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Abstract

Helicobacter pylori is a prevalent gastric pathogen that modulates host cell signaling pathways and represents a major risk factor for
chronic gastritis, peptic ulcers, and gastric cancer. Galectin-3 is a host factor that contributes to immune regulation and cell death
responses. However, its precise role in epithelial cell fate during H. pylori infection remains unclear. In this study, we demonstrate
in AGS epithelial cells that H. pylori infection induces the accumulation of cytosolic galectin-3 around lysosomes damaged by the
infection, detectable as puncta formation, and this process requires the presence of O-glycan. Using galectin-3 knockout cells, we
show that galectin-3 expression correlates with the extent of apoptosis triggered by infection, which proceeds independently of
VacA (vacuolating cytotoxin A). Pharmacological inhibition of galectin-3 glycan binding prevents lysosomal puncta formation but
does not diminish apoptosis, indicating that galectin-3 promotes cell death through glycan-independent protein-protein interactions.
Moreover, galectin-3 puncta co-localize with LC3-positive autophagosomal structures, and functional assays reveal that the initiation
of autophagy facilitates apoptosis. Collectively, these findings identify galectin-3 as a pro-apoptotic factor involved in the epithelial

response to H. pylori infection.
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Introduction

Helicobacter pylori (H. pylori) is a gram-negative, spiral,
microaerophilic bacterium that colonizes the human stomach
and is associated with various gastrointestinal diseases, such
as gastritis, peptic ulcers, and gastric cancer. Infection with H.
pylori affects the host through a complex interplay between
bacterial virulence factors and host cellular responses. Among
these virulence factors, VacA (vacuolating cytotoxin A) and
CagA (cytotoxin-associated gene A) play pivotal roles in mod-
ulating host cellular processes that lead to apoptosis, immune
dysregulation, and disruption of the gastric epithelial barrier
(Wessler and Backert 2008; Jones et al. 2010).

Members of the galectin family contain one or two
carbohydrate-binding domains and are found in the nucleus,
cytoplasm, and extracellular space of cells (Cummings et al.
2022). Adding recombinant proteins to cultured cells or
isolated extracellular matrix in vitro has indicated that
extracellular galectins bind to glycans on glycoproteins and
glycolipids on the cell surface or within an extracellular matrix
(Liu and Rabinovich 2010); by engaging the cell surface
glycoconjugates, galectins modulate intracellular signal
transduction (Rabinovich et al. 2007). Although galectins
are secreted via nonclassical pathways (Hughes 1999; Stewart
etal.2017; Popa et al.2018), they are predominantly localized
in the cytosol (Barondes et al. 1994; Leffler et al. 2002;

Cummings et al. 2022). Given that glycans are rarely present
in cytosol, intracellular galectins were originally thought
to mediate cellular signaling via carbohydrate-independent
interactions (Liu and Rabinovich 2010; Liu and Stowell
2023). For example, cytosolic galectin-3 (protein, encoded by
LGALS3) can bind to proteins such as Bcl-2 (B-cell lymphoma
2) and Alix (ALG-2-interacting protein X), independently
of carbohydrates, thus influencing cell survival, promoting
T-cell receptor downregulation, and facilitating human
immunodeficiency virus type 1 transmission by enhancing
viral budding and virological synapse formation (Yang et al.
19965 Chen et al. 2009; Wang et al. 2014; Wang et al. 2022).

This perspective was challenged by the finding that intra-
cellular glycans can become accessible to cytosolic galectins
under specific conditions such as lysosomal damage. Dis-
ruption of the lysosomal or phagosomal membrane exposes
luminal glycans to cytosol, allowing their recognition by intra-
cellular galectin-1, 3, 8, and 9 (Paz et al. 2010; Thurston et al.
20125 Jia et al. 2018). These galectins are recruited to dam-
aged organelles, where they play critical roles in lysosomal
membrane repair, autophagosome formation, and autophagic
degradation (lysophagy) (Thurston et al. 2012; Chauhan et al.
20165 Jia et al. 2018; Jia et al. 2020). These processes are
closely linked to lysosomal quality control mechanisms that
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help to restore lysosomal functions or eliminate damaged
lysosomes to maintain cellular homeostasis and prevent the
accumulation of dysfunctional organelles (Zhu et al. 2020;
Yang and Tan 2023).

Infection with H. pylori induces lysosomal damage in gas-
tric epithelial cells, thus exposing vacuolar luminal host O-
glycans that drive the accumulation of intracellular galectin-
8 around damaged lysosomes and activate autophagy (Li
et al. 2019). VacA induces lysosomal damage, leading to
autophagic responses that subsequently cause additional lyso-
somal impairment (Li et al. 2019).

