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Abstract
Helicobacter pylori (H. pylori, Hp) has been designated a class I carcinogen and is closely associated with severe gastric 
diseases. During colonization in the gastric mucosa, H. pylori develops immune escape by inducing host immune tolerance. 
The gastric epithelium acts as the first line of defense against H. pylori, with Toll-like receptors (TLRs) in gastric epithelial 
cells being sensitive to H. pylori components and subsequently activating the innate immune system. However, the mecha-
nism of immune tolerance induced by H. pylori through the TLR signalling pathway has not been fully elucidated. In this 
research, we detected the expression of TLRs and inflammatory cytokines in GES-1 cells upon sustained exposure to H. 
pylori or H. pylori lysate from 1 to 30 generations and in Mongolian gerbils infected with H. pylori for 5 to 90 weeks. We 
found that the levels of TLR6 and inflammatory cytokines first increased and then dropped during the course of H. pylori 
treatment in vitro and in vivo. The restoration of TLR6 potentiated the expression of IL-1β and IL-8 in GES-1 cells, which 
recruited neutrophils and reduced the colonization of H. pylori in the gastric mucosa of gerbils. Mechanistically, we found 
that persistent infection with H. pylori reduces the sensitivity of TLR6 to bacterial components and regulates the expression 
of inflammatory cytokines in GES-1 cells through TLR6/JNK signaling. The TLR6 agonist obviously alleviated inflam-
mation in vitro and in vivo. Promising results suggest that TLR6 may be a potential candidate immunotherapy drug for H. 
pylori infection.
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Introduction

Helicobacter pylori (H. pylori, Hp) is a gram-negative bacte-
rium that has been designated as a class I carcinogen [1]. H. 
pylori infection is closely associated with gastric diseases, 

including gastritis, peptic ulcer, intestinal metaplasia and 
adenocarcinoma [2–4]. Upon colonization in the gastric epi-
thelium, H. pylori triggers the production of inflammatory 
cytokines, including interleukin-1β (IL-1β), interleukin-6 
(IL-6), interleukin-8 (IL-8) and TNF-alpha [5–8]. Prolonged 
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exposure to these cytokines can lead to cell proliferation and 
an increased risk of DNA replication errors, thereby promot-
ing tumorigenesis by inhibiting cell autophagy and apop-
tosis [9–11]. Both experimental and clinical studies have 
confirmed that H. pylori infection and chronic inflammation 
play crucial roles in the development of gastric cancer [12].

In H. pylori-infected individuals, gastric epithelial cells 
form the initial innate immune defense barrier [13]. Toll-
like receptors (TLRs) in gastric epithelial cells are among 
the earliest determinants of immune activation and are 
sensitive to bacterial components in the microenvironment 
[14]. They can sensitize lipopolysaccharide (LPS), flagel-
lin, bacterial lipoproteins, and other microbial cell compo-
nents [15]. It is plausible that individuals exhibit a strong 
immune response to H. pylori infection through TLR path-
ways, which is conducive to eliminating the bacteria and 
inhibiting long-term colonization [16–19]. However, H. 
pylori infection is a long-term process that leads to per-
manent colonization if not effectively treated [20]. During 
this process, H. pylori can evade the immune system by 
reducing the inflammatory response and interfering with 
innate and adaptive immune responses [21]. Research has 
shown that stromal factors in the gastric mucosa suppress 
the activation of dendritic cells (DCs) against H. pylori 
[22, 23]. Additionally, H. pylori promotes the production 
of interleukin-33 (IL-33) by epithelial cells, which may 
protect against excessive inflammation and support bacte-
rial persistence [7, 24]. Owyang et al. uncovered the abil-
ity of H. pylori genomic DNA to downregulate inflamma-
tory responses through the TLR9 signaling pathway [19]. 
Overall, H. pylori achieves long-term colonization mainly 
by evading the immune system through immune tolerance 
and immune escape [23, 25]. TLRs play a crucial role in 
immune tolerance induced by microbial pathogens, but 
the specific mechanism of immune tolerance induced by 
H. pylori through the TLR signaling pathway has not been 
fully elucidated [26].

To elucidate the pathogenic mechanism induced by H. 
pylori, researchers typically stimulate gastric epithelial cells 
with bacteria for up to 72 h in vitro [17, 27–29]. Few studies 
have described the effects of prolonged stimulation of H. 
pylori on gastric cells,, which is more similar to the actual 
pathogenesis process of H. pylori infection in vivo. In addi-
tion, during the proliferation and metabolic processes of 
colonized bacteria, H. pylori are lysed and release a large 
number of harmful substances [30–33]. Our previous study 
confirmed that H. pylori lysate acts as an "accomplice" to 
carcinogenesis in the process of H. pylori-induced gastric 
lesions [34]. Thus, our objective was to investigate the 
immune response of GES-1 cells to prolonged stimulation 
with H. pylori and H. pylori lysate. We employed H. pylori 
strain ATCC 43504  (CagA+/VacA+), initially identified in 
a gastric cancer patient, which has been used in previous 

pathogenicity investigations involving GES-1 cell lines 
exposed to live cells or cell lysates for 30 generations [35, 
36]. Subsequently, we examined the expression of TLRs and 
inflammatory cytokines in cells and H. pylori-positive Mon-
golian gerbils. Our findings revealed that sustained exposure 
to H. pylori or H. pylori lysate attenuates the sensitivity of 
GES-1 cells to TLR6, thereby suppressing the host immune 
response and facilitating H. pylori immune evasion.

Results

Sustained exposure to H. pylori or H. pylori lysate 
in GES‑1 cells inhibited TLR6 expression

Inflammatory cytokines may be produced as a result of 
TLR upregulation during H. pylori infection, which con-
tribute to the development of gastric disease [16]. Uncer-
tainty exists regarding the impact of prolonged exposure to 
H. pylori or H. pylori lysate on TLR expression in GES-1 
cells. Hence, we first examined the mRNA levels of TLR1, 
TLR2, TLR3, TLR4, TLR5, TLR6, TLR8 and TLR9 in 
GES-1 cells between wild-type GES-1 cells (control) and 
GES-1 cells that had been infected with H. pylori for one 
generation (24 h) or for 30 generations (Hp-30 cells). 
TLR2 expression was shown to be extremely low in gastric 
epithelial cells, which is consistent with previous reports 
[37]. TLR7, which primarily identifies viral mRNA, has 
not been demonstrated to be involved in the innate immune 
response linked to H. pylori [26]. Figure 1A demonstrates 
that compared to wild-type GES-1 cells and Hp-30 cells, 
the mRNA levels of TLR6, TLR8 and TLR9 in Hp-1 cells 
were significantly higher. Then, wild-type GES-1 cells, 
GES-1 cells exposed to H. pylori lysate for 24 h (lysate-1) 
and GES-1 cells exposed to H. pylori lysate for 30 genera-
tions (lysate-30) were examined for their mRNA levels 
of TLRs. Lysate-1 cells displayed significantly increased 
levels of TLR4, TLR5, TLR6, TLR8 and TLR9 mRNA 
expression compared to wild-type cells and lysate-30 cells 
(Fig. 1B). Among them, TLR8 and TLR9 are expressed 
within intracellular vesicles and mainly recognize RNA 
or single-stranded DNA of pathogens [38, 39]. TLR6 was 
dramatically downregulated following prolonged exposure 
to H. pylori or H. pylori lysate and showed a significant 
response to both H. pylori and H. pylori lysate. As a result, 
we focused on TLR6 for further characterization in detail.

We then examined TLR6 mRNA levels in wild-type 
GES-1 cells, Hp-1 cells, GES-1 cells that had been 
infected with H. pylori for 10 (Hp-10), 20 (Hp-20) or 30 
(Hp-30) generations. The level of TLR6 mRNA peaked 
at generation 10, then gradually declined from genera-
tion 10 to generation 30 (Fig. 1C). The similar pattern 
was observed in lysate-1 cells, lysate-10, lysate-20 and 
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lysate-30 cells (Fig. 1D). These results were consistent 
with the protein levels detected through western blotting 
and immunofluorescent staining (Fig. 1E–H).

To investigate if serial passages of cells have an impact 
on TLR expression, we analyzed TLR6 mRNA levels 
in GES-1 cells that were untreated and those that had 

Fig. 1  TLRs mRNA expres-
sion in (A) wild-type GES-1 
cells (control), GES-1 cells 
persistently infected with H. 
pylori for 1 generation (Hp-1) 
and 30 generations (Hp-30) 
or in (B) control cells, GES-1 
cells co-cultured with H. pylori 
lysate for 1 generation (lysate-1) 
and 30 generations (lysate-30). 
TLR6 mRNA expression in 
(C) control cells, Hp-1 cells, 
Hp-10 cells, Hp-20 cells and 
Hp-30 cells or in (D) control 
cells, lysate-1 cells, lysate-10 
cells, lysate-20 cells and 
lysate-30 cells. TLR6 protein 
expression (E) and TLR6 
immunofluorescent staining 
(G) in control cells, Hp-1 cells 
and Hp-30 cells. TLR6 protein 
expression (F) and TLR6 
immunofluorescent staining 
(H) in control cells, lysate-1 
cells and lysate-30 cells. All 
experiment were performed in 
triplicate and all data represents 
means ± SEM. ***P < 0.001, 
**P < 0.01, *P < 0.05. Scale 
bars, 10 µm (G, H)
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undergone 1st, 10th, 20th, and 30th passages. Our results 
demonstrated that there was no significant difference in 
TLR6 mRNA expression across different stages of GES-1 
cells. (Supplementary Fig. 1A).

