IL-8, as well. In addition, tumor-aassociated macrophages (TAMs) release enzymes called
matrix metalloproteinases that help cancer cells invade nearby tissues (65). H. pylori drives GC
through a combination of signaling dysregulation, oxidative stress, genomic instability and
chronic inflammation. A key complementary mechanism involves its engagement with
CEACAM receptors on GECs, which not only facilitate bacterial colonization but also
contribute to tumor progression.

1.A.6. CEACAMs

Nearly five decades ago, Dr. Phil Gold and Dr. Samuel Freedman began investigating
tumor-specific antigens in colorectal carcinoma. Their work identified a marker present in both

cancerous tissue and fetal organs, which they named carcinoembryonic antigen
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(CEA/CEACAMY) (66). Eventually elevated CEACAMS levels after surgery became a reliable
indicator of recurrence or metastasis. Advances in molecular biology later allowed cloning of
CEACAMS c¢DNA and related proteins, including NCA (renamed CEACAMG6) (67-69) and
biliary glycoprotein (renamed CEACAMI1) (70). These findings established the
carcinoembryonic antigen-related cell adhesion molecule (CEACAM) family, comprising 22
genes grouped into CEACAM and pregnancy-specific glycoproteins (PSGs), located on
chromosome 19q13.1-13.2 (71).

CEACAMSs are widely distributed molecules present in epithelial cells, endothelial cells and
immune cells (Figure 3). These are members of the immunoglobulin supergene family,
typically containing an N domain resembling a variable Ig domain, followed by up to six
constant C2-like domains. CEACAMS and CEACAMBS6 are anchored to the membrane via
glycosylphosphatidylinositol (GPI) linkage, derived from a 26-amino-acid hydrophobic region
(72). Notably, GPI-linked CEACAMs are absent in the mouse genome, highlighting their
relatively recent evolutionary emergence in humans (73). Six CEACAM proteins, including
CEACAMI, are attached to the cell membrane through their transmembrane domains (74).
CEACAMI1 undergoes extensive alternative splicing, producing 12 distinct isoforms
characterized by differences in the number of C2-like domains and in their cytoplasmic tails.
The two main variants are the long (L) and short (S) forms, determined by exon 7 inclusion or
exclusion (75). Although CEACAM proteins share similar N domains, membrane attachments
and glycosylation sites, they differ in the number of C2-like domains. CEACAMS contains six,
CEACAMBS6 has two and CEACAMI typically presents two or three due to alternative splicing.

CEACAMs also engage in homophilic as well as heterophilic interactions (76).
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Figure 3: CEACAM family proteins. Figure courtesy: (77).

1.A.6.1. CEACAMs as pathogen receptors

The CEACAM family functions as binding receptors for numerous microbial pathogens.
providing sites for infection while simultaneously enabling these microorganisms to bypass or
suppress host immune defences. CEACAMI1 is upregulated on activated T cells and interaction
with extracellular ligands or microbial pathogens can suppress T cell activity (78). A wide
range of bacteria exploit CEACAMSs, including Neisseria species (79), Haemophilus
influenzae (80), H. pylori (81), Moraxella catarrhalis (82), Fusobacterium nucleatum (83),
Escherichia coli (84,85) and Salmonella species (84). For example, Neisseria use their opacity-
associated proteins (Opa) to bind CEACAMI1 on immune cells, suppressing immune function
without undergoing phagocytosis (86). Enterotoxigenic E. coli releases heat-labile toxin in the
colon, resulting in CEACAMG6 upregulation. This elevated CEACAMS6 then binds to the
pathogen, suggesting a potential role in the enteropathy that follows infection.

In the case of H. pylori, the surface adhesin HopQ enables binding to multiple CEACAM

family members, including CEACAMI, 3, 5 and 6 (27). This interaction provides a route for
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delivery of the CagA into host cells, allowing bacterial colonization of gastric tissue and driving
disease progression (81). H. pylori exploit human CEACAMs (CEACAMI, 5 and 6) to inject
CagA into GECs via the type IV secretion system (T4SS) (21). Once inside, CagA interferes
with intracellular signaling, promoting oncogenic transformation. Evidence from CEACAM-
humanized mouse models shows that CagA phosphorylation and translocation depend on
CEACAM engagement, underscoring its role in neoplastic changes (87).

1.A.6.2. CEACAMs in cancer

The long isoform of CEACAMI1 contains immunoreceptor tyrosine-based inhibitory motifs
(ITIMs), which act as a platform for SHP-1/2 phosphatases. The phosphatase activity inhibits
T-cell receptor signaling, thereby contributing to immune evasion. In early carcinogenesis,
CEACAMI downregulation has been associated with loss of epithelial polarity and increased
proliferation, suggesting a tumor-suppressive role (88). Contrastingly, in advanced melanoma,
colorectal and hepatocellular carcinomas, CEACAMI1 is upregulated and promotes
angiogenesis, invasion and metastatic dissemination through VEGF and integrin-mediated
pathways (89). This duality of CEACAMI is due to the distinct isoform lengths. The balance
between the long cytoplasmic tail isoform (CEACAMI1-L) and the short isoform (CEACAMI1-
S) determines whether CEACAMI acts as a suppressor or promoter.

CEACAMS is widely used as a clinical biomarker in colorectal and gastrointestinal cancers
(90). Mechanistically, CEACAMS enhances homotypic and heterotypic adhesion, facilitating
metastatic spread (91). Elevated CEACAMS levels correlate with poor prognosis and
chemoresistance (90). Beyond its diagnostic utility, the potential of CEACAMS as a
therapeutic target is being explored, with anti-CEA antibodies and CEA-directed CAR-T cells
(92,93).

CEACAMBG is frequently overexpressed in pancreatic, gastric, breast and lung cancers.

Functionally, CEACAMG inhibits anoikis by activating PI3K/Akt and FAK signaling, thereby

35



supporting survival of detached tumor cells and enhancing metastatic potential (94)
CEACAMBS also modulates the tumor immune microenvironment: recent studies demonstrate
its role in skewing macrophage polarization toward an M2 phenotype, fostering
immunosuppressive conditions (accepted in JCMM; doi:10.1111/jcmm.70869). Clinically,
CEACAMBG6 expression correlates with poor overall survival and resistance to EGFR-targeted
therapies (95,96).

Collectively, CEACAM1, CEACAMS and CEACAMG6 exemplify how adhesion molecules are
co-opted in cancer to regulate proliferation, invasion, immune escape and therapy resistance.
Beyond serving as biomarkers, their active participation in tumor biology underscores the
translational promise of targeting CEACAM-driven pathways in precision oncology.
Importantly, given the intimate interaction of H. pylori with gastric epithelial CEACAMs,
dissecting their roles in gastric carcinogenesis is critical to unravel how chronic infection
accelerates malignant transformation and to identify novel intervention strategies in H. pylori-
dependent GC.

Section B

1.B.1. Tumor microenvironment

The tumor microenvironment (TME) in GC contains a wide range of immune-related cells,
such as macrophages, dendritic cells (DCs), myeloid-derived suppressor cells (MDSCs), T
cells, and natural killer (NK) cells. Together, these populations orchestrate protective responses
that counter infection and modulate disease progression (97). The immune system is essential
for controlling H. pylori infection and limiting inflammation. With its long-standing presence
in humans, H. pylori has evolved mechanisms that balance immune activation with evasion
strategies (98). By influencing stromal cells, immune checkpoints and other regulatory
pathways, the bacterium establishes a supportive microenvironment that sustains chronic

colonization and contributes to gastric tumor development (Figure 4).
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Figure 4: Immune cells in TME of H. pylori-mediated GC. Figure courtesy: (99)

1.B.2. Role of macrophages within the TME of H. pylori-mediated GC

Macrophages are highly plastic immune cells that can adopt distinct functional phenotypes
depending on environmental cues. They originate from circulating peripheral blood
mononuclear cells (PBMCs), which are recruited into tissues by chemokines and growth factors
and subsequently differentiate in response to local signals (100). This polarization process
broadly gives rise to two major subsets: classically activated M1 macrophages, which mediate
antimicrobial and proinflammatory responses and alternatively activated M2 macrophages,
which promote tissue repair, immune regulation and tumor progression. M1 macrophages
secrete type I proinflammatory cytokines, including IL-1p, IL-12 and TNF-a (101). In contrast,
alternatively activated M2 macrophages release type Il cytokines such as IL-4, IL-6 and IL-10
(101). Within the TME, these polarized macrophages are referred to as TAMs. M1-like TAMs
can exert anti-tumor activity through cytotoxicity and immune stimulation. The majority of
TAMs in established cancers acquire an M2-like phenotype, characterized by secretion of
immunosuppressive cytokines, promotion of angiogenesis and facilitation of invasion and
metastasis.

Early inflammatory conditions associated with H. pylori infection are marked by M1
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macrophage predominance, fuelling cytokine-mediated tissue injury. During H. pylori
mediated GC development, M1 macrophage activity is gradually suppressed, shifting
macrophages toward an M2-like phenotype (102). Alterations in the GC TME foster
immunoediting, enabling tumor cells to evade immune surveillance by reducing
immunogenicity (103). Cytokines and chemokines secreted by tumors drive the recruitment of
MDSCs, regulatory T cells (Tregs), and TAMs, with elevated M2 TAM densities associated
with poor overall survival (104). Compared to normal tissue, tumor samples show greater M2-
TAM infiltration and poor prognosis (105). M2 TAMs, CD204-positive macrophages and their
interactions with tumor-infiltrating lymphocytes (TILs) may serve as prognostic biomarkers
(106). Additionally, PD-1 overexpression in M2 TAMs impairs phagocytosis and NK cell
responses via TGF-f, driving tumor progression (107). Meta-analytic findings indicate that
the presence of M2 macrophages and overall TAM infiltration predicts poor prognosis in GC,
while M1 macrophage infiltration is associated with better survival (108). Thus, strategies
aimed at reprogramming TAMs toward an M1-like phenotype or disrupting M2-associated
signaling may hold therapeutic promise, while the density and phenotype of TAMs could serve
as indicators of disease progression and survival outcomes in GC.

Importantly, tumor cells also secrete soluble mediators that directly induce M2 polarization.
For instance in GC, tumor-derived chemokines like CCL2 and CXCLS8 further recruit
monocytes and condition them into M2-like macrophages (109). These findings underscore the
broader role of soluble mediators within the GC microenvironment.

1.B.3. Soluble mediators released within the TME are critical to tumor progression

TME in GC is a rich reservoir of soluble mediators that orchestrate key steps in tumor initiation
and progression. Pro-inflammatory cytokines such as IL-6, IL-8, TNF-a and TGF-f activate
oncogenic pathways including STAT3, NF-kB and PI3K/Akt, driving EMT, immune evasion

and resistance to apoptosis (110). Chemokines such as CCL2 and CXCL12 facilitate immune
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cell recruitment, while growth factors such as VEGF, EGF and HGF promote angiogenesis and
epithelial proliferation (111). Soluble enzymes, notably MMPs, degrade ECM components,
enabling tumor invasion and metastatic spread. For instance, conditioned media from breast
cancer cell lines induces EMT-like changes and altered glycosylation in normal MCF10A cells
(112), while secreted proteins such as SI00A8/A9 mediate the reprogramming of mammary
epithelial cells into more malignant phenotypes (113). Similarly, conditioned media from
fibroblasts has been reported to induce EMT in non-cancerous cells, underscoring the potency
of tumor-secreted factors in paracrine remodeling (114). Beyond soluble proteins and
metabolites, tumor cells shed extracellular vesicles (EVs) that serve as carriers of signaling
molecules. EVs represent a specialized arm of the secretome with the capacity to deliver cargo
directly to recipient cells, enabling long-range communication and reprogramming of
non-malignant stromal and epithelial populations. EVs shed by H. pylori-infected gastric
epithelial cells transport virulence factors and oncogenic cues that initiate EMT, immune
modulation and stromal activation (115). Thus, EVs represent a critical extension of the soluble
mediator network, with enhanced stability and functional precision, positioning them as key
drivers of H. pylori-mediated gastric tumorigenesis.