Alongside galectin-8, cytosolic galectin-3 is involved in
lysosomal damage sensing and is known to play a multifaceted
role in H. pylori infection. Extracellular galectin-3 binds to
the O-antigen of H. pylori lipopolysaccharide, which enhances
bacterial adhesion to gastric epithelial cells and may facil-
itate colonization (Fowler et al. 2006). Moreover, galectin-
3 contributes to the innate defense against H. pylori by
trapping bacteria in the surface mucus layer, thereby limiting
bacterial infiltration into gastric glands (Park et al. 2016).
Galectin-3 also exhibits bactericidal activity against H. pylori
(Park et al. 2016). Galectin-3 promotes or inhibits apoptosis
depending on the cellular context and type of stress (Liu
and Rabinovich 2005; Liu and Rabinovich 2010). However,
its role in H. pylori-induced apoptosis and whether galectin-
3-mediated regulation of apoptosis is linked to its function
as a sensor of lysosomal damage remain unclear. In this
study, we aimed to determine whether the involvement of
galectin-3 in apoptosis is under lysosomal stress induced by
H. pylori infection and whether this process is dependent on
its recruitment to damaged lysosomes.

Results
Heliobacter pylori induces galectin-3 aggregation
around damaged lysosomes that is dependent on
host O-glycans
Infection with H. pylori induces intracellular galectin-8 accu-
mulation around damaged lysosomes, which appear as puncta
in fluorescence images (Li et al. 2019). Therefore, we inves-
tigated whether intracellular galectin-3 aggregation was also
induced. The results showed that H. pylori infection caused
the formation of galectin-3 puncta, and that the extent corre-
lated with bacterial load (Fig. 1A and B). Based on this dose—
response analysis, an MOI of 200 was selected for subsequent
experiments to ensure reproducible host responses. Signifi-
cantly, galectin-3 puncta notably colocalized with LAMP-1
(lysosome-associated membrane protein 1) (Fig. 1C), suggest-
ing that H. pylori infection leads to lysosomal damage and that
cytosolic galectin-3 accumulates around damaged lysosomes.
Galectin-8 binds to N-glycans in damaged lysosomes that
are exposed to the cytosol in Chinese hamster ovary cells
treated with photosensitizers and photoactivated (Hong et al.
2019). In contrast, galectin-8 binds to damaged lysosomes in
H. pylori-infected human gastric adenocarcinoma cells (AGS)
in an O-glycosylation-dependent manner (Li et al. 2019).
Our results showed that benzyl-2-acetamido-2-deoxy-a-d-
galactopyranoside (BGN), which inhibits O-glycosylation
(Kuan et al. 1989; Huet et al. 1995), significantly blocked
galectin-3 puncta formation, whereas the N-glycosylation
inhibitor kifunensine (KIF) (Elbein et al. 1990) showed
no detectable effects (Fig. 2A and B). Interestingly, BGN
treatment appeared to increase the nuclear-to-cytosolic ratio
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of galectin-3 average intensity, whereas KIF showed no
significant effect (Fig. 2C). These results indicate that O-, but
not N-glycans, are required for H. pylori to induce galectin-3
puncta in AGS cells.

Galectin-3 promotes H. Pylori-induced apoptosis

Helicobacter pylori has been shown to induce apoptosis (Jones
etal. 1999; Kawahara et al. 2001; Cover et al. 2003). To assess
the role of galectin-3 in this process, we compared apoptotic
responses between galectin-3 knockout (galectin-3-KO) AGS
cells and their wild-type (WT) counterparts infected with these
bacteria. Following H. pylori infection, apoptosis in galectin-
3-KO cells was significantly lower than in WT controls, as
indicated by reduced proportion of annexin V-positive cells
(Fig. 3A). In line with this finding, cleavage of poly(ADP-
ribose) polymerase (PARP), a marker of apoptosis, was also
reduced in galectin-3-KO compared with that in control cells
(Fig. 3B).

Helicobacter pylori decreases intracellular
galectin-3 levels and promotes its extracellular
translocation

We investigated the effects of H. pylori infection on levels of
galectin-3 and its cellular distribution to better understand
its contribution to responses to H. pylori infection in AGS
cells. Helicobacter pylori infection led to decreased galectin-
3 mRNA and intracellular protein levels, with a reduction
in mRNA levels detectable as early as 4 h post-infection
(Fig. S1A) and a significant decrease in intracellular protein
levels 24 h post-infection (Fig. S1B and C). Cellular galectin-
3 might have been decreased due to its release into the
extracellular space. We examined this using lactose beads to
pull down any extracellular galectin-3 that might be present in
the culture supernatant; however, galectin-3 was undetectable
(data not shown).

To determine whether galectin-3 binds to cell surface gly-
cans, we performed immunostaining for extracellular galectin-
3 on non-permeabilized cells. The membrane protein EGFR
(epidermal growth factor receptor), which undergoes consti-
tutive endocytosis, was used as the control. The results showed
that EGFR was intensely stained on the cell membrane but not
in the intracellular space. The absence of signals for a-tubulin,
an intracellular protein, further supported that the integrity of
the cell membrane was maintained (Fig. S2A and B).