All of the findings showed that the TLR6 expression is 
typically upregulated during the acute phase of H. pylori 
infection, but decreases over time during the chronic phase. 
Sustained exposure to H. pylori or H. pylori lysate was found 
to inhibit TLR6 expression in GES-1 cells.

H. pylori and H. pylori lysate induced immune 
tolerance of GES‑1 cells with decreasing 
inflammatory cytokine release following prolonged 
coculture

TLRs play a crucial role in regulating the expression of 
inflammatory factors, which in turn helps to control the level 
of inflammation [39]. In order to investigate this further, we 
conducted a comparison of the levels of various H. pylori 
infection-related inflammatory cytokines using Luminex 
multiplex in GES-1 cells, lysate-1 cells, and lysate-30 cells. 
Our findings revealed that the levels of IL-8, IL-1β, Fas, 
IFN-γ, IL-23, CD163, and CD66a were significantly higher 
in lysate-1 cells when compared to GES-1 cells. However, 
these levels were observed to decrease in lysate-30 cells 

(Supplementary Fig. 1). We performed qPCR analysis of 
mRNA levels in wild-type cells, Hp-1 cells and Hp-30 cells, 
as well as in lysate-1 cells and lysate-30 cells, given that 
IL-1β has a direct positive relationship with the expression 
of TLR6 and IL-8 is one of the major cytokines secreted by 
epithelial cells inducing neutrophil chemotaxis [40, 41]. In 
comparison to wild-type cells and Hp-30 cells, the results 
showed that Hp-1 cells exhibited the highest quantities of 
IL-1β and IL-8 mRNA (Fig. 2A). When GES-1 cells were 
treated with H. pylori lysate, the same outcomes were seen 
(Fig. 2B). In untreated GES-1 cells and GES-1 cells from 
the 1st and 30th passages, the expression level of IL-1β and 
IL-8 remained unchanged, indicating that cell culture pas-
sage periods did not significantly affect the immune response 
(Supplementary Fig. 2B, C). The findings show that either 
H. pylori or H. pylori cell lysate resulted in the development 
of an inflammatory tolerance in GES-1 cells.

H. pylori activates JNK inflammatory signaling 
pathway through TLR6

TLR6 forms heterodimers with TLR2 and is capable of 
recognizing various of microbial ligands [42]. Recent 
studies have shown that TLR6/NF-κB pathway is activated 

Fig. 1  (continued)
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in Mycoplasma gallisepticum (M. gallisepticum)-infected 
chickens, whereas the TLR6/MAPK signaling pathway is 
involved in the activation of porcine alveolar macrophages 
[43–45]. We forced all TLR6 signaling pathways from the 
KEGG database (http:// www. kegg. jp/) in order to better 
understand the function of TLR6 in H. pylori-induced 
immunological tolerance. TLR6 signaling mediates the 
proinflammatory response via two major downstream path-
ways, the PI3K/NF-κB and MAPK pathways.

The protein levels of important components in the 
TLR6 signaling pathway were subsequently examined 
by western blot. Hp-1 cells had higher levels of JNK and 
JUN phosphorylation than untreated GES-1 cells or Hp-30 
cells, although Rac1, PI3K, GSK-3, NF-κB p50, and p65 
levels remained unchanged (Fig. 3A). According to the 
phosphorylated JNK and JUN expression patterns, TLR6 
is the mechanism via which H. pylori activates the JNK/
JUN pathway rather than the Rac1/PI3K/NF-κB pathway 
or the PI3K/GSK-3β pathway.

To test the hypothesis, we used TLR2/6 heterodimer 
inhibitor C29, TLR2/6 heterodimer agonist Pam2CSK4, 
and JNK inhibitor SP600125. Our findings indicate that 
C29 effectively inhibited the activation of JNK in H. 
pylori infected GES-1 cells (Fig. 3B). Furthermore, when 

we treated GES-1 cells with varying concentrations of 
Pam2CSK4 and measured the activation of the JNK path-
way using western blotting, we observed a dose-dependent 
response to Pam2CSK4 similar to TLR6 (Fig. 3C). We 
then treated GES-1 cells with Pam2CSK4 and SP600125. 
SP600125 showed significant inhibition of JNK phospho-
rylation, which was partially restored by H. pylori and 
Pam2CSK4 (Fig. 3D). All of the results confirmed that 
H. pylori activates JNK signaling pathway through TLR6.

To further investigate the correlation between TLR6 and 
inflammatory cytokines, we established a TLR6 knockout 
HEK293t cell line (KO) and exposed the cells to H. pylori 
(KO + Hp) and Pam2CSK4 (KO + Pam). The Western blot-
ting results revealed that the activation of JNK was absent 
in TLR6 knockout cells upon exposure to either H. pylori 
or Pam2CSK4 (Supplementary Fig. 3A). Conversely, in 
wild-type HEK293t cells (WT) infected with H. pylori 
(WT + Hp) and Pam2CSK4 (WT + Pam), there was a sig-
nificant upregulation in the mRNA expression of IL-8, as 
well as an increase in the supernatant IL-8 content (Sup-
plementary Fig. 3B, C). Notably, TLR6 knockout cells did 
not exhibit such an elevation. These findings substantiate 
the notion that H. pylori induces the expression of specific 

Fig. 2  IL-1β mRNA expression 
(A) and IL-8 mRNA expression 
(C) in control cells, Hp-1 cells 
and Hp-30 cells. IL-1β mRNA 
expression (B) and IL-8 mRNA 
expression (D) in control cells, 
lysate-1 cells and lysate-30 
cells. All experiment were 
performed in triplicate and all 
data represents means ± SEM. 
***P < 0.001, **P < 0.01

http://www.kegg.jp/
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Fig. 3  Rac1, pPI3K, tPI3K, 
pGSK-3β, tGSK-3β, NF-κB p50 
and NF-κB p65, pJNK, tJNK, 
pJUN and tJUN expression in 
control cells, Hp-1 cells and Hp-
30 cells (A). TLR6 and pJNK 
expression in control cells, Hp-1 
cells, GES-1 cells treated with 
1 μM C29 for 24 h and GES-1 
cells treated with H. pylori and 
1 μM C29 for 24 h (B). TLR6 
and pJNK expression in control 
cells, GES-1 cells treated with 
0.25 μg/mL, 0. 5 μg/mL, 1 μg/
mL and 2 μg/mL Pam2CSK4 
for 24 h (C). TLR6 and pJNK 
expression in GES-1 cells, Hp-1 
cells, GES-1 cells treated with 
1 μg/mL Pam2CSK4 for 24 h, 
GES-1 cells treated with 2 μg/
mL SP600125 for 24 h, GES-1 
cells treated with H. pylori and 
2 μg/mL SP600125 for 24 h 
and GES-1 cells treated with 
1 μg/mL Pam2CSK4 and 2 μg/
mL SP600125 for 24 h (D). All 
experiment were performed in 
triplicate and all data represents 
means ± SEM. ***P < 0.001, 
**P < 0.01, *P < 0.05

A

B
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inflammatory cytokines, including IL-8, through the TLR6/
JNK pathway.

TLR2/6 heterodimer agonist enhances 
the sensitivity of H. pylori tolerant GES‑1 cells

The aforementioned results demonstrated that sustained 
exposure to H. pylori or H. pylori lysate inhibit TLR6-
mediated immune response. We wondered if treatment with 
Pam2CSK4 could restore TLR6 expression. As expected, 
Pam2CSK4 increase the mRNA level of TLR6 and IL-1β 

in Hp-30 cells in which H. pylori failed (Fig. 4A, B). Sim-
ilar results were obtained when the levels of IL-1β were 
determined by ELISA in the supernatant of stimulated cells 
(Fig. 4C). In addition, the levels of phosphorylated JNK 
increased significantly in Hp-30 cells after Pam2CSK4 
treatment, which confirmed that H. pylori regulates proin-
flammatory factor levels through the TLR6/JNK pathway 
(Fig. 4D). Overall, the data suggests that the TLR2/6 het-
erodimer agonist could restore the sensitivity of H. pylori 
tolerant GES-1 cells.