1.B.4.1. The timescale of EV research

EVs have come a long way from being described as obscure cellular fragments to central
players in biology and medicine (Figure 5). Their discovery can be traced back to the 1940s,
when early experiments by Chargaff and West discovered tiny blood-derived particles with
clotting activity (116). Electron microscopy later confirmed their vesicular nature, revealing

lipids,
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Figure 5: Timeline of key advances in EV biology. Figure courtesy: (117).

proteins and metabolites enclosed within (118-120). Johnstone subsequently proposed EVs as
“cellular trash bags” shed by reticulocytes. By the 1990s, studies showed EVs could stimulate
antigen-specific immune responses, laying the groundwork for cancer vaccine strategies
(121,122). A major breakthrough followed in the mid-2000s, when EVs were found to transfer
intact mRNAs and functional proteins, enabling horizontal genetic exchange and offering
diagnostic potential through blood-based assays. This discovery coincided with growing
interest in RNA interference, further propelling the field. Soon, therapeutic applications
emerged, with EVs repairing cardiac tissue in ischemia models (123) and engineered vesicles
delivering siRNA to neurons in Alzheimer’s disease (124). EVs are being harnessed to deliver
chemotherapeutics directly to tumors, thereby reducing systemic toxicity, as exemplified by
the Phase I trial (NCT03608631) employing “iExosomes” to target metastatic pancreatic cancer
(125). Hybrid vesicles, formed by fusing EVs with liposomes, unite biological function with
enhanced stability for drug delivery (126). Inhalable EV-based vaccines and treatments have
shown promise in mitigating inflammation and promoting tissue repair in lung diseases,
including COVID-19-associated acute respiratory distress syndrome (ARDS) (127). On the
technological front, Exosome Detection method via an Ultrafast isolation System (EXODUS)

enables rapid, high-purity EV isolation from minimal volumes such as tears, plasma and urine
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using ultrasonic nano-filtration (128).

1.B.4.2. EV biogenesis and physiological functions

EVs are broadly classified into exosomes (40—150 nm) and ectosomes or microvesicles (50—
1000 nm) (Figure 6). Common EV markers include tetraspanins (CD9, CD63, CD81), syntenin,
integrins, Alix, TSG101 and flotillin, though expression varies across cell types (129-131).

Ectosomes originate from plasma membrane budding and are enriched in CD9 and CD8]1.
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Figure 6: Distinct types of EVs synthesised within cells. Figure courtesy: (132).

Exosomes arise from the endocytic pathway, forming intraluminal vesicles within
multivesicular bodies (MVBs) (133). MVB biogenesis can occur through the endosomal
sorting complex (ESCRT) or ESCRT-independent pathway (134,135). Additionally, apoptotic
bodies (1-10 pm) arise during programmed cell death (Figure 6), containing organelles and
DNA to influence immunity and tissue clearance (136). Also, oncosomes (1-10 um), released
by cancer cells, drive progression, metastasis and drug resistance. These carry oncogenic cargo,
serving as biomarkers and therapeutic delivery tools (137). Cells also release nonvesicular
nanoparticles known as exomeres (~45 nm) and supermeres (~35 nm)(138,139). Their

secretion mechanisms remain unclear and it is uncertain whether they represent aggregated
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protein complexes. Exomeres display distinct proteomic signatures and unique biodistribution
patterns (140). Supermeres, in contrast, are enriched with RNAs and show greater tissue
accumulation than both exomeres (140).

Intercellular communication mediated through EVs is crucial for tissue patterning and
development. Release of EVs supports embryonic stem cell pluripotency through activation of
FAK, a mechanism also observed in cancer stem-like populations (141). Remarkably, sperm
exposed to EVs from epididymal epithelial cells experiencing stress conditions gave rise to
progeny with modified neurodevelopmental gene expression, suggesting transgenerational
information transfer (142). EVs have been to found carry 5'-cytosine methylated DNA and
histone-modifying proteins, raising the possibility of epigenetic reprogramming in recipient
cells (143). Within the TME, such modifications may promote progression and therapy
resistance (144,145). While EVs can act as morphogens, mechanisms restricting indiscriminate
EV exchange remain poorly defined. Internalized EVs may be re-secreted or degraded,
highlighting the need to clarify whether their effects are transient or long-lasting in physiology
and cancer.

1.B.4.3. Cargoes of EVs

EVs are nanoscale, membrane-enclosed carriers containing biomolecules, shed from all types
of cells. Their cargoes differ according to cell type and physiological state. Larger EVs
typically harbor higher amounts of DNA along with CD9 or Annexin A1, whereas smaller EVs
are preferentially enriched in CD63 and CDS81 (146). EV-associated DNA has gained
considerable interest (143) ; tumor-derived EVs contain genetic alterations suitable for liquid
biopsy diagnostics, while mitochondrial DNA within EVs is linked to stress responses and
immune signaling (147,148). EVs also carry mRNA, miRNAs, IncRNAs, piRNAs and
circRNAs (149,150). miRNAs represent the predominant and functionally significant RNA

species found in plasma EVs due to their implication in gene regulation and cancer progression
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(151). Lipid cargo such as ceramide, cholesterol, sphingomyelin and phosphatidylserine shapes
EV biogenesis and signaling, with phosphatidylserine serving as a cancer biomarker (146,152).
Proteins within EVs include tetraspanins, Rab proteins, heat shock proteins, growth factors,
adhesion molecules, MHC complexes, cytoskeletal components and metabolic enzymes
(153,154). Notably, EVs enriched with PD-L1 and oncogenic receptors promote tumor growth
and immune evasion (155). Comprehensive analysis of EV molecular contents offers
significant potential for advancing diagnostics and therapeutics.

1.B.4.4. EVs in cancer

Early genetic events in cancer development influence the secretion of EVs, their molecular
cargo and uptake mechanisms. Malignant cells generally release more EVs than non-malignant
counterparts, a process thought to be regulated by calcium mobilization from the endoplasmic
reticulum (156). Stress-induced activation of p53 has also been linked to enhanced EV
secretion via TSAP6 (157). The activity of oncogenes reshapes EV dynamics, influencing their
release, size and content (158). Mutant RAS promotes EV internalization through
micropinocytosis (159,160). Oncogenic Harvey rat sarcoma viral oncogene homolog (HRAS)
transformation induces the secretion of EVs containing oncogenic DNA (161). Argonaute 2
(Ago2) recruitment to multivesicular endosomes and EVs is disrupted by mutant Kirsten rat
sarcoma viral oncogene homolog (KRAS), resulting in altered miRNA packaging (162).
Several miRNAs with oncogenic properties have been recognized as key drivers of tumor
development and progression. EVs released from breast cancer cells have been shown to
generate mature miRNAs from precursors and their transfer can induce transformation in
non-tumorigenic epithelial cells (163). While EVs may contribute to cancer risk, studying their
role in tumor initiation is limited by the absence of precursor lesion models and specific EV
markers.

1.B.4.5. EVs and cancer progression

43



Tumor progression is shaped by a multifaceted signaling network between malignant and
non-malignant cells, which acts to both advance and restrain disease. Pancreatic cancer—
derived EVs carry biomolecules that induce endoplasmic reticular stress in normal recipient
cells, imparting tumorigenic potential (164). EVs derived from non-malignant cells can
package Phosphatase and Tensin Homolog (PTEN) and transfer it to inhibit Akt pathway
activity and proliferation, highlighting their tumor-suppressive role (165). This bidirectional
EV transfer within the TME suggests that the relative abundance and molecular cargo of cancer
cell- versus stromal cell-derived EVs may ultimately dictate disease progression.

EVs released by natural killer (NK) cells contain cytotoxic proteins capable of inducing cancer
cell death, thereby potentially restraining tumor progression. EVs secreted by multiple
myeloma cells carry natural killer group 2, member D (NKG2D) ligands that transiently
stimulate NK activity; however, sustained exposure reduces NKG2D expression and weakens
NK cell function. This showcases a dual role in which cancer cell EVs may first activate
immune responses but are ultimately exploited to promote immune evasion and disease
advancement. EVs contribute to the establishment of an immunosuppressive TME by
inhibiting T-cell activity (166,167) and DC activity (168), while driving macrophages and
MDSCs toward tumor-supportive phenotypes (169,170).

EVs actively reshape the local microenvironment to establish niches that favor tumor
expansion. They influence vascular remodeling and recruit bone marrow—derived cells
(BMDCs), thereby supporting metastatic colonization (171,172). In addition to the
bloodstream, cancer cells exploit lymphatic routes. Interestingly, EVs also accumulate in
organs where metastasis is rare, including the pancreas, the kidneys, heart, bladder and muscles
(173). Mechanisms that restrict EV entry into metastatic niches have been described,
highlighting the importance of reciprocal signaling between cancer cells and the surrounding

stroma (174).
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1.B.4.6. EVs in GC

Ongoing research highlights EVs as key players in the biological processes of GC (175).
Distinct protein and RNA profiles have been identified in EVs isolated from GC patients and
cell lines. Cancer-associated fibroblast (CAF)-derived EVs significantly stimulate migration
and invasion of scirrhous-type GC cells, with CD9-positive vesicles enhancing motility (176).
By delivering Apolipoprotein E (ApoE), EVs derived from M2-TAMs activate PI3K—Akt
signaling in GCCs, inducing cytoskeletal reorganization and migration both in vitro and in vivo
(177). Mesenchymal stem cells (MSCs) derived EVs also contribute to GC progression by
promoting tumor growth, stimulating CAF differentiation and enhancing malignant properties
by inducing EMT and cancer stemness via Akt activation (178). Human bone marrow-MSC
EVs further drive GC growth through Hedgehog signaling, with pathway inhibition reducing
tumor promotion (179). GC-derived EVs are enriched with oncogenic miRNAs (e.g., miR-217,
miR-25, miR-10, let-7 family) and IncRNAs (e.g., ZFAS1), which are transferred to recipient
cells to reprogram gene expression and signaling pathways (175). These RNAs suppress tumor
suppressors such as CDH1, enhancing proliferation, migration and invasion.

Chronic inflammation in GC has been linked to EVs from H. pylori infection, which are
increased in patient gastric juices and preferentially taken up by epithelial cells to drive
inflammatory responses. CagA has been detected in serum-derived exosomes from cagA-
positive patients, suggesting systemic transfer to distant organs (180). EV dependent
mesenchymal to epithelial transition induced by H. pylori-infected GCCs reprogram TAMs to
support cancer progression (181). Additionally, H. pylori OMVs modulate immunity by
inducing COX-2 expression in monocytes and subsequently suppressing T cell proliferation
(169). Collectively, these findings establish EVs as critical mediators of GC progression,
metastasis and immune evasion.

1.B.4.7. EVs as biomarkers
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Figure 7: EVs as biomarkers. Figure courtesy: (182).

EVs can be detected in circulation and other body fluids, making them potential minimally
invasive biomarkers for diagnostic and therapeutic assessment (Figure 7). EVs isolated from
stool contain ribosomal RNA of human and bacterial origin, supporting their application in
gastrointestinal cancer and microbiome surveillance (183). DNA within EVs has emerged as a
cancer biomarker. In pancreatic cancer, EV-derived DNA carries mutations such as KRASY!2P
and TP53R27H while GPC1* EVs indicate early disease (182). Although present at low levels,
EV-associated DNA yields higher sequencing coverage, indicating greater diagnostic utility
than circulating-free DNA. EV-associated proteins serve as valuable markers that enable
selective capture and detection of cancer-derived EVs. A key advantage of EVs over
conventional biomarkers, such as soluble proteins, is their composite nature (147). EVs
package a wide range of biomolecules that can be profiled in parallel, strengthening diagnostic
precision and monitoring of cancer.

EVs represent a unique biomarker platform in H. pylori-mediated GC because they encapsulate
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cargo of dual origin, carrying molecules from both host cells and the pathogen. This composite
signature reflects the dynamic interplay between H. pylori and the gastric epithelium, making
EVs highly informative for distinguishing infection-driven carcinogenesis from SGC.
Proteomic profiling has revealed that EVs released during infection contain distinct proteins
associated with inflammation, immune modulation and oncogenic signaling which may serve
as early indicators of malignant transformation (184). Beyond their diagnostic value, EVs
actively contribute to pathogenesis by transferring virulence factors, miRNAs and signaling
molecules that drive EMT, angiogenesis and immune evasion (115). Since EVs are readily
detectable in blood, gastric juice and stool, they provide a minimally invasive means to monitor
both H. pylori infection status and its oncogenic consequences. This feature is particularly
valuable in high-incidence regions where endoscopic screening is resource-intensive.