We detected galectin-3 on the surface of mock-infected cells
colocalized with EGFR, and H. pylori infection significantly
increased the abundance of this galectin on the cell surface
(Fig. S2A). These findings suggest that H. pylori induces
galectin-3 release into the extracellular space, where it binds
to the cell membrane.

Galectin-3 modulates H. Pylori-induced apoptosis
independently of VacA and puncta formation

H. pylori is typically not an intracellular bacterium in epithe-
lial cells. Consistent with this, by super-resolution structured-
illumination fluorescence microscopy (SIM), we observed that
the bacteria are confined to extracellular space along the cell
boundary, with no apparent intracellular localization (Fig. S3).
Therefore, we investigated the contribution of the virulence
factor VacA, which H. pylori injects into cells, to galectin-
3 puncta formation and apoptosis induction. VacA has also
been implicated in promoting H. pylori-induced epithelial cell
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Fig. 1. Helicobacter pylori infection promotes galectin-3 aggregation in AGS gastric epithelial cells. A) Immunofluorescence staining of AGS cells infected
with H. Pylori 26,695 (MOI = 200) for 8 h with rabbit anti-galectin-3 and anti-rabbit Alexa 488 (green) fluorescent antibodies. DAPI was used to stain the
nuclei and bacteria. Scale bars represent 20 um. B) Cells infected with H. Pylori 26,695 (MOI = 200) for 1-8 h and then stained as described in A). Data
represent the mean + SEM of three independent experiments (n = 3). The comparisons between the 1 h and 8 h time points at each concentration
were performed using a two-way ANOVA followed by Sidak’s multiple comparisons test. C) AGS cells infected with H. Pylori 26,695 (MOI = 400) for 5 h
before staining with anti-galectin-3, anti-LAMP-1, and fluorescence-labeled secondary antibodies. DAPI was used to stain the nuclei and bacteria.
Colocalization of galectin-3 with LAMP-1 is indicated in yellow. Scale bars represent 5 um.
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Fig. 2. Action of N- and O-glycosylation in H. Pylori-induced galectin-3 puncta formation. AGS cells were pretreated with 50 uM KIF or 2 mM BGN
overnight and then infected with or without H. Pylori (MOl 200, 8 h). A) Cells were fixed and stained with anti-galectin-3 (green) and then
counterstained with Hoechst 33342 (blue). Selected galectin-3 puncta are highlighted by arrows. B) Quantification of galectin-3 puncta per cell. C)
Quantification of the average galectin-3 intensity in the nucleus versus cytosol. Data are presented as mean + SEM from three independent
experiments (n = 3). Student's t-tests were used to compare uninfected vs. infected cells and infected vs. infected + BGN or infected + KIFE. P < 0.05

(*); ns, not significant. Scale bars represent 20 um.

death (Cover et al. 2003). Our previous findings showed that
VacA prevents galectin-8 puncta formation, as VacA-deficient
(A vacA) H. pylori induced fewer galectin-8 puncta than the
WT strain (Li et al. 2019). Given that lysosomal damage
is a key trigger for apoptosis (Boya and Kroemer 2008;

Johansson et al. 2010), we investigated whether galectin-3
regulation of H. pylori-induced apoptosis is associated with
puncta formation. However, galectin-3 puncta formation was
comparable between cells infected with WT and A vacA H.
pylori (Fig. 4A), despite the expected lack of vacuolization in

920z Asenuer g| uo Jasn obai ues ‘elulojie) Jo Alsianiun Aq S9v L ¥E8/L 80IBMD/ | /9E/3]011B/q0oA|6/W00 dno"oIwapeoe)/:sdiy Wol) papEojuMO(]



Annexin-V (+) cells

20 Lx** n K% 1
r L 1 O WT

% of total cells

& o

Infection time (Hours)

Hung et al.