Fig. 4  TLR6 mRNA expression (A) and IL-1β mRNA expression 
(B) in Hp-30 cells, Hp-30 cells co-culture with H. pylori for 24  h 
and Hp-30 cells co-culture with H. pylori and 10 μg/ml Pam2CSK4 
for 24 h. Supernatant IL-1β content (C) in control cells, Hp-1 cells, 
Hp-30 cells, Hp-30 cells infected with H. pylori for 24  h and Hp-

30 cells co-culture with H. pylori and 1 μg/ml Pam2CSK4 for 24 h. 
pJNK expression (D) in Hp-30 cells, Hp-30 cells co-culture with H. 
pylori for 24  h, Hp-30 cells co-culture with H. pylori and 1  μg/ml 
Pam2CSK4 for 24 h. All experiment were performed in triplicate and 
all data represents means ± SEM. ***P < 0.001, **P < 0.01, *P < 0.05
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TLR6 and gastric inflammation scores initially 
increased and then decreased in H. pylori‑infected 
gerbils

To investigate the impact of continuous exposure to H. 
pylori on the gastric mucosa in vivo, we administered the 
bacterium to gerbils. We confirmed its presence in the gas-
tric mucosa of the gerbils through isolation and culturing, 
followed by nested PCR testing of the gastric content and 
tissue [46]. The results showed visible target bands of the 
H. pylori specific urease gene at approximately 100 bp. Fig-
ure 5A demonstrates that all 96 gerbils were positive for H. 
pylori. The individual gerbils were graded based on their 
pathological scores, which ranged from 0 (no overt lesion) 
to 3 (dysplasia), with grades 1 and 2 representing superfi-
cial gastritis and atrophic gastritis, respectively (Fig. 5B–E). 
Out of the gerbils infected with H. pylori for 5 to 25 weeks, 
24.14% (7/29) showed gastric lesions, with atrophic gas-
tritis being the most severe lesion observed in this group 
(Supplementary Table 1). The prevalence of gastric lesions 
in gerbils infected with H. pylori for 30 to 35 weeks was 
63.64% (7/11). However, out of the 56 gerbils infected with 
H. pylori for 40 to 90 weeks, only one developed dysplasia 
and the incidence of gastric lesions decreased to 19.64% 
(11/56) (Fig. 5F).

Our study found fluctuations in serum TLR6 levels during 
various infection durations and pathological lesions. TLR6 
levels showed a significant increase during the first 35 weeks 
of infection in a time-dependent manner, followed by a grad-
ual decrease (Fig. 5G). This trend was also observed in the 
IHC staining of TLR6 in gerbil gastric tissue (Fig. 5H–K). 
Similarly, IL-1β levels in the serum of H. pylori-infected 
gerbils and IHC staining of IL-8 on gerbil gastric mucosa 
showed a similar pattern (Fig. 5L-P). A positive correlation 
was found between serum IL-1β levels and serum TLR6 
levels (n = 66, p = 0.0489) (Fig. 5Q), indicating that H. pylori 
could regulate the expression of TLR6 and affect the secre-
tion of proinflammatory cytokines and immune response.

Taken together, our study suggests that in gerbils infected 
with H. pylori, the inflammatory response is initially severe 
in the acute stage but gradually decreases and remains at a 
low level if gastritis does not progress to intestinal metapla-
sia or gastric adenocarcinoma.

TLR2/6 heterodimer agonist activated immune 
response and reduced the colonization of H. pylori 
in the gastric mucosa of gerbils

In this study, we utilized a gerbil model infected with H. 
pylori to investigate the impact of a TLR2/6 heterodimer 
agonist on immune tolerance in  vivo. After 40 weeks 

of infection, gerbils were administered with 300 μg/kg 
Pam2CSK4 or dimethylsulfoxide (DMSO) intraperitoneally 
(Fig. 6A). H. pylori-negative gerbils were used as the con-
trol group. Our results showed significantly higher levels of 
TLR6 and IL-8 in the serum of the Pam2CSK4 group 72 h 
after injection (Fig. 6B, C). IHC staining was performed to 
detect the expression of TLR6 and IL-8 in gerbils’ gastric 
mucosa. Although there was an increasing trend observed in 
the Pam2CSK4 group, there was no statistical significance 
(Fig. 6D, E). The activation of the TLR6/JNK signaling 
pathway was confirmed by the increased phosphorylation 
level of JNK in the Pam2CSK4 group (Fig. 6F).

In order to study the elimination of H. pylori, we analyzed 
the production of the neutrophil attractant IL-8 secreted by 
gastric epithelial cells. We employed IF staining to iden-
tify the presence of Ly6G and CD11b, which are neutrophil 
markers [47]. Pam2CSK4 injection promoted the infiltra-
tion of  Ly6G+ and  CD11b+ cells into the gastric mucosa in 
H. pylori-infected gerbils (Fig. 6G, 6H). The results of IF 
staining showed a positive correlation between Pam2CSK4 
and increased monocyte/macrophage recruitment (Fig. 6I, J). 
Tuzun et al., reported amplification of H. pylori 23s rRNA 
in gerbil gastric mucosa, with relative fold changes calcu-
lated using gerbil GAPDH as an internal reference gene [48, 
49]. In the study, it was observed that the increase in TLR6 
expression using an agonist led to the inhibition of the colo-
nization of H. pylori in gerbils (Fig. 6K). The findings indi-
cate that TLR2/6 heterodimer agonists activate host immune 
responses through TLR6/JNK pathways, which can aid in 
the clearance of H. pylori infection in cases of continuous 
exposure.

H. pylori infection suppressed the expression 
of TLR6 in the gastric mucosa of patients 
with gastritis

To examine the expression levels of TLR6 in the gastric 
mucosa of clinical patients, we conducted a validation study 
using a sample size of 24 gastric mucosa tissue samples 
from Beijing Shijitan Hospital. The samples were divided 
into four groups based on their H. pylori infection and 
pathological status: Hp+ normal group (n = 3), Hp− nor-
mal group (n = 5), Hp+ chronic superficial gastritis group 
(n = 8) and Hp− chronic superficial gastritis group (n = 8). 
In patients with chronic superficial gastritis, IHC staining 
demonstrated decreased TLR6 staining in H. pylori+ gastric 
mucosa compared with H. pylori− gastric mucosa, which 
confirms that the colonization of H. pylori suppressed the 
expression of TLR6 in the gastric mucosa of patients with 
gastritis (Fig. 6L, M).
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Fig. 5  Electrophoresis (A) of nested PCR products for Mongolian 
gerbils’ gastric tissue and gastric content. The presence of a visible 
band at 100bp indicates a positive result for H. pylori-infection, while 
the absence of such a band indicates a negative infection. Nucleotide-
free water was considered as the blank control. The number 1 ~ 5 
represent to animal ID. The gastric mucosa of H. pylori-negative and 
H. pylori-positive Mongolian gerbils. H&E, × 100. Antrum biopsies 
from healthy non-infected gastric mucosa (B). No obvious lesion, 
Score = 0. Superficial gastritis (C), score = 1. Atrophic gastritis (D), 
score = 2. Dysplasia (E), score = 3. The percentage (F) of gerbils who 
developed gastric lesions after being infected with H. pylori from 0 
to 90 weeks accounted for the total number of gerbils in each group. 
TLR6 expression (G) in the serum of H. pylori infected Mongolian 
gerbils. Each group was compared to the group of gerbils infected 

with H. pylori for 35 weeks. IHC staining of TLR6 expression (H–J) 
in H. pylori infected Mongolian gerbils’ gastric mucosa. Figure H 
is considered low positive (score = 1), Figure I is considered posi-
tive (score = 2), Figure J is considered high positive (score = 3). IHC 
score of TLR6 expression (K) in H. pylori infected Mongolian ger-
bils’ gastric mucosa. IL-8 expression (L) in the serum of H. pylori 
infected Mongolian gerbils. IHC staining of IL-8 expression (M–O) 
in H. pylori infected Mongolian gerbils’ gastric mucosa. Figure M is 
considered low positive (score = 1), Figure N is considered positive 
(score = 2), Figure O is considered high positive (score = 3). IHC 
score of IL-8 expression (P) in H. pylori infected Mongolian gerbils’ 
gastric mucosa. Correlation analyses (Q) of serum TLR6 and IL-1β 
levels in H. pylori infected Mongolian gerbils
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Discussion

H. pylori can establish persistent colonization by inhibiting 
the host immune response to escape from the host immu-
nity [50]. Researchers have found that the immune escape 
of H. pylori can occur in different ways [51, 52]. TLRs 
play a critical role in the maintenance of immune tolerance 
to commensal bacteria by detecting pathogen-associated 
molecular patterns (PAMPs) [26, 53]. In our study, we found 

that long-term exposure to H. pylori downregulated TLR6 
expression and reduced the levels of downstream inflamma-
tory cytokines in GES-1 cells. This is also observed in H. 
pylori-positive gerbils, which have similar tumor progression 
associated with H. pylori to that of humans [54, 55]. Clinical 
gastric mucosa tissue specimen analysis confirmed that low 
levels of inflammation are accompanied by downregulated 
TLR6 expression in the late stages of H. pylori infection. It 
helped H. pylori escape eradication, which was beneficial to 