1.B.5. Unanswered questions

Though H. pylori exploit CEACAMs as receptor to bind and infect GECs, it remains elusive
how the infection itself modulates the CEACAM expression and consequently how such
modulation contributes to the H. pylori-mediated GC. The TME plays a fundamental role in
orchestrating immune cell interactions, particularly macrophages, yet the involvement of
CEACAMSs in directing macrophage polarization remain unknown. Given that intercellular
communication often occurs through EVs that promote tumor progression, it is imperative to
investigate how CEACAMSs may contribute to EV-mediated promotion of H. pylori-dependent

GC. This thesis attempts to address these questions.
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Chapter 2

H. pylori upregulate CEACAMBG6 in GCCs
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2.1 CEACAMs are upregulated in GC

CEACAMSs are widely implicated in various types of disease pathogenesis. CEACAMI,
CEACAMS and CEACAMSG6 have been reported in multiple malignancies (90). To explore the
relevance of CEACAM family members in GC bioinformatics analyses were undertaken (the
date of accession: 22" December, 2025). The differential gene expression (DEG) analysis was
performed using the The cancer genome atlas-stomach adenocarcinoma (TCGA-STAD)
dataset in the GEPIA2 web portal (http://gepia.cancer-pku.cn/detail.php?clicktag=degenes).)
ANOVA revealed that CEACAMS5 (Log2 fold change: 6.856) and CEACAM6 (Log2 fold
change: 6.711) were the most highly ranked DEGs. CEACAM1 (Log2 fold change: 2.925) was
also notable, appearing among the top 250 genes. Further analysis of the STAD dataset
confirmed that transcript levels of CEACAM1, CEACAMS5 and CEACAMG6 were consistently
elevated in cancer patients compared to non-cancerous controls (Figure 8 A-C). These results
suggested strong associations of these genes with GC pathogenesis.

To confirm these observations at the protein level, biopsy samples from metastatic GC patients
were analyzed by immunofluorescence microscopy. Results showed markedly higher
CEACAMI1, CEACAMS and CEACAMS in tumor tissues relative to control tissues (Figure
8D-F). Quantitative analysis further revealed a significant increase in the mean fluorescence
intensity (MFI) for these CEACAMs in GC samples. Subsequently, the impact of H. pylori
infection on CEACAM expression in STAD was assessed, using the University of Alabama at
Birmingham Cancer Data Analysis (UALCAN) portal (https://ualcan.path.uab.edu/). GC
patients harboring H. pylori exhibited pronounced upregulation of CEACAMS and CEACAM6
compared to controls (Figure 8G-I). These observations highlight possible links between H.

pylori infection and CEACAM upregulation in GC.
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Figure 8: CEACAMs are upregulated in GC patients. (A, B, C) Boxplots from the GEPIA
database display transcripts per million (TPM) levels of CEACAMI, CEACAMS and
CEACAMG6 in normal versus stomach cancer tissues. (D, E, F) Representative
immunofluorescence images showing CEACAMI1 (green), CEACAMS (green) and
CEACAMBG (green) in metastatic vs. control GC samples compared to paired non-cancerous
controls (n = 3). Nuclei are counterstained with DAPI (blue). 20% objective is used to capture
the images; scale bar = 100 um. Bar graphs depict relative fold changes in mean fluorescence
intensity (MFI) of CEACAMs. Error bars expressed as mean + SEM. Statistical significance is
assessed using Student’s t-test: **P<0.01, ****P<(.0001. (G, H, I) UALCAN-based
evaluation of TCGA STAD dataset depicting TPM levels of CEACAMI, CEACAMS and
CEACAMG6 in normal and H. pylori-infected/uninfected GC patients.

2.2 CEACAMBG is specifically upregulated upon H. pylori infection

To confirm whether H. pylori influences CEACAM expression, AGS and MKN45 cells were
subjected to infection with the cag (+) strain-26695. Immunoblotting of whole-cell lysates
revealed increased levels of CEACAM1, CEACAMS and CEACAMSG6 in AGS cells following
infection (Figure 9A). Densitometry analysis identified CEACAMG6 as the only protein
showing statistically significant increase. Immunofluorescence microscopy data further
corroborated the previous finding. The mean fluorescence intensity (MFI) analysis determined
that only CEACAM®6 was significantly elevated in AGS cells post-infection while CEACAM1
and CEACAMS showed downregulation albeit statistically non-significant (Figure 9B). The
lack of statistical significance and disparity in the results of CEACAMI1 and CEACAMS led
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to the selection of CEACAMS6 for further analysis.
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Figure 9: H. pylori infection upregulates CEACAM1, CEACAMS and CEACAMG in
AGS. (A) Immunoblots show CEACAMI1, CEACAMS5 and CEACAMG6 protein levels in H.
pylori-infected AGS cells. GAPDH serves as a loading control. Accompanying bar graphs
depict fold changes in CEACAM relative to GAPDH. (B) Confocal microscopy panels
showing CEACAMI1 (green), CEACAMS (green) and CEACAMG6 (red) in H. pylori-infected
AGS cells. Nuclei are counterstained with DAPI (blue). Objective used= 63%; scale bar = 20
um. Bar graphs represent changes in CEACAM MFI normalized to uninfected controls,
displayed as arbitrary units (A.U.). Data are presented as mean = SEM. Statistical significance
is determined using Student’s t-test: *P <0.05, **P <0.01. Uninf., uninfected.

Western blotting was performed to validate the results for CEACAMG6 with MKN45 cells.
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Densitometry analysis showed significant upregulation of CEACAMS6 post-infection (Figure
10). MKN45 cells form multi-layered clusters that poses challenge for immunofluorescence
microscopy and further quantitation. Consequently, this cell line was not used for

microscopy-based validation.
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Figure 10: H. pylori infection upregulates CEACAM6 in MKN45 cells. Western blot
analysis showing CEACAMG6 protein levels in H. pylori-infected MKN45 cells. GAPDH
=loading control. Bar graphs quantify the fold changes in CEACAM relative to GAPDH.
Quantitative findings are expressed as mean = SEM, with Student’s t-test used to evaluate
statistical significance: ****P <(0.0001. Uninf., uninfected.

Surface level expression of CEACAMSG6 in both AGS and MKN45 was then analysed by flow
cytometry. H. pylori infection significantly elevated the CEACAMG6-positive population
(Figure 11A) in AGS cells. MFI values also confirmed elevated CEACAMS6 levels in infected
AGS cells, indicating stronger expression per cell. MKN45 cells which have high basal level
of CEACAMS6, showed only a modest 2% increase in CEACAMO6-positive population after
infection (Figure 11B). However, MFI analysis revealed that significant CEACAMS6 increase

in MKN45 cells occur after H. pylori infection.
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Figure 11: Surface CEACAMBG is upregulated following H. pylori infection in GCCs. Dot
plots from flow cytometry depicting cell-surface levels of CEACAMG6 in (A) AGS and (B)
MKN4S5 cells infected with H. pylori. Bar graphs show the percentage of CEACAMG6-positive
cells and MFI levels of CEACAMS6. Data are presented as mean £ SEM. Student’s t-test
determines the statistical significance.: *P <0.05, **P <0.01. Uninf., uninfected.

2.3 Discussion

The findings in the chapter provide compelling evidence that H. pylori infection selectively
modulates CEACAM family members in GCCs, with CEACAM6 emerging as the most
consistently and significantly upregulated molecule. In contrast, CEACAMI1 and CEACAMS
displayed variable expression patterns and the lack of statistical significance from replicates
led us to focus on CEACAMS6 for downstream analyses.

Previous studies have reported strain-specific modulation of these CEACAMs, with H. pylori
strains such as P12 and G27 showing a trend toward increased CEACAM expression, but
without statistical significance (185). These observations suggest that while multiple
CEACAM family members can be influenced by bacterial infection, the magnitude and
consistency of modulation differ substantially.

The biological relevance of CEACAMS6 in GC has been increasingly recognized in recent
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literature (186). Elevated CEACAMG6 expression has been linked to enhanced tumor
aggressiveness, EMT and metastatic potential. These features distinguish CEACAM®6 from
CEACAMI1 and CEACAMS, which, although upregulated in some GC contexts, do not
consistently demonstrate the same breadth of functional impact. CEACAMI, for instance, may
function as either a tumor suppressor or promoter, contingent on isoform balance and cellular
context (187). Its dual nature complicates interpretation and CEACAMI did not show
consistent upregulation following H. pylori infection as revealed by this study. CEACAMS,
while recognized as a classical tumor marker (CEA) in gastrointestinal malignancies, is often
elevated in a broad range of cancers but lacks specificity to H. pylori-mediated modulation as
established by this study. In contrast, CEACAM®6 not only shows strong induction in response
to infection but also aligns with the functional pathways directly relevant to GC progression,
including the PI3K/Akt signaling, cytoskeletal remodeling and invasive behavior (188,189).

Taken together, these findings underscore the unique position of CEACAMS6 in H. pylori-
mediated GC. In the following chapter, this work is extended by assessing the tumorigenic
potential of CEACAMG6-expressing cells, thereby providing further insight into its mechanistic

contribution to GC pathogenesis.
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Chapter 3

CEACAMG6 promotes tumorigenic potential in GCCs
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3.1 CEACAMeé-expression supports pro-tumorigenic responses in GCCs

CEACAMG, is frequently overexpressed in gastrointestinal malignancies and has been linked
to tumor aggressiveness (186). Its role in modulating cell adhesion, invasion and apoptotic
resistance suggests that CEACAM6 may act as a critical mediator of oncogenic signaling
within the gastric TME. Despite these associations, its contribution to H. pylori-driven GC
progression remains insufficiently defined. To investigate the functional impact of CEACAMSG,
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Figure 12: CEACAMG6 enhances aggressive phenotype in GCCs. (A) Brightficld images
illustrate wound closure in AGS cells stably transfected with either E.V. or CEACAMS6, in the
presence or the absence of H. pylori infection for 6 h. Objective =10x% ; scale bar = 100 pm.
The corresponding graph represents the wound closure. (B) Graph depicts cumulative

population doubling in E.V. or CEACAMG6-expressing cells. (C) Representative michrographs
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show invasion of AGS cells expressing the empty vector or CEACAMS6, with or without H.
pylori infection. Objective =10x; scale bar = 100 um (D) Representative clonogenic assay
photographs demonstrating the colony-forming capacity of E.V. or CEACAMG6-expressing
AGS cells in presence or absence H. pylori. The graph quantifies the number of colonies
formed. All the error bars represent mean £ SEM (n = 3). Two-way ANOVA followed by
Tukey’s post-hoc test determines the statistical significance. *P<0.05, **P<0.01,
**P <(.001, ****P<(0.0001. E.V., empty vector; Uninf., uninfected.

were stably transfected with the empty vector or CEACAMG6-expressing plasmid. Several
assays were performed to measure the tumorigenesis in these cells. In wound-healing assay,
CEACAMG6-overexpressing cells displayed significantly greater migration ability compared
with the empty vector cells. Infection with H. pylori further augmented the effect, showing the
highest closure ability across all the conditions. (Figure 12A). In population doubling assay,
CEACAMo6-overexpressing cells infected with H. pylori displayed significantly higher
proliferation than all other groups (Figure 12B). Invasive potential of cells was assessed
through a matrigel-based Transwell invasion assay. CEACAMG6-overexpressing cells exhibited
significantly higher invasion toward a chemoattractant (RPMI 1640 supplemented with 20%
FBS) with H. pylori infection further amplifying this effect, exhibiting the highest invasiveness
across all experimental groups (Figure 12C). Colony formation capacity was significantly
elevated in CEACAMG stably expressing cells, as revealed by clonogenic assay, compared
with the empty vector-expressing cells. H. pylori infection further promoted colony-forming
ability in CEACAMG6-expressing cells (Figure 12D).