Mock Hp

WT KO WT KO

PC‘ #7 !#13 #1 ‘ #5 |#11 PC‘ #7 |#13 #1 | #5 l#ﬂ

100_|__.————..._: _____ PARP

Cleaved PARP

JRp—— | Gal3

gg q-—----——————-| Tub

Fig. 3. Galectin-3 enhances H. Pylori-induced apoptosis. AGS cells, with or without galectin-3 KO, were infected with H. Pylori (MOl = 200) for specific
durations. A) Following infection, cells were stained with FITC-annexin V, and the percentage of positively stained cells was determined using flow
cytometry. Data are presented as mean + SEM from three independent experiments (n = 3). Statistical analysis was performed using a two-way
ANOVA. Specific group comparisons were performed using Sidak's multiple comparisons test. Only statistically significant differences are indicated on
the graph. P < 0.01 (**), P < 0.001 (***). Differences between Galectin-3 KO cells at 4 h or 8 h and their respective uninfected controls were not
statistically significant. B) Cell lysates were prepared following infection, and the cleavage of PARR another indicator of apoptotic cell death, was
assessed through immunoblotting. Data were obtained from a single experiment using three independent clones per condition. The WT included
parental cells (PC) and galectin-3 KO controls (#7 and #13). #1, #5, and #11: Galectin-3 KO strains (KO).
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Fig. 4. Vacuolating cytotoxin A (VacA) does not affect either H. Pylori-induced apoptosis or galectin-3 puncta formation. AGS cells were infected with WT
or A vacA H. Pylori at an MOI of 200 for 8 h. A) Cells were fixed, immunostained with an anti-galectin-3 antibody, counterstained with Hoechst 33342
and the number of galectin-3 puncta was quantified relative to the total number of cells. Data are presented as mean + SEM (n = 4). B) Following
infection, cells were stained with FITC-annexin V and the percentage of positively stained cells was determined by flow cytometry. Data are presented
as mean + SEM (n = 3). Statistical analysis was performed using a one-way ANOVA, followed by Tukey's multiple comparison test. P < 0.05 (*),

P < 0.01 (**), P < 0.001 (**); ns, not significant.

A vacA H. pylori-infected cells (data not shown). Consistently,
both the WT and A wvacA strains induced similar levels of
apoptosis in AGS cells (Fig. 4B). These findings suggest that
VacA is not essential for galectin-3 puncta formation or
apoptosis induction and that other bacterial factors may also
contribute (Kawahara et al. 2001; Teymournejad et al. 2017;
Yaseen and Audette 2018).

Effects of cellular glycosylation on apoptosis
induced by H. Pylori

We further investigated whether glycan-dependent galectin-
3 sensing of damaged lysosomes is necessary for apoptosis
using BGN to inhibit O-glycosylation. We found that while
BGN blocked galectin-3 puncta formation during H. pylori
infection (Fig. 2A and B), it also moderately induced apoptosis
to an extent similar to that associated with H. pylori infection
(Fig. S4). Notably, galectin-3-deficient cells showed reduced
apoptosis in response to BGN (Fig. S4). When AGS cells were
treated with both H. pylori and BGN, we observed an additive
increase in apoptosis, which was diminished in galectin-3-
KO cells (Fig. S4). Taken together, these findings suggest that

galectin-3 promotes apoptosis triggered by both H. pylori
and BGN.

We then employed TD139, a cell-permeable inhibitor that
blocks galectin-3 glycan-binding activity (Mackinnon et al.
20125 Delaine et al. 2016; Hong et al. 2019), and observed
that it effectively inhibited galectin-3 puncta formation
(Fig. 5A) and disrupted its localization on the cell surface
(Fig. 5B). However, TD139 did not suppress H. pylori-induced
apoptosis (Fig. 5C). These results indicate that the glycan-
dependent functions of galectin-3, including intracellular
accumulation around damaged lysosomes and cell surface
localization, are not essential for mediating apoptosis during
H. pylori infection.

Role of autophagy in galectin-3-mediated H.
Pylori-induced apoptosis

Galectin-8 recruitment around damaged lysosomes has been
reported to promote autophagy in H. pylori-infected gastric
epithelial cells (Li et al. 2019); whereas galectin-3 suppresses
autophagy in Listeria monocytogenes infection (Weng et al.
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Fig. 5. TD139, a galectin-3 inhibitor, interferes with H. Pylori-induced galectin-3 puncta formation but not apoptosis. AGS cells were pretreated overnight
with or without 50 uM TD139 and infected with or without H. Pylori at an MOI of 200 for 8 h. A) Following infection, cells were fixed, immunostained
with an anti-galectin-3 antibody, and counterstained with Hoechst 33342. The number of galectin-3 puncta was quantified relative to the total number of
cells. Data are presented as mean & SEM from three independent experiments (n = 3). B) Cells were stained with anti-galectin-3 antibody (red) to
detect surface localization, and nuclei were counterstained with Hoechst 33342 (blue). Scale bars represent 100 um. C) Cells were stained with
FITC-annexin V, and the percentage of positively stained cells was determined using flow cytometry. Data are presented as mean 4+ SEM from two
independent experiments (n = 2). Statistical analysis was performed using two-way ANOVA, followed by Tukey's post-hoc test. P < 0.01 (**), P < 0.001

(***), P < 0.0001 (****): ns, not significant.