Fig. 5  (continued)
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Fig. 6  Schematic (A) of the in  vivo treatment experimental plan. 
Serum TLR6 and IL-8 expression (B, C) and gastric mucosa TLR6 
and IL-8 IHC staining (D, E) of the H. pylori-negative Mongo-
lian gerbils or in the H. pylori-infected gerbils after 24 h, 48 h and 
72  h intraperitoneal administration of Pam2CSK4 or DMSO. pJNK 
expression (F) in the gastric mucosa of H. pylori-negative Mongolian 
gerbils or in the H. pylori-infected gerbils after 72 h intraperitoneal 
administration of Pam2CSK4 or DMSO. The Immunofluorescence 
staining of  CD11b+/Ly6G+ cells (G), monocyte/macrophage (I), the 

number of  CD11b+/Ly6G+ cells (H) and the number of monocyte/
macrophage (J) in gastric mucosa of H. pylori-negative gerbils, H. 
pylori-positive gerbils treated with DMSO or Pam2CSK4. The level 
of H. pylori 23srRNA (K) in gastric mucosa of H. pylori-positive 
Mongolian gerbils treated with DMSO or Pam2CSK4. IHC staining 
of TLR6 expression (L) in the gastric mucosa of patients. × 100. The 
average optical density (AOD) of TLR6 expression (M) in patients’ 
gastric mucosa. All experiment were performed in triplicate and all 
data represents means ± SEM. ***P < 0.001, **P < 0.01, *P < 0.05
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the colonization and proliferation of bacteria and therefore 
contributed to the development of gastric mucosal lesions. 
Taken together, we are convinced that long-term stimula-
tion of H. pylori changes the sensitivity of GES-1 cells to 
pathogen components following H. pylori infection through 
TLR6 signaling.

TLR6 forms heterodimers with TLR2 to recognize differ-
ent configurations of lipoproteins [42]. The TLR6/MyD88/
NF-κB pathway is activated in M. gallisepticum-infected 
chickens, while the TLR6/NOX2/MAPK signaling pathway 
is involved in the activation of porcine alveolar macrophages 
[43–45]. The effects of long-term H. pylori infection or H. 

Fig. 6  (continued)
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pylori lysate stimulation on gastric epithelial cells have not 
yet been studied. In the current study, multiplex assays and 
real-time PCR results showed that the expression of inflam-
matory cytokines, such as IL-1β and IL-8, was positively 
correlated with TLR6 levels. Real-time PCR and western 
blotting results suggested that sustained exposure to H. 
pylori reduced the levels of JNK and JUN phosphorylation 
that were increased after short-term infection with H. pylori. 
All the data showed that H. pylori colonized in the gastric 
mucosa regulates the inflammatory response through TLR6/
JNK signaling pathway induced by the bacteria.

To elucidate the TLR6 signaling pathway, we introduced 
several small molecule inhibitors and agonists. TLR2/6 het-
erodimers inhibitor C29 suppressing the expression of pJNK 
in H. pylori infected GES-1 cells, which confirms that H. 
pylori activates the JNK signaling pathway. Pam2CSK4 is 
known to activate TLR2/6 heterodimers and increase the 
expression of TLR6, ultimately increasing the expression 
of downstream inflammatory cytokines [56]. Therefore, we 
treated GES-1 cells with the Pam2CSK4 to mimic H. pylori 
combined with JNK inhibitor SP600125 to verify the role 
of the TLR6 signaling pathway in GES-1 cells. It has been 
strongly established that H. pylori affects the expression of 
inflammatory cytokines in GES-1 cells through the TLR6/
JNK pathway. This conclusion was further confirmed in 
TLR6 knockout HEK293T cells, as Western blotting indi-
cated that the JNK pathway was not activated in these cells 
by H. pylori or Pam2CSK4. In wild-type cells, increased 
IL-8 expression level was observed but not in TLR6 knock-
out cells.

During the proliferation and metabolism process of bac-
teria colonizing the stomach, a large number of lytic or dis-
integration products are produced and released [57]. Studies 
have reported that soluble peptidoglycan induces NF-κB-
dependent reporter gene activation in TLR2-expressing 
cells, and the effect is more pronounced at lower soluble 
peptidoglycan (sPGN) concentrations [58]. When we treated 
GES-1 cells with different concentrations of Pam2CSK4 and 
found that pJNK exhibited a dose-dependent response to 
Pam2CSK4. However, the specific components of H. pylori 
that activate the expression of TLR6 are still unknown. 
The TLR6 signaling pathway and the specific mechanism 
involved in decreased sensitivity to H. pylori should be fur-
ther elucidated when we fully identified the specific sub-
stances in H. pylori.

Targeting TLRs has been proposed as a novel alterna-
tive therapeutic approach in the diagnosis and therapy of 
different conditions, such as rheumatoid arthritis, multiple 
sclerosis, psoriasis, and colitis [59, 60]. Hence, we pro-
posed that TLR6 agonists may activate the inflammatory 
pathway and subsequently promote the elimination of patho-
gens by the host immune system during the later stages of 
infection. TLR6 agonists have been considered potential 

therapeutic drugs for thromboinflammatory diseases [55]. 
The inhaled drug PUL-042, which is composed of synthetic 
ligands for TLR2/6 (Pam2CSK4) and TLR9 (ODN M362), 
is in the clinical stage [61]. In this research, we found that 
Pam2CSK4 has the ability to restore the expression of 
TLR6 in GES-1 cells. In addition, Pam2CSK4 reduced the 
colonization of H. pylori in the gastric mucosa of gerbils 
through the activation of the TLR6 signaling pathway that 
leads to increased secretion of IL-8 in epithelial cells and the 
recruitment of neutrophils. TLR6 agonists can be considered 
immunotherapy agents in H. pylori infection.

In conclusion, we utilized a co-culture model of GES-1 
cells and H. pylori or H. pylori lysate to simulate H. pylori 
infection in vivo. Our findings indicate a significant increase 
in TLR6 expression and inflammatory cytokine production 
during the early stages of co-culture, followed by a gradual 
decline after the initial peak. These results were further 
validated in both H. pylori-infected gerbils and clinical 
patients with H. pylori infection and gastritis. The immune 
escape mechanism of H. pylori is achieved by inhibiting 
the TLR6/JNK signaling pathways that are activated by H. 
pylori (Fig. 7). It has been observed that TLR6 agonists can 
decrease bacterial colonization in gerbils. We suggest that 
TLR6 could be a promising target for immunotherapy to 
eradicate H. pylori infections.

Materials and methods

Cell culture

The human gastric epithelial cell line GES‐1 was purchased 
from the Beijing Dingguo Changsheng Biotechnology Co., 
Ltd. (Beijing, China). Cells were cultured in DMEM (Gibco, 
NY, USA) supplemented with 10% fetal bovine serum 
(Gibco, NY, USA) and 1% penicillin streptomycin solution 
(HyClone, UT, USA) at 37 °C under 5%  CO2 conditions.

Bacterial culture and preparation of H. pylori lysate

The H. pylori strain ATCC43504  (CagA+/VacA+), provided 
by the National Institutes for Food and Drug Control, was 
cultured on Columbia blood agar base medium (Oxoid, 
Hampshire, England)-coated plates supplemented with 5% 
defibrinated sheep blood (Fujian Sanqiang Biochemical Co., 
Ltd., Fujian, China) at 36 °C for 48 h under microaerophilic 
conditions (10%  CO2). The H. pylori culture was harvested 
and then suspended in phosphate-buffered saline (PBS) solu-
tion (Solarbio, Beijing, China) and adjusted to a concentra-
tion of 6 ×  106 CFU/mL.

The H. pylori suspension was placed on ice and sonicated 
for 30 s at 100 W power for a total of 10 times with intervals 
of 20 s each. Suspensions were centrifuged at 12,000×g for 
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10 min. The supernatant was removed, and the protein con-
centration was measured using a BCA protein quantitation 
kit (Thermo, MA, USA). The supernatant was diluted to 
200 μg/mL with PBS and was considered H. pylori lysate.

Cell culture with H. pylori or H. pylori lysate

GES-1 is a non-malignant gastric cell line which was origi-
nated from health human gastric mucosa, which is com-
monly used to study the pathogenic mechanism of H. pylori 
[62]. The cell line was purchased from Beijing Dingguo 
Changsheng Biotechnology Co., Ltd.

GES-1 cells were counted with a hemocytometer, 
and then 6 ×  105 cells were seeded in 10 cm dishes. To 
ensure that the individual GES-1 cells are fully infected, 
H. pylori strain ATCC43504 (6 ×  108 CFU) were added 
to GES-1 cells at a ratio of 1000:1 between bacteria and 
cells. After a 24 h of incubation in an aerobic environment 
(5%  CO2, 21%  O2, 74%  N2), the medium was discarded, 
and then the cells were washed five times with 3 mL 
phosphate-buffered saline (PBS) to remove free bacteria 
as much as possible. Subsequently, cells recovered in H. 
pylori-free fresh DMEM medium for 24 h. The process 
was repeated 30 times until GES-1 cells cocultured with 
H. pylori for 30 generations (Hp-30) were obtained.