3.2 Supernatants released from CEACAM6-expressing cells can promote tumorigenesis
in recipient cells

Within the TME, malignant cells exert influence on neighboring populations either via the

direct cell—cell interactions or through the secretion of soluble factors. Evidence indicates that
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such communication can drive the conversion of adjacent non-malignant cells into a
transformed phenotype (190). To evaluate the paracrine effects of CEACAMG6-overexpressing
GCCs, supernatants from the empty vector or CEACAMe6-transfected cells, with or without H.
pylori infection were collected and applied to recipient AGS cells. In wound-healing assay,
AGS cells treated with supernatants from CEACAMG6-expressing cells exhibited enhanced
migration compared with those exposed to supernatants from the empty vector cells (Figure
13A). Cells treated with the supernatants from H. pylori-infected CEACAMG6-overexpressing
cells exhibited the most significant response. Transwell invasion assay demonstrated that
infection enhanced the invasive potential of the empty vector cells relative to uninfected
controls. AGS cells treated with supernatants from infected CEACAMo6-expressing cells
exhibited the greatest degree of invasion across all conditions (Figure 13B). The impact of the
supernatants on AGS cell growth dynamics was assessed by clonogenic assay. AGS cells

exposed to supernatants from
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Figure 13: Supernatants from CEACAMG6-overexpressing cells promote aggressive
phenotypes in GCCs. (A) Brightfield images show wound closure in AGS cells treated with
supernatants from H. pylori infected/uninfected, E.V. or CEACAMG6-transfected cells. Images
are taken using a 10x objective; scale bar = 100 um. The graph quantifies the wound closure
percentage. (B) Matrigel invasion assay demonstrating the invasive potential of AGS cells
exposed to supernatants from E.V. or CEACAM6-transfected cells. Images captured using a
20% objective; scale bar = 100 pm. The graph shows the number of invaded cells. (C)
Clonogenic assay images depicting colony formation in AGS cells treated with supernatants
from E.V. or CEACAMG6-transfected cells, with or without H. pylori infection. The graph
quantifies the colonies formed. (D) Cumulative population doubling of AGS cells following
treatment with supernatants from E.V. or CEACAMG6-transfected cells, with or without H.
pylori infection. Statistical analysis is performed using two-way ANOVA followed by Tukey’s
post-hoc test. Error bars represent mean + SEM (n = 3). *P<0.05, **P<0.01, ***P<0.001,
***%P <(0.0001. E.V., empty vector; Uninf., uninfected.

infected CEACAMG6-expressing cells produced a markedly higher number of colonies,
indicative of diminished contact inhibition (Figure 13C). Likewise, the proliferative capacity
of AGS cells was assessed by population doubling assays, which showed a significant rise
when cells were treated with supernatants from infected CEACAMG6-expressing cells (Figure
13D).

3.3 Discussion

This study provides strong evidences that CEACAMBG is a key contributor in aggressiveness of
GCCs, both in a cell-autonomous and paracrine manner. Here, it was demonstrated that
CEACAMS6 not only promotes proliferation, migration, invasion and clonogenicity of AGS
cells but also amplifies these effects in the presence of H. pylori infection.

Many molecular agents may contribute to the enhance cell motility and invasiveness in
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CEACAMG6-expressing cells. In GC, CEACAMSG6 is negatively correlated with E-cadherin
expression (188) and induces upregulation of N-cadherin, Vimentin and Slug GCCs. It was
also reported that elevated MMP-9 contributed to invasiveness and migratory ability of the
CEACAMG6-expressing cells. It is also known that CEACAMG6 drives EMT via the PI3K/Akt
pathway (188). Data revealed that CEACAMG6 expression was able to enhance the long term
cell survival ability of the expressing cells. The mechanism behind this phenomenon could be
ascribed to the inhibition of anoikis, a programmed cell death activated due to loss of
attachment for cells to matrix. Studies have shown that overexpression of CEACAMG6 induces
anoikis resistance, allowing cells to survive and grow in distant sites (94). The same study also
reported that the anoikis resistance was dependent on the Src-FAK pathway. Notably, H. pylori
infection is known to activate similar PI3K/Akt and Src-FAK pathways, thereby amplifying
the oncogenic effects of CEACAMS6 activation. This convergence suggests that infection
synergistically strengthens CEACAM6-mediated EMT magnifying tumor progression and
metastatic potential in GC.

Importantly, the chapter investigates the paracrine influence of CEACAMG6-overexpressing
cells on the neighboring, less aggressive GCCs. Supernatants from CEACAM6-overexpressing
AGS cells induced a transformation-like response in recipient cells, consistent with reports that
tumor secretomes alone can trigger the EMT and long-term phenotypic reprogramming in the
non-malignant epithelia. For example, conditioned medium from the malignant breast cancer
cells induced an EMT-like phenotype and altered N-glycan profiles in MCF10A cells (112)
Similarly, exposure to human cancer serum has been shown to transfer malignant traits to
immortalized human cells (191). In another instance, conditioned medium from the primary
lung cancer cells triggered EMT in A549 cells through cooperation between TGF-B1 and
miR-21 (192). These studies provide direct precedent for the observation that supernatants from

CEACAMo6-expressing cells can convert recipient AGS cells towards a more aggressive state.
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Together, the results position CEACAMS6 as a key effector in the H. pylori-associated GC
progression. Its dual role in promoting intrinsic tumor cell aggressiveness and modulating the
TME through secreted factors, demonstrate its applicability as a potential biomarker and
therapeutic target. Given this dual role, the next chapter focuses on how CEACAMG6 expression

in GCCs influences innate immune cells, specifically macrophage polarization.
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Chapter 4

CEACAMo6-expressing GCCs alter macrophage polarization
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4.1. Metastatic GC exhibit M2 infiltration of macrophages

Macrophages are highly plastic immune cells that adapt their functional states according to
microenvironmental signals. The M1 phenotype, classically activated, is defined by the pro-
inflammatory and cytotoxic functions that aid in pathogen elimination and anti-tumor defense
(193). In contrast, M2 macrophages are considered pro-tumorigenic due to their active
participation in EMT, tissue remodelling and angiogenesis (193). Biopsy specimens and
matched controls from GC patients were collected to assess macrophage polarization status.
These were stained to detect macrophages in two groups. One group was stained for CD68
(pan-macrophage marker) and iNOS (M1 marker) markers to assess M1 macrophage
infiltration. The immunofluorescence microscopy indicated though the GC samples exhibited
high macrophage infiltration compared to control samples as denoted by CD68 staining, those
were not M1 macrophages (Figure 14A). Another group of GC sample was stained for CD68
and ARGl (M2 marker) markers to assess M2 macrophage infiltration. Here, high M2
infiltration was observed in the GC samples compared to normal samples (Figure 14B). The

results confirmed that in GC, infiltration of M2 macrophages occur.
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Figure 14: M2 polarized macrophages infiltrate GC tumor. (A) Confocal micrographs
display CD68-positive cells (green) co-stained with either iNOS (red) or (B) Arginasel
(ARG1) (red) in biopsy samples from GC patients. DAPI (blue) stains the nuclei. Objective
used = 63X; scale bar is 20 pm.

4.2. CEACAMG6-expressing GCCs promote M2 polariation of macrophages

Previous chapters established that epithelial CEACAMG6 promotes tumorigenesis. Therefore, it
was important to identify whether epithelial CEACAMG6 was responsible for influencing the
macrophage polarization. To assess the functional impact of CEACAM6 on macrophage
polarization, in vitro assays were performed. PBMC-derived macrophages were cocultured
with H. pylori-infected/uninfected, the empty vector or CEACAMG6-expressing cells. After
infection, macrophages were collected and stained to assess the polarization status by flow
cytometry. M1 population was identified using CD40, CD64 and CD68 markers, whereas M2
population was identified using CD68 and CD206 markers. Flow cytometry identified that
coculture with the empty vector cells or CEACAMS6 stably-transfected cells did not alter the
CD68*CD40*CD64* macrophage population, independent of H. pylori exposure (Figure 15A).
However, coculture with CEACAMG6-expressing cells resulted in an increased proportion of
M2 macrophages (CD68*CD206%) compared to coculture with the empty vector cells,
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irrespective of infection status (Figure 15A). Moreover, M2 (CD68"CD206") macrophage
population were significantly higher when cocultured with infected CEACAMG6-expressing
cells relative to uninfected CEACAMG6-expressing cells (Figure 15B). To further substantiate
the findings, macrophages following coculture were stained for iNOS1 or ARG1 (Figure 16A).
Macrophages cocultured with infected CEACAMG6-expressing cells exhibited significantly
higher ARG1 staining compared to that of all other experimental setups (Figure 16B). The
presence of high iNOS staining in macrophages cocultured with the infected-empty vector or
CEACAMG6-expressing cells could indicate the LPS mediated upregulation due to H. pylori
(Figure 16B). The results confirmed that epithelial CEACAM®6 promoted M2 polarization of

macrophages, with H. pylori infection further potentiating the effect.
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Control

LPS+IFN-y

CD40
Figure 15: Epithelial-CEACAMG6 promotes M2 polarization of macrophages. (A) Dot

plots illustrate the distribution of CD68*CD40*CDC64" (M1) and CD68CD206" (M2)
macrophage populations following coculture with E.V. or CEACAMG6-overexpressing AGS
cells with or without H. pylori infection. (B) Bar graphs quantify changes in M1 and M2
population. Student’s t-test evaluates the statistical significance. **P <0.01. (C) Macrophages
treated with LPS (100 ng/ml) and IFN-y (20 ng/ml) or IL-4 (40 ng/ml) served as positive

controls for M1 and M2 polarization, respectively. E.V.,
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Figure 16: Immunofluorescence analysis of macrophage polarization in response to
CEACAMG6-expressing GCCs. (A) Representative immunofluorescence images depict iNOS
(red) and ARG1 (green) in macrophages cocultured with the empty vector or CEACAMG6-
expressing cells. DAPI (blue) is the nuclear stain. Images are taken using a 60x objective lens
and scale bars correspond to 20 um. (B) Bar graphs represent the MFI of iNOS and ARG1. (C)
Macrophages stimulated with LPS (100 ng/ml) and IFN-y (20 ng/ml) or with IL-4 (40 ng/ml)
served as M1 and M2 positive controls, respectively. Error bars represent mean = SEM (n = 3).
Two-way ANOVA followed by Tukey’s post-hoc test evaluate the statistical significance:
*P<0.05, **P<0.01, ***P<0.001, ****P <(.0001. E.V., empty vector; Uninf., uninfected.
4.3 CEACAMo6-expressing GCCs release cytokines that promote M2 polarization of
macrophages

Macrophage polarization is strongly influenced by soluble mediators secreted from tumor cells
and their microenvironment. It was critical to determine whether CEACAMG6 expression and
subsequent H. pylori infection altered the cytokine repertoire released by GCCs. Such changes
may alter the balance between M1 macrophages driving inflammation and M2 macrophages
facilitating tumor progression, thereby shaping the TME. For this, supernatants were collected
from the empty vector or CEACAMG6-expressing cells with or without infection. The
supernatants were then analysed using inflammation antibody array kit (Figure 17A).
CEACAMG6-expressing cells infected with H. pylori exhibited the highest secretion levels of
IL-8, soluble TNFR1 and RANTES (Figure 17B) compared to all other groups. These
cytokines support M2 polarization of macrophages directly or indirectly. Moreover, infected
CEACAMo6-expressing cells displayed the lowest levels of IL-16 (Figure 17B), a cytokine

associated with promoting M1 macrophage polarization.
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Figure 17: Supernatants from CEACAM 6-expressing cells skew macrophage polarization
toward M2 phenotype. (A) Representative immunoblot images illustrate cytokine profiles
detected in the respective culture supernatants. The blots were generated using the human
inflammation antibody array kit (Abcam), enabling simultaneous detection of multiple
inflammatory mediators. (B) Quantitative analysis is presented as column graphs, comparing
cytokine levels in supernatants collected from the empty vector controls and CEACAMG6 stably-
transfected cells, with/without H. pylori infection. Cytokines marked in the dataset are linked

to macrophage polarization in the current context.
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4.4. Discussion

Macrophages are central regulators of the TME and their polarization into distinct functional
phenotypes critically influences tumor progression. The findings from this chapter demonstrate
that GC tissues exhibit high infiltration of M2 macrophages with the negligible presence of M1
macrophages. This is in agreement with earlier studies where advanced GC is characterized by
a predominance of tumor-supportive macrophages (194).