2018) and in group A Streptococcus infection by counter-
acting galectin-8 mediated autophagy (Cheng et al. 2017).
Therefore, we investigated the role of autophagy in galectin-
3-mediated apoptosis induced by H. pylori infection. We
found that H. pylori-induced galectin-3 puncta were present
along with galectin-8 and LC3 (MAP1LC3B; microtubule-
associated protein 1 light chain 3) (Fig. 6A and B). Colo-
calization analysis using Manders’ coefficient revealed the
fraction of galectin-3 signal overlapping with galectin-8
was significantly increased. Furthermore, both galectin-3
and galectin-8 puncta showed enhanced colocalization with
LC3, suggesting the recruitment of autophagic machinery to
galectin-labeled vesicles during H. pylori infection. However,
unlike galectin-8, galectin-3 deficiency did not significantly
alter the number of LC3 puncta (Fig. 6C). Additionally, both
LC3-1 to LC3-II conversion and p62 levels were similar
between WT and galectin-3-KO cells, suggesting that galectin-
3 does not substantially affect autophagic flux (Fig. 6D). We
also found that H. pylori-induced apoptosis was significantly
enhanced in AGS cells lacking autophagy-related 5 (ATGS),
a key initiator of autophagy (Fig. 6E). In contrast, inhibiting
autophagic degradation with lysosomal acidification blockers
(bafilomycin A1 and chloroquine) did not significantly reduce
H. pylori-induced apoptosis, nor did it alter the modulatory
effect of galectin-3 on this process (Fig. 6F). Collectively, these
findings indicate that although galectin-3 colocalizes with
autophagic components, it does not significantly influence
autophagic flux, in contrast to the reported roles of galectin-8.
Instead, the initiation stage of autophagy, rather than the latter

step of autophagosome clearance, is critical for modulating
H. pylori-induced apoptosis.

Super-resolution microscopy observations

We employed super-resolution SIM to examine the subcellular
distribution of galectin-3 and galectin-8 in greater detail.
Galectin-8 colocalized with LC3 in an outer ring-like struc-
ture, consistent with its localization to the autophagosomal
membrane (Fig. SSA and B). In contrast, galectin-3 was pre-
dominantly located in the inner region of the LC3-positive
structure, consistent with its sequestration as cargo within
autophagosomes (Fig. S5A and B). Correlative light and elec-
tron microscopy (CLEM) corroborated this spatial arrange-
ment, confirming that galectin-3 resides within membrane-
bound compartments (Fig. S5C). These findings raise the
possibility that autophagosomes sequester galectin-3 to limit
H. pylori-induced apoptosis.

Discussion

The present findings showed that galectin-3 forms puncta
that colocalize with the lysosomal marker LAMP-1, in H.
pylori infected AGS cells, suggesting a possible association
with damaged lysosomes. We also found that O-glycosylation
inhibitors suppressed galectin-3 puncta formation, whereas
N-glycan inhibitors did not. This is possibly because AGS cells
predominantly express high-mannose-type N-glycans (indi-
cated by glycomic profiling) that lack the LacNAc structures
recognized by galectin-3 (Sun et al. 2017). This high-mannose

920z Asenuer g| uo Jasn obai ues ‘elulojie) Jo Alsianiun Aq S9v L ¥E8/L 80IBMD/ | /9E/3]011B/q0oA|6/W00 dno"oIwapeoe)/:sdiy Wol) papEojuMO(]


https://academic.oup.com/glycob/article-lookup/doi/10.1093/glycob/cwaf081#supplementary-data
https://academic.oup.com/glycob/article-lookup/doi/10.1093/glycob/cwaf081#supplementary-data
https://academic.oup.com/glycob/article-lookup/doi/10.1093/glycob/cwaf081#supplementary-data
https://academic.oup.com/glycob/article-lookup/doi/10.1093/glycob/cwaf081#supplementary-data
https://academic.oup.com/glycob/article-lookup/doi/10.1093/glycob/cwaf081#supplementary-data

6 Hung et al.

[ Mock
* Il Hp

o
©
1

Nuclei

e
id

Manders' coefficient
o
H
Il

0.2
0.0-
&
eéb ®
Mock Hp
ns WT KO WT KO
e |
50- * * PC|#7 #13 #1 | #5 #11|PC | #7 #13| #1 | #5 |#11
= — — (3 Mock
O 404 . Hp
= 174 e LC3-l
g, | LC3-II
g 30 10 C3
o 204
%5 10
£ 3
0 ' r 35 ——
Gal3 Gal3 og | ENES Gals
WT KO

484__—_—-—_———_ a-Tub

Annexin-V (+) cells

Annexin-V (+) cells

[ Mock
50+ * E ::AOCK 20+ Hp
i — P BafA1, Hp
g4 — 3 i B CQ,Hp
o
5% £ 104 % - N
g M N \
%5 201 %5 N | N
S N N
S = 511N \
1 = [=] N/ D
N AN
0 r r 0-
Gal3 Gal3
ATG5 ATG5
WT KO WT KO