Method of GES-1 cells and gastric cancer cell line 
MKN-45 co-cultured with H. pylori lysate was previously 

described [34]. In brief, 6 ×  105 cells were plated in a 
10 cm dish. DMEM medium with 7 μL H. pylori lysate 
(2 mg/mL) was added to the plates for a total of 7 mL. The 
culture medium was discarded 24 h after the incubation 
of cells. The cells were washed for three times with PBS 
and digested with 0.5% trypsin. Then 6 ×  105 cells were 
taken and re-seeded in a new 10 cm dish, and fresh DMEM 
medium with H. pylori lysate was added again. Repeated 
this process 30 times to obtain lysate-30 cells and MKN-
45 + lysate F30 cells.

The HEK293T cell line and the TLR6 knockout 
HEK293T cell line were purchased from Cyagen Bio-
technology Co., Ltd. The H. pylori strain ATCC43504 
(6 ×  108 CFU) was added to the cells at a ratio of 100:1 
between bacteria and cells.

Multiplex assay

The supernatants of untreated GES-1 cells (GES-1), GES-1 
cells exposed to H. pylori lysate for 1 generation (lysate-1) 
and 30 generations (lysate-30) cells were collected and used 
for cytokine determination in Luminex assays. The levels 
of TNF-α, CCL-20, IL-8, CCL-28, CXCL-2, IFN-γ, SLPI, 
IL-23, GDF-15, IL-11, CD-163, IL-1β, EGF, HB-EGF, 
VEGF-α, CD66α, FAS, TFPI, and IGFBP-1 were measured 
using technical microspheres with a Luminex X-200 instru-
ment (Luminex, TX, USA).

Fig. 7  A Model of the TLR6 signal pathway
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RNA extraction and real‑time PCR analysis

Total mRNA was extracted from GES-1 cells and gastric 
tissue using RNA isolater Total RNA Extraction Reagent 
(Vazyme, Nanjing, China, R401-01) and subjected to 
reverse transcription using 5 × All-In-One RT MasterMix 
(ABM, Richmond, BC, Canada). Real-time PCR (qPCR) 
was performed on a CFX96 Real-Time PCR detection 
system (Bio–Rad Laboratories, Inc., Hercules, CA, USA; 
cat. no. 185-5195) using AceQ qPCR SYBR Green Mas-
ter Mix or Taqprobe qPCR Master Mix (ABM, Richmond, 
BC, Canada). All reactions were performed in triplicate. 
Relative changes in transcript levels were normalized to 
GAPDH mRNA and were calculated using the ΔΔCt method. 
Sequence-specific primers are shown in Supplementary 
Table 2.

Western blotting analysis

Total proteins of GES-1 cells were extracted by RIPA Lysis 
Buffer (Solarbio, Beijing, China), separated by 10% sodium 
dodecyl sulfate–polyacrylamide gel electrophoresis, and then 
transferred onto nitrocellulose membranes (Millipore, MA, 
USA). Blots were blocked in 10% dry milk-TBST (20 mM 
Tris–HCl [pH of 7.6], 127 mM NaCl, 0.1% Tween 20) for 1 h 
at room temperature and incubated with the specific primary 
antibody at 4 °C overnight, followed by incubation with the 
secondary antibody (Solarbio, SE134) at room temperature 
for 1 h. The anti-TLR6 antibody (Proteintech, 22240-1-AP), 
anti-Rac1 antibody (Proteintech, 24072-1-AP), anti-phos-
phorylated PI3 kinase antibody (Abcam, ab182651), anti-
NF-κB p105/p50 antibody (Abcam, ab32360), anti-NF-κB 
p65 antibody (Abcam, ab32536), anti-phosphorylated TAK1 
antibody (Cell Signaling Technology, 9339S), anti-phospho-
rylated SAPK/JNK antibody (Cell Signaling Technology, 
4668 T), anti-phosphorylated JUN antibody (Proteintech, 
248,891–1-AP), and anti-GAPDH antibody (Cell Signaling 
Technology, 5174) were purchased.

The TLR2/6 heterodimer inhibitor C29 was purchased 
from MedChemExpress (Monmouth Junction, NJ, USA)
(HY-100461). The TLR2/6 heterodimer agonist Pam2CSK4 
was purchased from Apexbio (B5665). The JNK inhibitor 
SP600125 was purchased from MedChemExpress (HY-
12041). For the in vitro experiments, the compounds were 
diluted to different working concentrations with DMEM 
medium.

Animal experiments

A total of 107 conventional Mongolian gerbils (6–8 weeks 
old, weighing 50–60 g) were used to replicate the H. pylori 
infection model, and 9 H. pylori-free gerbils were used 

as the control group. All rodents were obtained from SPF 
(Beijing) Biotechnology Co., Ltd. and housed at a Level 
II biosafety laboratory in the Chinese Center for Disease 
Control and Prevention. All gerbils were maintained in 
cages on a 12-h light/dark cycle. The room temperature was 
maintained at 22–24 °C, and humidity was maintained at 
60–70%. The animal experiments were conducted in accord-
ance with the Guidelines of the CMU Animal Experiments 
and Experimental Animals Management Committee under 
a protocol approved by the Animal Experiments and Experi-
mental Animal Welfare Committee of CMU (Permit num-
ber: AEEI-2016-154).

Gerbils were challenged with a single 0.5 mL dose con-
taining 2 ×  109 CFU/mL H. pylori ATCC 43504 strain by 
gavage. The gerbils were fasted for 12 h prior to the chal-
lenge, and then oral gavage was performed 5 times at inter-
vals of 48 h. Next, 5–6 gerbils were sacrificed after being 
anesthetized with  CO2. The gastric tissue and blood were 
collected after the gerbils were euthanized.

Gastric mucosa tissue specimens

Gastric mucosa samples were acquired from patients who 
received partial gastrectomy at the Surgery Centre of Diabe-
tes Mellitus, Beijing Shijitan Hospital. None of the patients 
received radiotherapy or chemotherapy before surgery. The 
procedures related to human subjects were approved by the 
Ethics Committee of Beijing Shijitan Hospital. The patho-
logical diagnosis was determined by an experienced patholo-
gist. H. pylori infection was defined by a positive 13C urea 
breath test.

Patient samples were classified into the following six 
groups based on clinical histopathology information: H. 
pylori-positive normal group (n = 3), H. pylori-negative 
normal group (n = 5), H. pylori-positive chronic superficial 
gastritis group (n = 8), H. pylori-negative chronic superfi-
cial gastritis group (n = 8), H. pylori-positive peptic ulcer 
group (n = 11) and H. pylori-negative peptic ulcer group 
(n = 6). All tissues were paraffin‐embedded for subsequent 
experiments.

DNA extraction, PCR, and electrophoresis

The DNA from the gerbils’ gastric tissue was extracted 
using a microsample genomic DNA extraction kit (Tian-
gen, Beijing, China). The nested PCR amplification prim-
ers were designed using the primer design software Primer 
Premier 5. The primers for the first PCR were F1: 5′-AGT 
AGG GCC ATA CAT AGA AA-3′ and R1: 5′-GAC AAA ACT 
CGT AAC CGT -3′. The expected PCR product was 499 bp. 
The primers for the second PCR were F2: 5′-CAT AGT 
TGT CAT CGC TTT T-3′ and R2: 5′-GCG TTG GTT GAT 
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AGGC-3′. The expected size of the PCR product was 
100 bp.

The nested PCR amplification product was subjected 
to agarose gel electrophoresis (Amresco, OH, USA). For 
further details of the experimental setup, refer to the lit-
erature of Zhang et al. [46].

Enzyme‑linked immunosorbent assay (ELISA)

Blood of the H. pylori-infected gerbil was obtained 
from the orbital venous plexus, and then the serum was 
extracted by centrifugation. The cell culture supernatant 
was collected for ELISA. Serum and cell culture superna-
tant samples were subjected to ELISA detection following 
the ELISA kit manufacturer’s instructions. A gerbil TLR 6 
ELISA kit was purchased from the Jiangsu Meibiao Bio-
logical Technology Company Limited (Jiangsu, China). A 
gerbil IL-1β ELISA kit, human Toll-like receptor 6 ELISA 
kit and human interleukin-1β ELISA kit were purchased 
from the Quanzhou Ruixin Biological Technology Co., 
Ltd. (Quanzhou, China).

Histopathology

Gastric tissue of the Mongolian gerbils was fixed in 4% 
polyformaldehyde (PFA) for 1 day and transferred to 70% 
ethanol. Individual pyloric stomach biopsy material was 
placed in processing cassettes, dehydrated through a serial 
alcohol gradient, embedded in paraffin, and then cut into 
4-μm-thick sections. Pyloric stomach sections were stained 
with hematoxylin and eosin (H&E). Two pathologists in a 
double-blind condition determined the pathologic status.

Tissue microarray

A gastric tissue microarray, with 98 pyloric stomach tis-
sue samples obtained from 95 H. pylori-infected gerbils 
and 3 H. pylori-free gerbils, was prepared by the Beijing 
Raisedragon Technology Development Co., Ltd.