Importantly, it was observed that CEACAMG6-expressing cells promote M2 polarization of
macrophages. In vitro coculture assays revealed that macrophages exposed to
CEACAMoG6-expressing AGS cells displayed a significantly higher M2 population compared to
those cocultured with the empty vector cells. This effect was further amplified when
CEACAMo6-expressing cells were infected with H. pylori, suggesting a synergistic role.
Fluorescence microscopy confirmed elevated ARG staining in macrophages cocultured with
infected CEACAMG6-expressing cells, reinforcing their M2 identity.

The cytokine profiling of supernatants provided mechanistic insight into this phenomenon. M2
macrophages have been shown to facilitate EMT and metastasis in GC through secretion of
matrix metalloproteinases and pro-angiogenic factors. IL-8 has been implicated in recruiting
macrophages and promoting their polarization toward M2 (195-197), while RANTES enhances
immunosuppressive macrophage functions and correlates with poor prognosis in
gastrointestinal cancers (198,199). The role of soluble TNFR1 in dampening TNF-o—mediated
inflammation has also been reported, highlighting its contributions to immune evasion
(200,201). Conversely, reduced secretion of IL-16, a cytokine linked to M1 activation, was
observed, thereby diminishing signals that favor antitumor macrophage responses (202).
Collectively, these reports along with the results from the current study support the idea that
CEACAMG expression, particularly under H. pylori infection, creates a cytokine milieu that

favors M2 macrophage dominance.
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Chapter 5
GC aggressiveness is amplified by H. pylori infection-derived EVs

containing CEACAMG6
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5.1. AGS cell-derived EVs contain CEACAMG6

Previous results have established how supernatants released from CEACAMG6-expressing cells
promote tumorigenesis in the recipient naive cells. Since EVs are amongst the main secretory
factors released by cancer cells (203), it was essential to identify whether EVs released from
GCCs could carry CEACAMSG or not. EVs were isolated from H. pylori-infected (10 or 20 MOI
for 36 h) or uninfected AGS cells and characterized according to the criteria outlined in MISEV
2024 (204). The dynamic light scattering (DLS) determined the EV mean diameters as 177.1
nm (uninfected), 181.1 nm (10 MOI) and 211.2 nm (20 MOI). (Figure 18A). Particle size
distribution was quantitatively assessed using the nanoparticle tracking analysis (NTA), with
mode values of 142 nm in uninfected samples, 173 nm in 10 MOI-infected samples and 163
nm in 20 MOI-infected samples (Figure 18B). The morphology of EVs was visualized by
transmission electron microscopy (TEM) which revealed their typical spherical shape with the
size ranging between 100-200 nm. (Figure 18C). Western blotting was carried out to verify the
integrity and purity of EV preparations using established EV markers. GM130, a Golgi matrix
protein, served as a negative marker, while Alix and HSPAS were used as positive EV markers,
confirming the integrity of the sample preparations (Figure 18D). Importantly, western blotting
also revealed the presence of CEACAM®6 within the EVs. Notably, although cell lysates from
infected cells showed gradual significant increase in CEACAMG6 with increasing MOI as
compared to the uninfected cells, only the EVs released by AGS cells infected with 20 MOI
displayed significantly higher CEACAMG6 (Figure 17E).
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Figure 18: EVs from GCCs contain CEACAMS6. (A) DLS analysis demonstrating the size
distribution profile of EVs isolated from AGS cells infected with H. pylori at MOI of 10 and
20. (B) NTA providing quantitative assessment of EV concentration and particle size
distribution. (C) TEM images illustrating the ultrastructural morphology of EVs. Scale bar =
100 nm (D) Immunoblots show EV purity with GM130 serving as a negative control and
Alix/HSPAS as positive EV markers. (E) Immunoblots showing CEACAMG6 protein levels in
both cell lysates (CL) and EV preparations from. Bar graphs quantify the fold changes in
CEACAMBSG6. Data presented as mean £ SEM (n = 3). One-way ANOVA and subsequent
Tukey’s post hoc test determines statistical significance. *P < 0.05. Uninf., Uninfected.

5.2. EVs secreted by CEACAM6-expressing cells are CEACAMG6-enriched

CEACAMG6 contributes to the tumorigenesis when expressed in cancer cells. Hence, when
loaded in EVs, CEACAMS6 may act as a transferable oncogenic factor, enhancing tumor-
supportive communication across the tumor-niche. To explore its oncogenic functions,
CEACAMG or the empty vector was ectopically expressed in AGS cells followed by H. pylori-
infection or no infection. Thereafter, EVs were collected and systematically characterized. DLS
measurements showed that EVs from the empty vector cells averaged 161.8 nm (uninfected)
and 192.5 nm (infected), exceeding the sizes of EVs from the CEACAM6-expressing cells,
which were 145.9 nm and 172 nm, respectively (Figure 19A). NTA confirmed that EVs from
the empty vector cells (103 nm uninfected; 109.1 nm infected) exhibited larger modal sizes
than those from the CEACAMG6-expressing cells (96.3 nm uninfected; 100.4 nm infected)
(Figure 19B). TEM revealed spherical morphology and confirmed reduction in the size of EVs
from the CEACAMo6-expressing cells in comparison to the empty vector-expressing cells
(Figure 19C), supporting the DLS and NTA observations. Western blot analysis validated EV

purity, showing enrichment of Alix and HSPAS8 and absence of GM130. (Figure 19D).
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Studies have revealed that vesicle biogenesis involves preferential inclusion or exclusion of
distinct proteins, underscoring the regulated nature of EV composition (205,206). Therefore,
western blotting was performed to determine whether CEACAMG6-enrichment in EVs mirrored
its level in the originating cells. Cell lysates from H. pylori infected/uninfected
CEACAMo6-expressing cells showed significantly higher CEACAMS6 levels relative to the

empty vector conditions (Figure 19E). EVs from CEACAM6-expressing infected cells showed

elevated
A Emp. Vec. CEACAM6 B Emp. Vec. CEACAM6
E.; , e i : - ‘ e Hen 4w B ..E_ '
g’ - AA = ‘ i ‘ 2 g ey Y o TN
o =F SE §E ez nITFE D
E ‘ § — 00 Posgupmt " 2
& A A s LN
5 D CL EV
Emp. Vec. CEACAMS Uninf. 50 Mol g  -dint 20MOI
(&) 3} Q 33 [
. s 5
£ Yy & 5 Y &N
£ &Y &Y
— b ] Alix
)
= HSPAS
N
GAPDH

78



E EV cL

Uninf. 20 MOI Uninf. 20 MOI
[3) o O o (<) o [ o
Sy s g5
ST & SIS
FEEE F&EE
& % | cEAcAMe - ~: CEACAM6
e e ew'e® | GAPDH -—’-—»0" GAPDH
cL EV
40_ ek k 20 *
sk ok I
gso- l %15-
g Bl Uninf. ¢
= 20+ =3 20 Mol 5 107
Q Q
w 104 I(II_)J 5
3]
0__—_i ﬁ 0- D
RS R SRR\
& 4T & 4T &
& & & < & & ¢

Figure 19: EVs released from CEACAMo6-overexpressing cells are enriched in
CEACAMBG. (A) DLS analysis showing the particle size distribution of EVs isolated from
either Emp. Vec. cells or CEACAMG6-expressing cells, with or without H. pylori infection at a
MOI of 20. (B) NTA providing quantitative measurements of EV concentration and size. (C)
TEM images showing the shape and size of EVs. Scale bar = 100 nm (D) Western blot images
showing EV preparations by probing for canonical EV markers, with GM130 serving as a
negative marker and Alix’HSPA8 as positive markers. (E) Western blotting showing
CEACAMBG protein levels in both cell lysates (CL) and EV fractions derived from Emp. Vec.
or CEACAMG6-expressing cells. Quantitative graphs illustrate fold changes in CEACAMG6
relative to GAPDH (mean £ SEM, n = 3). One-way ANOVA with Tukey’s correction
establishes the statistical significance. *P <0.05, **P<0.01, ***P <0.001. Emp.Vec., empty
vector; Uninf., uninfected.

CEACAMBG relative to those from the empty vector controls with H. pylori infection, which
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was consistent with the cellular expression pattern (Figure 19E). Together, these findings

establish that CEACAMBG is robustly expressed in overexpressing GCCs and packaged into the

EVs, with H. pylori infection further amplifying its abundance.
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Figure 20: CEACAMG6-loaded EVs enhance tumorigenic properties in the recipient
GCCs. AGS cells are exposed to the EVs isolated from either Emp. Vec. or
CEACAMo6-expressing cells, in the presence or absence of H. pylori infection and subjected to
a series of functional assays to assess tumorigenic potential. (A) Wound healing assay showing
the migratory capacity of the recipient AGS cells. Objective=10%; scale bar = 100 pm. (B)
Population doubling graph displaying proliferative ability of the cells. (C) Photographs
showing the colony-forming ability and accompanying bar graph quantifies the same. (D)
Micrographs showing invasive behaviour of the recipient cells. Graph shows the no. of invaded
cells (mean = SEM, n=3). ANOVA with Tukey’s post hoc analysis for statistical significance
determination. *P <0.05, **P<0.01, ***P <0.001, ****P < (0.0001. Emp.Vec., empty vector;

Uninf., uninfected.

5.3. The recipient cells exposed to CEACAMé6-enriched EVs acquired tumorigenic
potentials
To evaluate the functional impact of CEACAMG6-enriched EVs, the naive AGS cells were

treated with EVs isolated from the empty vector or CEACAM6-expressing cells (with/without
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H. pylori). Wound-healing analysis found that the AGS cells exposed to EVs from
CEACAMo6-expressing cells displayed significantly enhanced migration activity (Figure 20A).
AGS cells treated with EVs derived from the infected counterpart exhibited the most significant
migration (Figure 20A). Population doubling assay demonstrated that EVs released from
infected CEACAMG6-expressing cells significantly enhanced the proliferative potential of the
recipient AGS cells relative to controls (Figure 20B).

Clonogenic assay found that the recipient cells exposed to EVs from H. pylori-infected
CEACAMo6-expressing cells exhibited the most significant colony formation among other
experimental conditions (Figure 20C). Invasion assay exhibited increased invasive ability of
the recipient AGS cells treated with the EVs from CEACAMG6-expressing cells (Figure 20D).
EVs from the H. pylori-infected CEACAMG6-expressing cells imparted the most significant
effect. These results collectively indicate that CEACAMG6-laden EVs promote tumorigenesis
with H. pylori infection amplifying the effect.

5.4. CEACAMG is localised to the EV membrane and metastatic GC patients release

CEACAMBG6-enriched EVs
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Figure 21: CEACAMG is present on the EV membranes and metastatic GC patients

release CEACAMé6-enriched EVs in blood. (A) Western blotting showing the CEACAMG6
in membrane and luminal fraction of the EVs from empty vector or CEACAM6-expressing
cells. CD63 is the marker for EV membrane. (B) Immunofluorescence microscopy showing
CEACAMBG (red) in three different GC samples and controls. DAPI (blue) is the nuclear stain.
Scale bar is 20 um. 63% objective is used. (C) Western blot analysis of CEACAMS6 in EVs
isolated from sera of GC patients and non-cancerous individuals. Graph showing CEACAMG6
levels in EVs from controls versus patients, GAPDH is the loading control (mean + SEM, n=3,
Student’s t-test). *P <0.05.