Fig. 6. Galectin-3 and autophagy independently regulate H. Pylori-induced apoptosis. A) AGS cells were infected with H. Pylori (MOl = 200) for 8 h.
thereafter, infected cells were fixed and immunostained with antibodies against galectin-3 (Gal3, green), galectin-8 (Gal8, red), and LC3 (magenta), and
counterstained with Hoechst 33342 (nuclei, blue). Arrows indicate the colocalization of galectin-3, galectin-8, and LC3. Scale bar = 5 um. B) Manders’
coefficient analysis was performed using thresholding to exclude cytosolic signals and include punctate regions. Data are presented as mean + SEM
from seven independent image fields (n = 7; > 200 cells in total were analyzed). Statistical analysis was performed using Student's t-test. C)
Galectin-3-KO (KO) and control (WT) AGS cells were infected with H. Pylori (MOl = 200) for 8 h. thereafter, the cells were fixed and immunostained with
antibodies against LC3 and counterstained with Hoechst 33342. LC3 puncta were counted relative to the total cell number. D) Galectin-3-KO (Gal3-KO)
and control (Gal3-WT) cells were infected with H. Pylori (MOl = 200) for 8 h. infected cell lysates were analyzed using immunoblotting. Representative
data from one of three independent experiments are shown. Amounts of LC3-II/I, LC3/tubulin, and p62/tubulin ratios did not significantly differ;
quantification not shown. E) ATG5-KO (ATG5-KO) and control (ATG5-WT) AGS cells infected with or without H. Pylori. Subsequently, cells were stained
with FITC-annexin V, and the percentage of positively stained cells was determined using flow cytometry. F) Galectin-3-WT (Gal3-WT) or galectin-3-KO
(Gal3-KO) AGS cells were pretreated for 3 h with or without bafilomycin A1 (BafA1) or chloroquine (CQ). Subsequently, cells were infected with or
without H. Pylori at an MOI of 200 for 16 h. cells were then stained with FITC-annexin V, and the percentage of positively stained cells was determined
using flow cytometry. Statistical analysis was performed using two-way ANOVA followed by Tukey's post hoc test. P < 0.05 (*), P < 0.01 (**),

P < 0.0001 (****); ns, not significant.
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N-glycan profile is also reported in the normal human gastric
epithelial cell line, GES-1 (Li et al. 2016). The dependence on
galectin-glycan interaction is consistent with luminal glycan
exposure to cytosolic galectin-3 as a critical event during
lysosomal damage.

Our results suggest that although H. pylori transiently
downregulates galectin-3 mRNA, the intracellular galectin-3
level is not markedly altered within the early infection phase.
In addition, galectin-3 contributes to H. pylori-induced apop-
tosis, and this pro-apoptotic effect appears to be independent
of its lysosomal localization. This contrasts with previous
reports that described the anti-apoptotic roles of galectin-3
in H. pylori infection (Subhash et al. 2016; Subhash and Ho
2016). Such discrepancies may reflect differences in experi-
mental conditions. For example, under serum-rich conditions,
intracellular galectin-3 localizes to both the nucleus and the
cytosol, and H. pylori infection induces the formation of
galectin-3 puncta. In contrast, under serum-starved condi-
tions, galectin-3 resides mainly in the nucleus and translocate
to the cytosol upon infection (Subhash and Ho 2016). Thus,
galectin-3 may exert distinct functions depending on its sub-
cellular localization, which merits further investigation.

Galectin-3 is involved in regulating both intrinsic and
extrinsic apoptotic pathways (Liu and Rabinovich 2005).
Upon apoptotic stimulation, galectin-3 gets translocated to
the mitochondrial membrane, where it protects mitochondrial
integrity and prevents the release of cytochrome ¢ into the
cytoplasm (Yu et al. 2002). This protective effect is likely
owing to the interaction of galectin-3 with the proapoptotic
protein Bax, which prevents Bax oligomerization and
suppresses mitochondrial outer membrane permeabilization
(Harazono et al. 2014). Additionally, galectin-3 exerts
anti-apoptotic effects by directly interacting with the anti-
apoptotic protein Bcl-2 (Yang et al. 1996). In contrast,
galectin-3 influences TRAIL (tumor necrosis factor-related
apoptosis-inducing ligand)-induced extrinsic apoptosis in a
context-dependent manner by either promoting or suppress-
ing cell death via modulation of the phosphatidylinositol 3-
kinase/protein kinase B pathway (Lee et al. 2003; Oka et al.
2005).

Intracellular galectin-3 is involved in various glycan-
independent protein—protein interactions (Liu et al. 2002). We
used TD139 to block its glycan-binding activity both extra-
cellularly and intracellularly. Although TD139 effectively
inhibited galectin-3 glycan-dependent puncta formation, it
did not reduce H. pylori-induced apoptosis, suggesting that
galectin-3 promotes apoptosis predominantly via glycan-
independent protein—protein interactions.