Immunofluorescence (IF) 
and immunohistochemistry (IHC) staining

The cell were immunofluorescently stained as follows: 
GES-1 cells were seeded in a confocal laser dish at 5 ×  105 
cells/mL. After three washes in PBS, the cell were fixed in 
4% paraformaldehyde for 10 min at room temperature and 
permeabilized for 30 min in PBS containing 0.2% Triton 
X-100 and 10% fetal bovine serum. Cells were incubated in 
primary antibodies overnight at 4 °C and then incubated with 

secondary antibodies for 2 h at room temperature. The nuclei 
were then counterstained with Hoechst dye and blocked with 
antifading mounting medium (Solarbio, Beijing, China). For 
paraffin sections, after dewaxing and dehydration, the fol-
lowing IF staining procedures were the same as the cell 
IF staining described above. IF staining was observed by 
laser scanning confocal microscopy (Lycra, Germany).

IHC staining was performed on the gastric paraffin sec-
tions of gerbils and patients. Paraffin sections were incubated 
overnight with primary antibodies at 4 °C, followed by incu-
bation with biotinylated secondary antibodies (Zhongshan, 
Beijing, China) for 15 min at room temperature. Peroxidase 
activity was detected using 3,3′-diaminobenzidine (Zhong-
shan, Beijing, China). The sections were counterstained with 
hematoxylin, dehydrated, cover slipped with histomount 
reagent, and imaged using a microscope (Lycra, Germany).

The antibodies used for IF or IHC experiments were 
as follows: anti-TLR6 antibody (Abcam, ab37072), anti-
CXCL8/IL-8 antibody (Proteintech, 27095-1-AP), anti-
CD11b antibody (Proteintech, 21851-1-AP), neutrophil 
marker antibody (Santa Cruz, sc-59338), goat anti-rat IgG 
Alexa Fluor 594 antibody (Abcam, ab150160), monocyte/
macrophage marker antibody (Santa Cruz, sc-52603) and 
goat anti-rabbit IgG Alexa Fluor 488 antibody (Huabio, 
HA1104).

Statistical analysis

All statistical analyses were performed using GraphPad 
Prism 8 or Microsoft Excel. Data are presented as the 
mean ± SEM. Independent sample t test, one-way ANOVA, 
and multi-way ANOVA were used. Statistical significance 
was assumed if the P value was < 0.05.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s10120- 023- 01461-7.

Acknowledgements We do appreciate for the help from the laboratory 
animal center of Chinese Center for Disease Control and Prevention 
in raising animals.

Author contributions XZ, YH, BF, ZS, XL, MG, XH, and JL contrib-
uted to the conception and design of the study, acquisition and analysis 
of data, and drafting and revising of the manuscript. XZ, LW, RF, JX, 
JL, XD, ZG, ZC, and XL contributed to the acquisition and analysis 
of data, and drafting and revising of the manuscript. CL contributed to 
the conception and design of the study and revising of the manuscript. 
All authors have read and approved the final manuscript.

Funding This work was supported by National Natural Science Foun-
dation of China (No. 332070537), National Natural Science Foundation 
of Beijing-Key Project of Beijing Municipal Education Commission 
(No. KZ20210025037) and Key Research and Development Project of 
Ministry of Science and Technology (2022YFF0711005).

https://doi.org/10.1007/s10120-023-01461-7


Sustained exposure to Helicobacter pylori induces immune tolerance by desensitizing TLR6  

Declarations 

Competing interests The authors confirm that the data supporting the 
findings of this study are available within the article and its supple-
mentary materials. No potential conflict of interest was reported by 
the author.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

 1. Uemura N, Okamoto S, Yamamoto S, Matsumura N, Yamaguchi 
S, Yamakido M, Taniyama K, Sasaki N, Schlemper RJ. Helico-
bacter pylori infection and the development of gastric cancer. N 
Engl J Med. 2001;345(11):784–9. https:// doi. org/ 10. 1056/ NEJMo 
a0019 99. (PMID: 11556297).

 2. Schulz C, Schutte K, Malfertheiner P. Helicobacter pylori and 
other gastric microbiota in gastroduodenal pathologies. Dig Dis. 
2016;34(3):210–6. https:// doi. org/ 10. 1159/ 00044 3353. (Epub 
2016 Mar 30 PMID: 27028228).

 3. de Martel C, Georges D, Bray F, Ferlay J, Clifford GM. Global 
burden of cancer attributable to infections in 2018: a worldwide 
incidence analysis. Lancet Glob Health. 2020;8(2):e180–90. 
https:// doi. org/ 10. 1016/ S2214- 109X(19) 30488-7. (Epub 2019 
Dec 17 PMID: 31862245).

 4. Li T, Shao W, Li S, Ma L, Zheng L, Shang W, Jia X, Sun P, 
Liang X, Jia JH. pylori infection induced BMAL1 expression and 
rhythm disorder aggravate gastric inflammation. EBioMedicine. 
2019;39:301–14. https:// doi. org/ 10. 1016/j. ebiom. 2018. 11. 043. 
(Epub 2018 Nov 27. PMID: 30502053; PMCID: PMC6354571).

 5. Naumann M, Sokolova O, Tegtmeyer N, Backert S. Helicobacter 
pylori: a paradigm pathogen for subverting host cell signal trans-
mission. Trends Microbiol. 2017;25(4):316–28. https:// doi. org/ 10. 
1016/j. tim. 2016. 12. 004. (Epub 2017 Jan 3 PMID: 28057411).

 6. Lee KE, Khoi PN, Xia Y, Park JS, Joo YE, Kim KK, Choi SY, 
Jung YD. Helicobacter pylori and interleukin-8 in gastric can-
cer. World J Gastroenterol. 2013;19(45):8192–202. https:// doi. 
org/ 10. 3748/ wjg. v19. i45. 8192. (PMID: 24363509; PMCID: 
PMC3857441).

 7. Lehours P, Ferrero RL. Review: helicobacter: inflammation, 
immunology, and vaccines. Helicobacter. 2019;24(Suppl 1): 
e12644. https:// doi. org/ 10. 1111/ hel. 12644. (PMID: 31486236).

 8. Lamb A, Chen LF. Role of the Helicobacter pylori-induced 
inflammatory response in the development of gastric cancer. J 
Cell Biochem. 2013;114(3):491–7. https:// doi. org/ 10. 1002/ jcb. 
24389. (PMID: 22961880; PMCID: PMC3909030).

 9. Hartung ML, Gruber DC, Koch KN, Grüter L, Rehrauer H, Tegt-
meyer N, Backert S, Müller AH. pylori-Induced DNA strand 
breaks are introduced by nucleotide excision repair endonu-
cleases and promote NF-κB target gene expression. Cell Rep. 
2015;13(1):70–9. https:// doi. org/ 10. 1016/j. celrep. 2015. 08. 074. 
(Epub 2015 Sep 24 PMID: 26411687).

 10. Duan Y, Gao Y, Zhang J, Chen Y, Jiang Y, Ji J, Zhang J, Chen 
X, Yang Q, Su L, Zhang J, Liu B, Zhu Z, Wang L, Yu Y. Mito-
chondrial aldehyde dehydrogenase 2 protects gastric mucosa cells 
against DNA damage caused by oxidative stress. Free Radic Biol 
Med. 2016;93:165–76. https:// doi. org/ 10. 1016/j. freer adbio med. 
2016. 02. 001. (Epub 2016 Feb 5 PMID: 26855420).

 11. Chen HY, Hu Y, Lu NH, Zhu Y. Caudal type homeoboxes as 
a driving force in Helicobacter pylori infection-induced gastric 
intestinal metaplasia. Gut microbes. 2020;12(1):1–12. https:// 
doi. org/ 10. 1080/ 19490 976. 2020. 18093 31. (PMID: 33031021; 
PMCID: PMC7553748).

 12. Wang F, Meng W, Wang B, Qiao L. Helicobacter pylori-
induced gastric inflammation and gastric cancer. Cancer Lett. 
2014;345(2):196–202. https:// doi. org/ 10. 1016/j. canlet. 2013. 08. 
016. (Epub 2013 Aug 24 PMID: 23981572).

 13. Bauer M, Nascakova Z, Mihai AI, Cheng PF, Levesque MP, Lam-
part S, Hurwitz R, Pfannkuch L, Dobrovolna J, Jacobs M, Bartfeld 
S, Dohlman A, Shen X, Gall AA, Salama NR, Töpfer A, Weber 
A, Meyer TF, Janscak P, Müller A. The ALPK1/TIFA/NF-κB axis 
links a bacterial carcinogen to R-loop-induced replication stress. 
Nat Commun. 2020;11(1):5117. https:// doi. org/ 10. 1038/ s41467- 
020- 18857-z. (PMID: 33037203; PMCID: PMC7547021).

 14. Nagashima H, Yamaoka Y. Importance of Toll-like receptors in 
pro-inflammatory and anti-inflammatory responses by Helicobac-
ter pylori Infection. Curr Top Microbiol Immunol. 2019;421:139–
58. https:// doi. org/ 10. 1007/ 978-3- 030- 15138-6_6. (PMID: 
31123888).

 15. Fitzgerald KA, Kagan JC. Toll-like receptors and the control of 
immunity. Cell. 2020;180(6):1044–66. https:// doi. org/ 10. 1016/j. 
cell. 2020. 02. 041. (Epub 2020 Mar 11 PMID: 32164908).