To examine CEACAMG6 distribution, EVs were fractionated into membrane and luminal
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counterparts. Western blotting found CEACAMS6 in membrane fraction (as denoted by CD63
bands) confirming its membrane localisation (Figure 21A). Metastatic GC tissues from three
different patients exhibited high CEACAMG6 as shown by immunofluorescence microscopy
(Figure 21B). To ascertain whether this elevation extends to circulating vesicles, EVs were
isolated from sera of GC patients and healthy controls. Western blotting demonstrated that EV's
from patients contained substantially higher CEACAMG6 than those from healthy individuals.
(Figure 21C). These observations validate the presence of CEACAMG6 in EV membranes and
in circulating vesicles, underscoring its selective enrichment in the tumor-associated context.
Therefore, CEACAM6 may serve as a candidate circulating biomarker for H. pylori-associated
GC.

5.5. Discussion

This chapter establishes the presence of CEACAMS6 in the EVs secreted by GCCs, with its
levels elevated following H. pylori infection. Functionally, EVs derived from infected
CEACAMo6-expressing cells confer greater oncogenic activity than those released from the
infected empty vector controls. CEACAM6 is also found to be predominantly EV
membrane-associated. H. pylori-positive GC patients showed marked upregulation of
CEACAMBS in both tumor tissues and circulating EVs.

The membrane localization of CEACAMG6 within EVs provides a distinct diagnostic
advantage, enabling direct detection in patient biofluids without the need for invasive
procedures. Evidence from bladder cancer strengthens this concept, where CEACAM proteins
on urinary EV membranes have been projected as non-invasive biomarkers for disease
monitoring (207). CEACAMBG levels in serum-derived EVs closely parallel those observed in
GC tissues, suggesting stage-specific biomarker potential. In summary, the findings from this
chapter position CEACAM6-enriched EVs as facilitators of infection-driven malignant

progression and promising candidate for liquid biopsy-based detection in GC.
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Chapter 6

Conclusions
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Figure 22: A summary figure recapitulating the findings of this thesis work.
Key findings

e H. pylori infection markedly elevates CEACAMG6 expression in GCCs.

e Overexpression of CEACAMS6 enhances GCC proliferation, migration and invasion,

with these effects further intensified by H. pylori exposure.

e Supematants from H. pylori-infected, CEACAM6-overexpressing GCCs stimulate
tumorigenic activity in recipient GCCs, indicating a strong paracrine influence.

o CEACAMo6-expressing GCCs drive macrophage polarization toward the M2
phenotype, an effect that is accentuated under H. pylori infection.

o H pylori-infected GCCs release CEACAM®6-enriched EVs which confer
pro-tumorigenic properties to the recipient GCCs.

e CEACAMBSG in the EVs is membrane localized.
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e Metastatic GC patient-derived sera are richer with CEACAM®6-enriched EVs

compared to those from healthy individuals.

Based on the observations from this study, CEACAMG6 emerges as a key driver of H. pylori-
induced GC, modulating both tumorigenic behaviour and immune responses. Its enrichment
on EVs further supports CEACAMG6 as a promising biomarker for minimally invasive

diagnostics and a potential target for therapeutic intervention in H. pylori-dependent GC.
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Chapter 7

Materials and methods
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7.1. GCCs

AGS (Cat. No. CRL1739) was purchased from American Type Cell Culture (ATCC, USA) and
MKN45 was acquired from the University of Virginia under MTA.

Cells were maintained under complete media containing RPMI1640 (Cat. No. ALO28A,
HiMedia, India) and 10% fetal bovine serum (FBS) (Cat. No. 10270106, Thermo Fisher
Scientific, USA). Before usage, FBS was subjected to heat inactivation (55 °C, 30 min). The
cells were cultured under a humidified incubator (Model No. Galaxy 170R, New Brunswick,
Eppendorf, Germany) at 37 °C and 5% COz. In a T-25 or T-75 flask, cells were grown in 6 mL
or 18 mL of complete media.

7.2. Cell passaging

Cell manipulations were performed aseptically in a Class Il laminar flow hood (Model No.
1300 Series A2, Thermo Fisher Scientific). For passaging or plating, cells were allowed to
reach a confluency of 90%. The culture medium was discarded, and cells in T-25 or T-75 flasks
were incubated with trypsin (Cat. No. TCL007-100 mL, HiMedia). After 5 min, equal volume
of complete media was added the trypsinized cells. After resuspension of the cells, 10 puL of
cells were added to a Neubauer haemocytometer (Cat. No. 0640010, Paul Marienfeld GmbH
& Co. KG, Germany). Cells were then counted according to the following calculation:
Number of cells=Total number of cells counted/4x10*<Volume of the suspension

Cells centrifugation was performed (Model No. SL8R, Thermo Fisher Scientific) for 8§ min at
500xg at room temperature (RT). The pellet was dispersed in a suitable volume of complete
media after discarding the supernatant. Then cells were seeded or passaged as per the needs in
flasks or plates.

7.3. Cell freezing and revival

Cells after trypsinisation were centrifuged as detailed above. The pellet was mixed in a cell

freezing mix made of 90% FBS and 10% DMSO (Cat. No. TC185-100ML, HiMedia). The
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suspension was then aliquoted into multiple cryovials. Cryovials were initially preserved at
—80 °C for 14-16 h, after which they were moved into liquid nitrogen (—196 °C) for extended
storage.

Cryovials were thawed in a 37 °C water bath and cell suspension were transferred to a 15 mL
tube in 9ml complete medium. Following centrifugation (500xg, 8 min), the pellet was
dispersed in 1 ml medium. Cells were seeded into T25/T75 flasks and maintained under
standard culture conditions.

7.4. H. pylori maintenance and infection

H. pylori cagPAI (+) strain 26695 was procured from ATCC (Cat. No. 700392). These were
cultured on BD trypticase soy agar (TSA) plates supplemented with 5% defibrillated sheep
blood (Cat. No. 221239; Becton, Dickinson and Company, USA). The bacteria were grown
under 10% COz and 37 °C for three days. Then the bacteria were passaged using a sterile cotton
swab on a fresh TSA plate. For infection of the cell lines, an inoculum of H. pylori was taken
from the TSA plates at 2™ day after passaging and added to the 8 mL of Brucella broth (Cat.
No. 211088, BD) supplemented with 10% FBS within a T-25 flask. The culture was allowed
to grow inside the incubator on an orbital shaker until the O.D reached 0.6-1.0. The OD was
measured using a UV-VIS spectrophotometer (Model No. GENESYS 50, Thermo Fisher
Scientific) at 600 nm wavelength using a cuvette.

Cultured bacteria after centrifugation (400xg, 8 min) were dispersed in appropriate media,
adjusted so that 1 pl contained 1 x 107 bacteria, corresponding to multiplicities of infection
(MOI]) of 10 for 1 x 10¢ GCC:s. Infections were performed with H. pylori at MOI 20 for 24 h in
AGS and MKN45 cells, unless specified.

7.5. H. pylori freezing and revival

The freezing mixture was prepared by filtration of Brucella broth supplemented with 10% FBS

and 10% glycerol (Cat. No. MB060-500ML, HiMedia). Colonies of H. pylori on TSA plates
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were harvested at day 2™ after passaging, using an inoculation loop and suspended in 1 mL
freezing mixture in 15 mL centrifuge tube. Freezing medium volume was then adjusted relative
to bacterial growth. Aliquots were dispensed into cryovials and stored at -80 °C.

Frozen vials of bacteria were recovered and thawed on ice and the suspension plated onto
pre-warmed TSA plates using L-shaped spreaders. Plates were incubated at 37 °C under 10%
COa..

7.6. Transformation

Prior to transformation, XL10-Gold Ultra competent cells (Thermo Fisher Scientific) were
gently thawed on ice. A mixture of 45 pL competent cells and 100 ng CEACAMG6 plasmid
DNA was incubated on ice for 30 min, subjected to heat shock at 42 °C for 35s and then
returned to ice for 2 min. Subsequently, 0.5 ml of SOC media (Cat. No. 15544034, Thermo
Fisher Scientific) was added and the suspension was incubated at 37 °C for 1 h with shaking at
230 RPM (Model No. Innova 42R, New Brunswick, Eppendorf).

Following transformation, cells were spread onto LB agar (Cat. No. M1151, HiMedia)
containing with ampicillin (100 pg/mL) (Cat. No. A022, HiMedia) using spreaders and
incubated at 37 °C overnight. Colonies obtained were picked and cultured in 5 ml LB broth
(Cat. No. M1245-500G, HiMedia) containing ampicillin, with incubation at 37 °C for 12-16 h
under shaking conditions (230 RPM).

From these cultures, plasmid DNA was isolated with the QIAprep Spin Miniprep Kit (Cat. No.
27106, Qiagen, Germany) following the manufacturer’s instructions and DNA was eluted in
30 pl of pre-warmed elution buffer. DNA concentration and purity were assessed by taking
absorbance at 260/280 nm with a spectrophotometer (Model-NanoDrop 2000, Thermo Fisher
Scientific).

7.7. Transfection

Lipofectamine 3000 (Cat. No. L3000015, Thermo Fisher Scientific) reagent was used for
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transfection. 25 x 10* AGS cells allowed to grow for overnight in 96-well dish. 1 h before
transfection, media was replaced. As per manufacturer’s protocol, two mixes were prepared in
different microfuge tubes. Mix A contained plasmid, P3000 and serum free media; Mix B
contained Lipofectamine 3000 and serum free media. After 5 min the two mixes were
combined and incubated for 20 min at RT. Following the addition of the mixture into the wells,
the plate was swirled gently to allow uniform distribution of the mixture. 48 h post transfection
200 pg/mL G418 (Cat. No. G8168, Sigma-Aldrich, USA) supplemented complete media was
added. At 48 h, cells were subjected to trypsinization and subsequently seeded into 6-well
plates in 300 pg/mL G418 supplemented complete media. The colonies were allowed to grow
with media replacements in every 3" day. Then colonies were transferred using cloning discs
(Cat. No. F37847-0002, Sigma-Aldrich) into 12-well dish and gradually propagated in larger
flasks. Western blotting was performed to validate the stable expression of the plasmids. The
desired colonies were cultured in large scale and later cryopreserved in liquid nitrogen.

7.8. Supernatant collection

3 x 10° stably-transfected CEACAMG cells and empty vector cells were seeded in 60 mm
dishes. Fresh 2 mL of complete medium was added prior to infection. 24 h post infection, media
were collected, centrifuged at 5000xg for 5 min and supernatants were stored in -80 °C until
further usage.

7.9. EV isolation

20 x 10 AGS cells/empty vector cells/CEACAMG6-expressing cells were seeded in 150 mm
dishes and infected with 10 or 20 MOI of H. pylori for 36 h. Before infection, complete media
was replaced with 15 mL of RPMI1640 supplemented with 10% EV-depleted FBS (Cat.
No.10270106, Thermo Fisher Scientific). After infection, media were collected and centrifuged
at 2000xg for 10 min at 4 °C; the resulting supernatants were then centrifuged again at 10000xg

for 30 min at 4 °C. Then supernatants were passed through a 100 kDa cut-off filters using a
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centrifuge at 3000xg until retentates was around 250 pL of volume. Retentates were then
resuspended with Total exosome isolation (Cat. No. 4478359, Thermo Fischer Scientific)
buffer in 1:2 ratio and kept in 4 °C overnight. Next day, the suspensions were centrifuged (1 h,
10000xg, 4 °C) and the precipitated EVs were reconstituted in PBS for downstream analysis.
7.10. Bioinformatic analysis

The Gene Expression Profiling Interactive Analysis 2 (GEPIA2) platform
(http://gepia2.cancer-pku.cn/index), a web portal for exploring gene expression in tissues from
TCGA program, was employed to examine CEACAMI1, CEACAMS and CEACAMS6
expression in tumor versus normal samples from STAD dataset. In addition, UALCAN
(https://ualcan.path.uab.edu/) allows stratification of STAD dataset as per clinical features that
include H. pylori infection status. Therefore, UALCAN portal was accessed to assess the
expression of CEACAMI1, CEACAMS and CEACAMS in relation to H. pylori infection in
GC.