Various galectins are recruited to Coxiella burnetii phago-
somes in a temporally distinct manner (Mansilla Pareja et al.
2017). Notably, galectin-8 accumulates around endosomes
within seconds of induced damage, whereas galectin-3 is
gradually recruited (Hong et al. 2019). Given that galectin-3
and galectin-8 localize to different microdomains in damaged
endosomal membranes (Hong et al. 2019), they may recog-
nize different glycan structures or damage-associated patterns
exposed on the lysosomes (Weng et al. 2018). This could
lead to the recruitment of distinct adaptor proteins and the
coordination of divergent cellular responses.

Our imaging results suggest that a fraction of galectin-3
is sequestered into autophagosomes. However, due to exper-
imental limitations, we could not perform live-cell imaging
to track the formation of galectin-3 puncta and their rela-

tionship with autophagosomes and lysosomes. The role of
galectin-3 in H. pylori-induced autophagy remains unclear.
Our results show that while galectin-3 does not directly regu-
late autophagy, autophagic flux modulates H. pylori-induced
apoptosis. Moreover, blocking autophagy initiation promotes
H. pylori-induced apoptosis, whereas inhibiting autophagic
degradation has no significant impact. These findings suggest
that autophagy initiation may partially sequester galectin-3
into autophagosomes, thereby reducing the cytosolic pool of
galectin-3 and attenuating its pro-apoptotic function without
subjecting it to degradation. Further studies are required to
explore how autophagy influences the dual role of galectin-3
in apoptosis and survival under various conditions.

While our studies focused on the role of galectin-3, which
our KO data show is critical for H. pylori-induced apoptosis,
AGS cells also express other galectins (e.g. galectin-1, —7, —8,
—9) that might contribute to the responses, and their roles
could be explored in the future investigations (Jin et al., 2023;
Uhlén et al., 2015).

In summary, our study advances the understanding of
the role of galectin-3 in H. pylori infection and host—
pathogen interactions. We revealed the dynamic redistribution
of galectin-3 during H. pylori infection and its role in
modulating apoptosis, likely via protein—protein interactions
and autophagy-dependent regulation. Our findings provide
new insights into the molecular mechanisms underlying
H. pylori-induced cellular responses and may facilitate the
development of novel therapeutic strategies targeting galectins
in H. pylori-associated diseases.

Materials and methods

Cell culture and generation of galectin-3-KO AGS
cells

AGS cells were cultured in RPMI 1640 medium supplemented
with 10% heat-inactivated fetal bovine serum in a humidified
incubator at 37 °C under a 5% CO, atmosphere.

The CRISPR plasmid expressing sgRNA targeting the
LGALS3 gene (5-GGCTGGTTCCCCCATGCGCCAGG-3'
and 5'-GGCGCATGGGGGAACCAGCC-3’) was constructed
using a GeneArt CRISPR Nuclease Vector Kit (Thermo Fisher
Scientific Inc., Waltham, MA, USA). The plasmids were
then transfected into AGS cells using Lipofectamine 3000
(Thermo Fisher Scientific Inc.), following the manufacturer’s
instructions. Thereafter, transfected cells expressing orange
fluorescent protein were isolated using flow cytometry and
expanded. Gene KO was confirmed through genomic PCR
using the primers 5'-CTCTGAGTAGCGGGAAGTGC-3' and
5-TCCAGAAGATGGGTAGGCCC-3' and immunoblotting
using anti-galectin-3 antibody (B2C10) (Liu et al. 1996).

Bacterial growth and infection

Helicobacter pylori wild-type strain 26695 (ATCC 700392),
which is CagA-positive, and its A vacA mutant (kindly
provided from Dr. Mou-Chieh Kao’s lab) were incubated
in Brucella broth supplemented with 10% fetal bovine serum
at 37 °C under microaerophilic conditions using AnaeroPack-
MicroAero (MGCC2-20; Mitsubishi Gas Chemical Inc.,
Tokyo, Japan). AGS cells were inoculated with bacteria
suspended in cell culture medium at the indicated multiplicity
of infection (MOI), followed by centrifugation at 400 x g for
10 min.
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Quantitative reverse transcription polymerase
chain reaction

Total RNA was extracted using the RNeasy Mini Kit (Qiagen,
Hilden, Germany), according to the manufacturer’s instruc-
tions, and ¢cDNA was synthesized using iScript™ Reverse
Transcription Supermix for quantitative reverse transcrip-
tion polymerase chain reaction (Bio-Rad Laboratories Inc.,
Hercules, CA, USA). The ¢cDNA was analyzed via qPCR
using the TagMan assay and Bio-Rad CFX Connect Real-
Time System (Bio-Rad Laboratories Inc.). The forward and
reverse 5'-3' primers for human galectin-3 were GAGCC-
TACCCTGCCACTG and GGCAAAGGCAGGTTATAAGG,
respectively. Expression was normalized to that of glyceralde-
hyde 3-phosphate dehydrogenase mRNA.