 16. Meliț LE, Mărginean CO, Mărginean CD, Mărginean MO. The 
relationship between Toll-like receptors and Helicobacter pylori-
related gastropathies: still a controversial topic. J Immunol Res. 
2019;2019:8197048. https:// doi. org/ 10. 1155/ 2019/ 81970 48. 
(PMID: 30863783; PMCID: PMC6378784).

 17. Pachathundikandi SK, Tegtmeyer N, Arnold IC, Lind J, Nedder-
mann M, Falkeis-Veits C, Chattopadhyay S, Brönstrup M, Tegge 
W, Hong M, Sticht H, Vieth M, Müller A, Backert S. T4SS-
dependent TLR5 activation by Helicobacter pylori infection. Nat 
Commun. 2019;10(1):5717. https:// doi. org/ 10. 1038/ s41467- 019- 
13506-6. (PMID: 31844047; PMCID: PMC6915727).

 18. Hamoudi RA, Appert A, Ye H, Ruskone-Fourmestraux A, Streu-
bel B, Chott A, Raderer M, Gong L, Wlodarska I, De Wolf-Peeters 
C, MacLennan KA, de Leval L, Isaacson PG, Du MQ. Differential 
expression of NF-kappaB target genes in MALT lymphoma with 
and without chromosome translocation: insights into molecular 
mechanism. Leukemia. 2010;24(8):1487–97. https:// doi. org/ 10. 
1038/ leu. 2010. 118. (Epub 2010 Jun 3 PMID: 20520640).

 19. Owyang SY, Luther J, Owyang CC, Zhang M, Kao JY. Helico-
bacter pylori DNA’s anti-inflammatory effect on experimental 
colitis. Gut Microbes. 2012;3(2):168–71. https:// doi. org/ 10. 4161/ 
gmic. 19181. (Epub 2012 Mar 1. PMID: 22356863; PMCID: 
PMC3370948).

 20. Abadi ATB. Strategies used by to establish persistent infec-
tion. World J Gastroenterol. 2017;23(16):2870–82. https:// doi. 
org/ 10. 3748/ wjg. v23. i16. 2870. (PMID: 28522905; PMCID: 
PMC5413782).

 21. Algood HM, Cover TL. Helicobacter pylori persistence: an over-
view of interactions between H. pylori and host immune defenses. 
Clin Microbiol Rev. 2006;19(4):597–613. https:// doi. org/ 10. 1128/ 
CMR. 00006- 06. (PMID: 17041136; PMCID: PMC1592695).

 22. Bergman MP, Engering A, Smits HH, van Vliet SJ, van Bode-
graven AA, Wirth HP, Kapsenberg ML, Vandenbroucke-Grauls 
CM, van Kooyk Y, Appelmelk BJ. Helicobacter pylori modulates 
the T helper cell 1/T helper cell 2 balance through phase-variable 
interaction between lipopolysaccharide and DC-SIGN. J Exp 

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1056/NEJMoa001999
https://doi.org/10.1056/NEJMoa001999
https://doi.org/10.1159/000443353
https://doi.org/10.1016/S2214-109X(19)30488-7
https://doi.org/10.1016/j.ebiom.2018.11.043
https://doi.org/10.1016/j.tim.2016.12.004
https://doi.org/10.1016/j.tim.2016.12.004
https://doi.org/10.3748/wjg.v19.i45.8192
https://doi.org/10.3748/wjg.v19.i45.8192
https://doi.org/10.1111/hel.12644
https://doi.org/10.1002/jcb.24389
https://doi.org/10.1002/jcb.24389
https://doi.org/10.1016/j.celrep.2015.08.074
https://doi.org/10.1016/j.freeradbiomed.2016.02.001
https://doi.org/10.1016/j.freeradbiomed.2016.02.001
https://doi.org/10.1080/19490976.2020.1809331
https://doi.org/10.1080/19490976.2020.1809331
https://doi.org/10.1016/j.canlet.2013.08.016
https://doi.org/10.1016/j.canlet.2013.08.016
https://doi.org/10.1038/s41467-020-18857-z
https://doi.org/10.1038/s41467-020-18857-z
https://doi.org/10.1007/978-3-030-15138-6_6
https://doi.org/10.1016/j.cell.2020.02.041
https://doi.org/10.1016/j.cell.2020.02.041
https://doi.org/10.1155/2019/8197048
https://doi.org/10.1038/s41467-019-13506-6
https://doi.org/10.1038/s41467-019-13506-6
https://doi.org/10.1038/leu.2010.118
https://doi.org/10.1038/leu.2010.118
https://doi.org/10.4161/gmic.19181
https://doi.org/10.4161/gmic.19181
https://doi.org/10.3748/wjg.v23.i16.2870
https://doi.org/10.3748/wjg.v23.i16.2870
https://doi.org/10.1128/CMR.00006-06
https://doi.org/10.1128/CMR.00006-06


 X. Zhang et al.

Med. 2004;200(8):979–90. https:// doi. org/ 10. 1084/ jem. 20041 
061. (PMID: 15492123; PMCID: PMC2211851).

 23. Larussa T, Leone I, Suraci E, Imeneo M, Luzza F. Helicobac-
ter pylori and T helper cells: mechanisms of immune escape and 
tolerance. J Immunol Res. 2015;2015:981328. https:// doi. org/ 
10. 1155/ 2015/ 981328. (Epub 2015 Oct 7. PMID: 26525279; 
PMCID: PMC4615206).

 24. Tran LS, Tran D, De Paoli A, D’Costa K, Creed SJ, Ng GZ, Le 
L, Sutton P, Silke J, Nachbur U, Ferrero RL. NOD1 is required 
for Helicobacter pylori induction of IL-33 responses in gastric 
epithelial cells. Cell Microbiol. 2018;20(5):e12826. https:// doi. 
org/ 10. 1111/ cmi. 12826. (Epub 2018 Feb 15. PMID: 29392836).

 25. Owyang SY, Zhang M, El-Zaatari M, Eaton KA, Bishu S, Hou 
G, Grasberger H, Kao JY. Dendritic cell-derived TGF-β mediates 
the induction of mucosal regulatory T-cell response to Helico-
bacter infection essential for maintenance of immune tolerance 
in mice. Helicobacter. 2020;25(6):e12763. https:// doi. org/ 10. 
1111/ hel. 12763. (Epub 2020 Oct 6. PMID: 33025641; PMCID: 
PMC7885176).

 26. Harris G, KuoLee R, Chen W. Role of Toll-like receptors in 
health and diseases of gastrointestinal tract. World J Gastroen-
terol. 2006;12(14):2149–60. https:// doi. org/ 10. 3748/ wjg. v12. i14. 
2149. (PMID: 16610014; PMCID: PMC4087639).

 27. Kuo CJ, Chen CY, Lo HR, Feng CL, Wu HY, Huang MZ, Liao 
TN, Chen YA, Lai CH. Helicobacter pylori Induces IL-33 produc-
tion and recruits ST-2 to lipid rafts to exacerbate inflammation. 
Cells. 2019;8(10):1290. https:// doi. org/ 10. 3390/ cells 81012 90. 
(PMID: 31640262; PMCID: PMC6830106).

 28. Hu W, Zhang L, Li MX, Shen J, Liu XD, Xiao ZG, Wu DL, Ho 
IHT, Wu JCY, Cheung CKY, Zhang YC, Lau AHY, Ashktorab H, 
Smoot DT, Fang EF, Chan MTV, Gin T, Gong W, Wu WKK, Cho 
CH. Vitamin D3 activates the autolysosomal degradation function 
against Helicobacter pylori through the PDIA3 receptor in gastric 
epithelial cells. Autophagy. 2019;15(4):707–25. https:// doi. org/ 
10. 1080/ 15548 627. 2018. 15578 35. (Epub 2019 Jan 6. PMID: 
30612517; PMCID: PMC6526874).

 29. Palrasu M, Zaika E, El-Rifai W, Garcia-Buitrago M, Piazuelo 
MB, Wilson KT, Peek RM Jr, Zaika AI. Bacterial CagA protein 
compromises tumor suppressor mechanisms in gastric epithelial 
cells. J Clin Investig. 2020;130(5):2422–34. https:// doi. org/ 10. 
1172/ JCI13 0015. (PMID: 32250340; PMCID: PMC7190987).

 30. McClain MS, Beckett AC, Cover TL. Helicobacter pylori vacu-
olating toxin and gastric cancer. Toxins (Basel). 2017. https:// 
doi. org/ 10. 3390/ toxin s9100 316. (PMID: 29023421; PMCID: 
PMC5666363).

 31. Maldonado RF, Sá-Correia I, Valvano MA. Lipopolysaccharide 
modification in Gram-negative bacteria during chronic infection. 
FEMS Microbiol Rev. 2016;40(4):480–93. https:// doi. org/ 10. 
1093/ femsre/ fuw007. (Epub 2016 Apr 12. PMID: 27075488; 
PMCID: PMC4931227).

 32. Gebert B, Fischer W, Weiss E, Hoffmann R, Haas R. Helicobacter 
pylori vacuolating cytotoxin inhibits T lymphocyte activation. Sci-
ence. 2003;301(5636):1099–102. https:// doi. org/ 10. 1126/ scien ce. 
10868 71. (PMID: 12934009).