7.11. Biopsy and sera collection

Biopsy was performed on GC patients from hospital. Metastasized samples were collected from
the antral region of stomachs of the patients positive for H. pylori infection. Alongside, paired
controls were collected from an adjacent non-cancerous region from each patient. Signed
consent was obtained from each patient and their identity was protected. The samples were
stored in 4% PFA solution until further usage. Sera was collected from both the patients and
healthy volunteer. Then the sera were processed to isolate EVs. The sample collection protocol
was approved by “Institutional Ethics Committee for Human Research, National Institute of
Science Education and Research” in accordance with the “Helsinki Declaration (2013), World
Medical Association” guidelines.

7.12. EV isolation from sera

Blood from GC patients and age-matched healthy donors was drawn into EDTA tubes and

93



allowed to equilibrate at RT for 1 hour. Plasma was separated and clarified by centrifugation
at 2000xg or 20 min, aliquoted and stored at —80 °C. For EV recovery plasma was subjected
to sequential centrifugation steps (2000xg, 20 min; 10000xg, 20 min) and then ultracentrifuged
at 110000xg for 70 min. The pellet was reconstituted in 200 ul PBS for downstream analyses.
All steps were performed at 4 °C.

7.13. Tissue sectioning

The PFA from the tissue samples was removed and the tissues were incubated for 12-14 h in
30% sucrose solution. Then tissues were embedded in OCT media (Cat. No. 14020108926,
Leica Biosystems, Germany) and allowed to freeze in the cryostat (Model No. CM3050S, Leica
Biosystems) for 20 min. 5 pm sections were sliced from the embedded tissues and the sections
were placed on glass slides. These glass slides were lysine (Cat. No. P8920-100ML, Sigma-
Aldrich) coated before usage. After coating, slides were allowed to dry in an incubator at 37
°C. The slides with the tissue slices were then stored in — 20 °C until further usage.

7.14. Cell and EV lysate preparation

Cells were scraped into microfuge tubes after H. pylori infection. The samples were pelleted
(250%g) for 6 min at 4 °C. Protease and phosphatase inhibitors were then added [2X protease
inhibitor cocktail (Cat. No. ML0O51-1ML, HiMedia) + 80 mM sodium fluoride)] and mixed by
vortexing twice for 15-20 seconds. Lysis buffer 2X Laemmli sample buffer (Cat. No. ML021,
HiMedia) containing 5% p-mercaptoethanol (Cat. No. MB041-500ML, HiMedia) was added,
followed by vortexing. The tubes were incubated at 100 °C for 8 min and briefly centrifuged
for 10 s. The whole-cell lysates were either directly used for SDS-PAGE analysis or stored at
-80 °C.

Protease inhibitor cocktail was added to the EV samples. Then those were mixed with 5X
Laemmli buffer (Cat. No. ML121, HiMedia) containing 5% B-mercaptoethanol, vortexed,

followed by dry heating for 8 min at 100 °C.
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7.15. Sonication of EVs

EVs were disrupted by sonication (amplitude 35%, pulse of 10 s and rest of 5 s, for a total of
5 min). Then subjected to ultracentrifugation at 100000 x g for 1 h. Laemmli buffer was added
to the supernatant (luminal fraction) and to the pellet (membrane fraction) separately. Those
were heated at 100 °C for 8 min.

7.16. SDS PAGE

Materials required and the procedure for casting of the acrylamide gel:

Solution A: Stock solution of 30% acrylamide monomer and N,N’-methylene-bis-acrylamide
crosslinker in a ratio of 29:1 (Cat. No. 1610156, Bio-Rad Laboratories, USA).

Solution B (resolving gel buffer): 1.5 M Tris-HCI buffer (pH 8.8) (Cat. No. 161-0798, Bio-Rad
Laboratories).

Solution C (stacking gel buffer): 0.5 M Tris-HCl buffer (pH 6.8) (Cat. No. 161-0799, Bio-Rad
Laboratories).

Glycerol: 50% solution of glycerol in molecular grade water (Cat. No. ML024-100ML,
HiMedia).

N, N, N’, N’-Tetramethyl ethylenediamine (TEMED): For gel polymerization (Cat. No.

1610800, Bio-Rad Laboratories).

Ammonium persulfate (APS): 10% APS (Cat. No. 1610700, Bio-Rad Laboratories) (prepared
fresh every time). APS solution was kept away from light. The following table lists the
components required for making a 10% resolving gel.

Table 2. List of components for a 10% resolving gel

Components Volume
Solution A 1.5mL
Solution B 1.125 mL

Molecular grade water 1.25 mL
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50% glycerol solution 1.25

TEMED 25ul

10% APS 35ul

The following table lists the components required for making a stacking gel.

Table 3. List of components for a stacking gel

Components Volume
Solution A 0.45 mL
Solution C 0.75 mL

Molecular grade water 1.8 mL
TEMED 3ul
10% APS 18 ul

The resolving and stacking gel mixtures were prepared separately in individual tubes.
Immediately before casting, TEMED was added and mixed thoroughly, followed by the
addition of 10% APS to initiate polymerization. Spacer (1 mm) and short plates were clamped
on the casting stand. After pouring the resolving gel solution, stacking gel mixture was added
without disturbing the underlying layer. A 10-well (1 mm) comb was placed into the gel, which
was then allowed to polymerize at RT. Once set, gels were assembled into the electrode system
and placed in the gel running tank. The electrophoresis buffer (25 mM Tris-HCI, 190 mM
glycine, 0.1% SDS) was poured, comb was removed and wells were rinsed with the buffer.
Protein samples, thawed from —80 °C storage on ice and equilibrated to RT, were loaded
alongside a molecular weight marker (Cat. No. BM008-500, BR Biochem).

The electrode was connected to the power supply (Cat. No. 1645050, Bio-Rad Laboratories).

The gel was first electrophoresed at 130 V for 15 min, followed by adjustment to 180 V to
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expedite separation and continued until the tracking dye reached the bottom.
7.17. Western blotting
The recipe of the buffers:
o Transfer buffer: In 800 mL of distilled water 1.5 L, 4.56 g Tris-HCl and 21.63 g glycine
were dissolved. After thorough mixing, 300 ml methanol was added, followed by 0.561
g SDS. The final volume was brought up to 1.5 L.
o 10X TBS: In distilled water 20 mM Tris-HCI and 500 mM NaCl was added, dissolved
properly and the pH was adjusted to 7.4.
e 1X TBST: 0.1% Tween 20 (Cat. No. RM156-500G, HiMedia) was added to 1X TBS.
e Blocking buffers: 5% non-fat dried milk (NFDM) (Cat. No. RM 1254, HiMedia) added
in 1X TBST.
Procedure for western blotting:
After SDS-PAGE, the proteins were transferred through western blotting on a PVDF (0.45 pum,
Cat No. [IPVHO00010, Millipore) membrane. Wet transfer was performed using Towbin’s
transfer buffer (208). At first, PVDF membrane was activated using chilled (4 °C) methanol
for 3 min. The membrane was rinsed with deionised water to eliminate residual methanol and
subsequently equilibrated in transfer buffer. A sponge was positioned on the black side of the
gel cassette and Mini Trans-Blot filter paper (Cat. no. 1703932, Bio-Rad Laboratories) was
layered on top. After placing the gel, the pre-activated PVDF membrane was layered directly
above it. Any appearing bubbles were removed using a roller. Another filter paper was
positioned on the membrane and a sponge was placed on top. The cassette was closed and
inserted within the electrode for wet transfer. A cooling gel was inserted and a magnetic bead
was kept within the transfer tank. Voltage was set at 40 V and run for 4 h within a 4 °C
refrigerator on top of a magnetic stirrer.

After protein transfer, PVDF membranes were washed with 1x TBS and blocked for 1 h at RT.
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Overnight incubation of blocked membranes with the respective primary antibodies was carried
out at 4 °C in a humidified chamber. The next day, blots were washed for 10 min in 1x TBST
(thrice) and subsequently exposed to HRP-conjugated secondary antibodies for 75 min at RT
with gentle agitation. Membranes were washed thrice with 1x TBST (5 min each), followed by
a final rinse with 1x TBS for 5 min.

Signal detection was carried out using either the SuperSignal West Femto Chemiluminescent
Maximum Sensitivity Substrate (Cat. No. 34094, Thermo Fisher Scientific) or the Immobilon
Western Chemiluminescent HRP Substrate (Cat. No. WBKLS-0050, Millipore). The
membranes were incubated in the reagents prior to imaging. Chemiluminescent signals were
captured using the ChemiDoc XRS Plus system (Cat. No. 170-8265, Bio-Rad Laboratories)
and analyzed with ImageLab analysis software (Bio-Rad Laboratories).

7.17.1 Reprobing of immunoblots

Blots were stripped with Western Blot Stripping Buffer (Cat. No. T7135A, Takara Bio, USA)
and reprobed for additional proteins. Membranes were incubated in stripping buffer for 15 min
at RT with gentle agitation to remove bound primary and secondary antibodies. Following this,
blots were washed thrice with 1x TBST (15 min each) and then incubated in blocking buffer
for 1 hat RT with shaking. Subsequent steps were carried out as described in the section above.
7.18. Flow cytometry of GCCs

GCCs after infection were washed with PBS and trypsinized. Cells were then centrifuged after
adding equal volume of complete media. Supernatants were discarded and cells were exposed
to 50 pL of anti-CEACAMI, anti-CEACAMS and anti-CEACAMS6 antibodies prepared in
fluorescence-activated cell sorting (FACS) buffer (0.1% BSA and sodium azide in PBS) for 30
min. Cells were washed once. Then cells were incubated in 50 uL. of fluorophore-tagged anti-
mouse secondary antibodies for 30 min at 4 °C in dark. Again, cells were washed, resuspended

in FACS buffer containing 1% PFA and acquired using a flow cytometer (Model-LSRFortessa,
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BD). All the washing were done by centrifugation at 1000xg for 5 min.

7.19. PBMC isolation and macrophage generation

Buffy coat bags were procured from blood bank. PBS was added to the buffy coat in a 1:1 ratio.
25 mL of HiSep (Cat. No. LSM1077, HiMedia) was dispensed into 50 mL centrifuge tubes,
followed by slow addition of 25 mL of diluted buffy coat along the tube wall. Then,
centrifugation was carried out at 400xg for 35 min at RT, with brakes turned off. A whitish
PBMC ring was formed between a top layer of plasma and bottom layer of HiSep. The RBCs
were pelleted at the bottom. The PBMCs were collected in a centrifuge tube and equal volume
of RPMI1640 was added followed by centrifugation for 10 min. Pellets were dispersed in
RPMI1640 in appropriate volume, counted and 10 x 10® PBMCs were plated in each well of
6-well dishes. After 1 h, media were removed, wells were properly rinsed with PBS and fresh
RPMI1640 supplemented with 10% heat-inactivated human sera (Cat. No. RM10986,
HiMedia) and 20 ng/mL M-CSF (Cat. No. CYT-308, Prospec, Israel) was added in each well.
Every 2™ day media was replaced, till the differentiation of macrophages. Post macrophage
generation, M1 or M2 phenotype of macrophages were obtained using appropriate stimulus.
M1 macrophages were generated by treating naive macrophages with 100 ng/mL of LPS (Cat.
No. L4005, Sigma-Aldrich) and 20 ng/mL of IFN-Y (Cat. No. CYT-206, Prospec). M2
macrophage population was differentiated from the naive macrophages by treatment with 20

ng/mL of IL-4 (Cat. No. CYT-097, Prospec).

7.20. Macrophage-epithelial cell co-culture

1.5 x 10° CEACAMG6-expressing AGS cells along with the empty vector cells were plated on
Transwells (Cat. No. TCP078, HiMedia) with 0.4 um pore size. These Transwells were then
placed in 6-well dishes containing differentiated macrophages. Prior to infection, media was

replaced with RPMI1640 supplemented with 10% human serum. AGS cells were infected with
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H. pylori for 48 h then macrophages were processed for flow cytometry analysis or
immunofluorescence microscopy.