Fluorescence microscopy

AGS cells were seeded onto coverslips in 12-well plates and
infected with H. pylori, as described above. The infected
cells were fixed in 4% paraformaldehyde, permeabilized
with 0.2% Triton X-100, and then incubated with primary
antibodies against galectin-3 (B2C10) (Liu et al. 1996),
galectin-8 (AF-1305; R&D Systems, Minneapolis, MN, USA),
EGEFR (2256; Cell Signaling Technology [CST], Danvers, MA,
USA), a-tubulin (A6830, ABclonal, Woburn, MA, USA), LC3
(PMO036; Medical & Biological Laboratories Co., Ltd. [MBL],
Tokyo, Japan), and p62 (ab56416; Abcam, Cambridge,
UK). Secondary antibodies conjugated to fluorophores and
Hoechst 33342 (H3570; both from Invitrogen, Waltham,
MA, USA) were used for visualization. Confocal images
were acquired using a Zeiss LSM 880 or 780 microscope.
SIM images were acquired using Elyra 7 with an LSM 980
system. Images were analyzed using the MetaMorph software
(Molecular Devices, LLC., San Jose, CA, USA) to quantify
galectin-3 or galectin-8 puncta per cell and the intensity
ratio between nucleus and cytoplasm. Mander’s correlation
coefficient was calculated using the JACoP plugin in
Image].

For cell-surface galectin immunostaining, live cells were
placed on a metal plate pre-chilled on ice. Coverslips were
inverted (cell-side down) onto droplets of cooled primary
antibodies for binding at 4 °C. Cells were fixed in 4%
paraformaldehyde and stained with the secondary antibodies
described above.

Immunoblot analysis

Cells were washed with phosphate buffer saline and lysed in
RIPA lysis buffer (Merck KGaA, Darmstadt, Germany) sup-
plemented with a protease inhibitor cocktail (MedChemEx-
press, Monmouth Junction, NJ, USA). Protein concentrations
in the cell lysates were measured using Bio-Rad Protein Assay
Kits. Lysates were boiled in sodium dodecyl sulfate sample
buffer and resolved by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis. The resolved proteins were transferred
to PVDF membranes and incubated with primary antibodies
against PARP (9542 CST), galectin-3 (B2C10), LC3 (3868
CST), and a-tubulin (11224-AP; Proteintech, Rosemont, IL,
USA), followed by incubation with HRP-conjugated antibody.
Protein bands were visualized using ECL Prime Western Blot-
ting Detection Reagents (Cytiva, Marlborough, MA, USA)
and a UVP imaging system (Analytik Jena, Germany).

Hung et al.

Elisa

Galectin-3 concentration in cell culture supernatants was
quantified through ELISA using rabbit anti-galectin-3 (in-
house) and goat anti-galectin-3 (in-house) detection antibod-
ies.

Flow cytometric analysis

Apoptosis analysis was performed using a fluorescein
isothiocyanate (FITC) Annexin V Apoptosis Detection
Kit (Elabscience, Houston, TX, USA). Briefly, cells were
trypsinized, resuspended in culture medium, washed with
a binding solution, and stained with FITC-annexin V and
7-AAD (7-aminoactinomycin D). Paraformaldehyde was
used to inhibit bacterial activity. Cells were resuspended in
a binding solution and analyzed using flow cytometry. For
quantification, only annexin V-positive cells (both 7-AAD™
and 7-AAD™) were counted.

Drug treatment

Cells were treated with the autophagy inhibitors bafilomycin
A1l (10 nM, Sigma-Aldrich, St. Louis, MO, USA) and
chloroquine (50 M, Sigma-Aldrich). To inhibit galectin-3
or modulate glycan recognition, TD139 (MedChemExpress,
Monmouth Junction, NJ, USA), KIF (Sigma-Aldrich), and
BGN (Toronto Research Chemicals, Toronto, ON, Canada)
were used at the concentrations indicated in the figure legends.
All compounds were dissolved in dissolved in dimethyl
sulfoxide. Cells treated with dimethyl sulfoxidealone served
as vehicle controls.

Clem

AGS cells stably expressing GFP-Gal8 or TagRFP-Gal3 were
infected with H. pylori at an MOI of 200. The cells were
fixed and imaged using SIM. Following fluorescence imag-
ing, the cells were embedded and imaged under a transmis-
sion electron microscope (TEM). The TagRFP-Gal3 signals
were aligned with the corresponding ultrastructural features
observed using TEM.

Statistical analysis

All data were statistically analyzed using GraphPad Prism
7.05 (GraphPad Software, San Diego, CA, USA). As men-
tioned in figure legends, specific tests (e.g. Student’s t-test,
one-way ANOVA or two-way ANOVA followed by Tukey’s
or Sidak’s multiple comparisons test) were applied as appro-
priate. Statistical significance was defined as P < 0.05.
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