7.21. Flow cytometry of macrophages

After incubation, macrophages were washed with PBS and incubated with Zymefree (Cat No.
TCLO028-500 mL, HiMedia) for 15 min in incubator. The staining procedure was followed to
stain the cell surface and then the intracellular component. Cells were pelleted at 1000xg for 5
min and then were treated with Fc binding inhibitor (Cat. No. 14-9161-73, Thermo Fisher
Scientific) for 15 min. Antibodies were prepared in 50 uL FACS buffer and cells were
incubated with the fluorophore-tagged antibodies (CD40, CD64, CD206) for 30 min at 4 °C
under dark conditions. Cells were washed once. After fixation in PFA at RT for 10 min, cells
were subjected to permeabilization buffer for 15 min. After washing, cells were blocked for 20
min. Then fluorophore-conjugated anti-CD68 antibody was added and after 30 min cells were
washed. After resuspension in FACS buffer with 1% PFA, samples were stored at 4 °C in
darkness until acquisition on the flow cytometer. All the washing steps were performed at
1000xg for 5 min.

7.22. Immunofluorescence and confocal microscopy

0.15 x 10° AGS cells on coverslips were infected with H. pylori or left untreated. Following
infection, coverslips were washed and fixed. Permeabilisation was done with 0.1% Triton X-
100 in PBS. 5% blocking buffer was prepared by adding BSA in PBS containing 0.1% Tween
20 (PBS-T). After blocking for 1 h, overnight incubation of cells with anti-CEACAMI1, anti-
CEACAMS and anti-CEACAMBS6 antibodies was carried out at 4 °C in a moist chamber. The
next day, cells underwent three washes in PBS-T, each lasting 10 min. Cells were incubated
with fluorophore-tagged secondary antibodies for 2 h at RT, under dark. After three 5 min
washes in PBS-T, cells were incubated with DAPI for 20 min. After washing in PBS, coverslips

were inverted and mounted onto glass slides using Fluoromount-G (Cat. No.0100-01, Southern
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Biotech, USA).

Macrophages obtained after coculture were stained following the same procedure. Primary
antibodies against iNOS1 and ARG1 were used.

Biopsy samples were processed using the same staining protocol, except permeabilisation was
carried out with 0.5% Triton X-100 in PBS. Microscopy was performed using a confocal
microscope (Model-DMi8, Leica Biosystems) or an epifluorescence microscope (Model-
Eclipse Ti-U, Nikon, Japan). Quantitation of fluorescence was performed using Fiji (209).
7.23. Cytokine array analysis

To evaluate cytokine profiles in the collected supernatants, a Human Inflammation Antibody
Array (Cat. No. ab134001, Abcam, USA) was employed. The assay was performed following
the manufacturer’s protocol without modification. Following incubation and processing steps,
the resulting chemiluminescent signals were detected using the ChemiDoc XRS+ imaging
system (Bio-Rad Laboratories) and images were captured. Subsequent intensity profiling of
spots was performed using ImagelLab software (Bio-Rad Laboratories). Quantification of
individual cytokine spots was carried out as outlined in the manufacturer’s protocol, allowing
comparative assessment of cytokine expression levels across experimental groups.

7.24. Treatment with EVs

EV protein concentration was quantified using the Pierce BCA Protein Assay Kit (Cat. No.
23227, Thermo Fisher Scientific). AGS cells were treated with 20 pg of EVs. As an additional
control, one set of AGS cells was cultured in RPMI-1640 medium supplemented with
EV-depleted 10% FBS to exclude the influence of exogenous vesicles.

7.25. Wound healing assay

Empty vector and CEACAMG6-expressing cells were grown till confluency in 6-well plates.
Scratches were created using 200 pL pipette tips. Cells were infected with H. pylori. The

images of wound closure were taken at 0 h and 6 h.

101



Similarly, scratches were created on confluent AGS cells treated with supernatants derived
from the CEACAMo6-expressing cells or empty vector cells with/without H. pylori infection.
The images were acquired at 0 h and 24 h.

Again, AGS were treated with the EVs released from the empty vector or CEACAMG6-
expressing cells with or without infection and wound healing was performed as described
earlier. The images were captured at 0 h and 24 h. Analysis for all was done by measuring the
area of closure at 0 h and final time point using Imagel.

7.26. Clonogenic assay

The empty vector and CEACAMG6-expressing cells were infected for 24 h. Then cells were
washed, trypsinized and 500 cells were plated in 35 mm culture dishes. The dishes were
maintained for two weeks with periodic replenishment of medium. Upon visible colony
formation, cells were washed followed by fixation with 4% PFA. The colonies were washed
and stained for 15 min with a crystal violet (Cat. No. S012, HiMedia). Then colonies were
rinsed with PBS and dried at RT.

Again, 24 h after treatment with the supernatants from the empty vector and CEACAMG6-
expressing cells, AGS cells were trypsinised and 500 cells were reseeded in 35 mm culture
dishes from each setup. Rest of the procedures were performed as described above.

Similarly, AGS cells after treatment with the EVs from empty vector and CEACAMG6-
expressing cells were trypsinised and 500 cells were reseeded in 35 mm dishes. As described
above, the plates were fixed and stained.

Images of all the plates were acquired using a camera and analyzed using Fiji software.

7.27. Population doubling assay

The proliferative capacity of GCCs was evaluated using population doubling assay. Following
H. pylori infection for 24 h, the empty vector or CEACAM6-expressing cells were harvested

by trypsinization. For each experimental condition, 10* cells were plated in 24-well plates to
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enable counting over the following three days. Cells were counted on days 2, 3 and 4 after
reseeding. The following formula calculated the population doubling (210):

log N, —log N
PD=gh g Ng

log 2
where N; = number of seeded cells and N, = number of cells counted at each time point. The
population doubling values obtained for each day were summed to generate cumulative
population doubling (cPD).
Similarly, AGS cells treated (24 h) with supernatants from the empty vector or CEACAM6-
expressing cells were trypsinised and replated. Remaining procedure was followed as detailed
above.
Likewise, EV treated (24 h) AGS cells were trypsinised and population doubling assay was
performed.
7.28. Invasion assay
Invasive potential of the empty vector and CEACAMG6-expressing cells was assessed through
invasion assay. A thin layer of matrigel (Cat. No. 356230, Sigma-Aldrich) was applied to
Transwell membranes with 8 um pores (Cat. No. TCP257, HiMedia) and allowed to solidify.
Designated wells of a 24-well plate were filled with 800 ul medium containing 20% FBS and
Transwells were placed in those wells, ensuring no air bubbles formed. 2 % 10° cells in medium
with 0.5% FBS were seeded onto the Transwells. Cells were infected with H. pylori or left
untreated. After 24 h, the matrigel layer was gently removed using a sterile cotton swab and
the inserts were fixed with 4% PFA. Inserts were rinsed twice with 1x PBS. Crystal violet (0.5
%) staining was performed for 30 min at RT, followed by washing to clear the excess stain.
The membranes were then air-dried, excised and mounted onto glass slides using Fluoromount
G. Brightfield microscopy was used to capture images and cells were enumerated to evaluate
cell invasiveness.
Similarly, AGS cells were treated with supernatants derived from the empty vector or

103



CEACAMoG6-expressing cells with/ without H. pylori infection for 24 h. After treatment, cells
were trypsinised and equal no. of AGS cells (2 x 10°) were seeded on to the top of matrigel-
coated transwell inserts. Then the same procedure was followed as described above to perform
the assay.

In a similar manner, after treatment of AGS cells with EV's derived from the empty vector or
CEACAMo6-expressing cells with/ without H. pylori infection, invasion assay was performed.
7.29. Nanoparticle tracking analysis

Both the size range and concentration of EVs were characterized using NTA (Model-
NanoSight NS300, Malvern Instruments, UK) or (Model- ZetaView® QUATT, Particle Metrix
system, Germany). EV samples were diluted in PBS before analysis.

7.30. Transmission electron microscopy

EV suspensions (10 ul) were loaded onto 300-mesh carbon-coated copper grids (Cat. No.
CF300 Cu-50, EMS, USA) and incubated for 20 min at RT to facilitate adsorption. Excess fluid
was carefully removed using blotting paper. The grids were then subjected to negative staining
with 2.5% uranyl acetate (Cat. No. 22405, EMS) for 10 min, followed by a brief rinse. The step
was repeated once more. After staining, the grids were vacuum-dried and examined using a
TEM (Model-JEM-1230, JEOL, Japan) at 200 kV to visualize EV morphology.

7.31. Dynamic light scattering

EV size distribution was analysed through DLS measurements (Model- Zetasizer Nano ZS,
Malvern Instruments) to assess. EV suspensions were diluted at a ratio of 1:100 in PBS prior
to measurement. Data acquisition and analysis were performed with the DTS 2.0 software.
7.32. Statistical analysis

Statistical analyses and graphical representations were performed using GraphPad Prism
software (Version 7.0; GraphPad, USA). Quantitative results, obtained from three independent

experiments, were presented as mean+ SEM. Student’s t-test was employed for pairwise
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comparisons, whereas ANOVA was performed for experiments with more than two factors,
with Tukey’s post hoc test applied for multiple comparisons. Significance was established at P

values below 0.05.
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LIST OF PLASMIDS USED

APPENDIX 1

pcDNA3.1"

Cat. No. V79020, Thermo

Fisher Scientific

CEACAMG6-pdKCR-neo

Gift from Prof. Bernhard B.
Singer, University of Essen,

Germany

APPENDIX IT

LIST OF PRIMARY ANTIBODIES USED

GAPDH 1:5000 (WB) Cat. No. 10-10011,
ABGENEX Pvt. Ltd., India
CEACAMI1 5 pg/mL (WB) Gift from Prof. Bernhard B.
2 pg/mL (IF) Singer
2 ug/mL (Flow)
CEACAMS 5 pg/mL (WB) Gift from Prof. Bernhard B.
2 pg/mL (IF) Singer
2 ug/mL (Flow)
CEACAMO6 5 pg/mL (WB) Gift from Prof. Bernhard B.
2 pg/mL (IF) Singer
2 pg/mL (Flow)
CEACAM6 1:1000 (WB) Cat. No. NBP2-54626,

116



Novus Biologicals, USA

CEACAM6 1:100 (IF) Cat. No. ab134074, Abcam,
USA
CD68 1:50 (IF) Cat. No. ab955, Abcam
Arginasel 1:200 (IF) Cat. No. NB100-59740,
Novus Biologicals
iNOS 1:500 (IF) Cat. No. PA303A,
Thermo Fisher Scientific
Alix 1:200 (WB) Cat. No. sc-53540, Santa
Cruz Biotechnology, USA
CD63 1:200 (WB) Cat. No. sc-5275, Santa
Cruz Biotechnology
GM130 1:1000 (WB) Cat. No. NBP2-53420,
Novus Biologicals
HSPAS 1:1000 (WB) Cat. No. 8444, Cell
Signaling Technology
(CST), USA
CD40-APC 5 uL (0.06 ng)/test (Flow) Cat. No. 17-0409-42,
Thermo Fisher Scientific
CD64-PE 5 uL (0.125 pg)/test (Flow) Cat. No. 12-0649-42,
Thermo Fisher Scientific
CD68-FITC 5 puL (0.125 pg)/test (Flow) Cat. No. 11-0689-42,
Thermo Fisher Scientific
CD206-APC 5 uL (0.06 pg)/test (Flow) Cat. No. 17-2069-42,

Thermo Fisher Scientific
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APPENDIX I1I

LIST OF SECONDARY ANTIBODIES USED

Antibody Dilution Source
Anti-mouse HRP- 1:2000 (WB) Cat. No. 7076S, CST
conjugated
Anti-rabbit HRP-conjugated 1:2000 (WB) Cat. No. 707485, CST

Anti-mouse Alexa fluor 488 1:500 (IF), 1:200 (Flow) Cat. No. A-11001, Thermo

Fisher Scientific

Anti-rabbit Alexa fluor 488 1:500 (IF) Cat. No. A-21206, Thermo

Fisher Scientific

Anti-rabbit Alexa fluor 595 1:500 (IF) Cat. No. A-21206, Thermo

Fisher Scientific

Anti-goat Alexa fluor 488 1:500 (IF) Cat. No. A-11055, Thermo

Fisher Scientific

Anti-goat Alexa fluor 595 1:500 (IF) Cat. No. A-11058, Thermo

Fisher Scientific

WB- Western blotting, IF- Immunofluorescence, Flow- Flow cytometry
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