 33. Pfannkuch L, Hurwitz R, Traulsen J, Sigulla J, Poeschke M, 
Matzner L, Kosma P, Schmid M, Meyer TF. ADP heptose, a novel 
pathogen-associated molecular pattern identified in Helicobacter 
pylori. FASEB J. 2019;33(8):9087–99. https:// doi. org/ 10. 1096/ fj. 
20180 2555R. (Epub 2019 Jun 21. Erratum in: FASEB J. 2020 
Nov;34(11):15623. PMID: 31075211; PMCID: PMC6662969).

 34. He Y, Wang C, Zhang X, Lu X, Xing J, Lv J, Guo M, Huo X, Liu 
X, Lu J, Du X, Li C, Chen Z. Sustained exposure to Helicobacter 
pylori lysate inhibits apoptosis and autophagy of gastric epithelial 
cells. Front Oncol. 2020;10: 581364. https:// doi. org/ 10. 3389/ fonc. 
2020. 581364. (PMID: 33194715; PMCID: PMC7658535).

 35. Kinoshita-Daitoku R, Ogura Y, Kiga K, Maruyama F, Kondo 
T, Nakagawa I, Hayashi T, Mimuro H. Complete genome 
sequence of Helicobacter pylori strain ATCC 43504, a type 
strain that can infect gerbils. Microbiol Resour Announc. 
2020;9(18):e00105-e120. https:// doi. org/ 10. 1128/ MRA. 00105- 
20. (PMID: 32354967; PMCID: PMC7193922).

 36. Mimuro H, Suzuki T, Nagai S, Rieder G, Suzuki M, Nagai T, 
Fujita Y, Nagamatsu K, Ishijima N, Koyasu S, Haas R, Sasakawa 
C. Helicobacter pylori dampens gut epithelial self-renewal by 
inhibiting apoptosis, a bacterial strategy to enhance colonization 
of the stomach. Cell Host Microbe. 2007;2(4):250–63. https:// 
doi. org/ 10. 1016/j. chom. 2007. 09. 005. (PMID: 18005743).

 37. Smith MF Jr, Mitchell A, Li G, Ding S, Fitzmaurice AM, Ryan 
K, Crowe S, Goldberg JB. Toll-like receptor (TLR) 2 and TLR5, 
but not TLR4, are required for Helicobacter pylori-induced 
NF-kappa B activation and chemokine expression by epithelial 
cells. J Biol Chem. 2003;278(35):32552–60. https:// doi. org/ 10. 
1074/ jbc. M3055 36200. (Epub 2003 Jun 13 PMID: 12807870).

 38. Lind NA, Rael VE, Pestal K, Liu B, Barton GM. Regulation 
of the nucleic acid-sensing Toll-like receptors. Nat Rev Immu-
nol. 2022;22(4):224–35. https:// doi. org/ 10. 1038/ s41577- 021- 
00577-0. (Epub 2021 Jul 16. PMID: 34272507; PMCID: 
PMC8283745).

 39. Kawai T, Akira S. Toll-like receptors and their crosstalk with 
other innate receptors in infection and immunity. Immunity. 
2011;34(5):637–50. https:// doi. org/ 10. 1016/j. immuni. 2011. 05. 
006. (PMID: 21616434).

 40. Asfaha S, Dubeykovskiy AN, Tomita H, Yang X, Stokes S, Shibata 
W, Friedman RA, Ariyama H, Dubeykovskaya ZA, Muthupalani 
S, Ericksen R, Frucht H, Fox JG, Wang TC. Mice that express 
human interleukin-8 have increased mobilization of immature 
myeloid cells, which exacerbates inflammation and accelerates 
colon carcinogenesis. Gastroenterology. 2013;144(1):155–66. 
https:// doi. org/ 10. 1053/j. gastro. 2012. 09. 057. (Epub 2012 Oct 3. 
PMID: 23041326; PMCID: PMC3990262).

 41. Niu L, Luo R, Zou M, Sun Y, Fu Y, Wang Y, Peng X. Puerarin 
inhibits Mycoplasma gallisepticum (MG-HS)-induced inflamma-
tion and apoptosis via suppressing the TLR6/MyD88/NF-κB sig-
nal pathway in chicken. Int Immunopharmacol. 2020;88: 106993. 
https:// doi. org/ 10. 1016/j. intimp. 2020. 106993. (Epub 2020 Sep 20 
PMID: 33182066).

 42. Choteau L, Vancraeyneste H, Le Roy D, Dubuquoy L, Romani 
L, Jouault T, Poulain D, Sendid B, Calandra T, Roger T, Jawhara 
S. Role of TLR1, TLR2 and TLR6 in the modulation of intesti-
nal inflammation and Candida albicans elimination. Gut Pathog. 
2017;9:9. https:// doi. org/ 10. 1186/ s13099- 017- 0158-0. (PMID: 
28289440; PMCID: PMC5310049).

 43. Zhang K, Han Y, Wang Z, Zhao Y, Fu Y, Peng X. gga-miR-
146c activates TLR6/MyD88/NF-κB pathway through targeting 
MMP16 to prevent mycoplasma gallisepticum (HS strain) infec-
tion in chickens. Cells. 2019;8(5):501. https:// doi. org/ 10. 3390/ 
cells 80505 01. (PMID: 31137698; PMCID: PMC6562429).

 44. Tian W, Zhao C, Hu Q, Sun J, Peng X. Roles of Toll-like receptors 
2 and 6 in the inflammatory response to Mycoplasma gallisepti-
cum infection in DF-1 cells and in chicken embryos. Dev Comp 
Immunol. 2016;59:39–47. https:// doi. org/ 10. 1016/j. dci. 2016. 01. 
008. (Epub 2016 Jan 19 PMID: 26797426).

 45. Lu Z, Chang L, Du Q, Huang Y, Zhang X, Wu X, Zhang J, Li R, 
Zhang Z, Zhang W, Zhao X, Tong D. Arctigenin induces an acti-
vation response in porcine alveolar macrophage through TLR6-
NOX2-MAPKs signaling pathway. Front Pharmacol. 2018;9:475. 
https:// doi. org/ 10. 3389/ fphar. 2018. 00475. (PMID: 29867481; 
PMCID: PMC5962800).

 46. Zhang X, Wang C, He Y, Xing J, He Y, Huo X, Fu R, Lu X, Liu 
X, Lv J, Du X, Chen Z, Li C. Establishment of noninvasive meth-
ods for the detection of Helicobacter pylori in mongolian gerbils 

https://doi.org/10.1084/jem.20041061
https://doi.org/10.1084/jem.20041061
https://doi.org/10.1155/2015/981328
https://doi.org/10.1155/2015/981328
https://doi.org/10.1111/cmi.12826
https://doi.org/10.1111/cmi.12826
https://doi.org/10.1111/hel.12763
https://doi.org/10.1111/hel.12763
https://doi.org/10.3748/wjg.v12.i14.2149
https://doi.org/10.3748/wjg.v12.i14.2149
https://doi.org/10.3390/cells8101290
https://doi.org/10.1080/15548627.2018.1557835
https://doi.org/10.1080/15548627.2018.1557835
https://doi.org/10.1172/JCI130015
https://doi.org/10.1172/JCI130015
https://doi.org/10.3390/toxins9100316
https://doi.org/10.3390/toxins9100316
https://doi.org/10.1093/femsre/fuw007
https://doi.org/10.1093/femsre/fuw007
https://doi.org/10.1126/science.1086871
https://doi.org/10.1126/science.1086871
https://doi.org/10.1096/fj.201802555R
https://doi.org/10.1096/fj.201802555R
https://doi.org/10.3389/fonc.2020.581364
https://doi.org/10.3389/fonc.2020.581364
https://doi.org/10.1128/MRA.00105-20
https://doi.org/10.1128/MRA.00105-20
https://doi.org/10.1016/j.chom.2007.09.005
https://doi.org/10.1016/j.chom.2007.09.005
https://doi.org/10.1074/jbc.M305536200
https://doi.org/10.1074/jbc.M305536200
https://doi.org/10.1038/s41577-021-00577-0
https://doi.org/10.1038/s41577-021-00577-0
https://doi.org/10.1016/j.immuni.2011.05.006
https://doi.org/10.1016/j.immuni.2011.05.006
https://doi.org/10.1053/j.gastro.2012.09.057
https://doi.org/10.1016/j.intimp.2020.106993
https://doi.org/10.1186/s13099-017-0158-0
https://doi.org/10.3390/cells8050501
https://doi.org/10.3390/cells8050501
https://doi.org/10.1016/j.dci.2016.01.008
https://doi.org/10.1016/j.dci.2016.01.008
https://doi.org/10.3389/fphar.2018.00475


Sustained exposure to Helicobacter pylori induces immune tolerance by desensitizing TLR6  

and application of main laboratory gerbil populations in China. 
Biomed Res Int. 2022;2022:6036457. https:// doi. org/ 10. 1155/ 
2022/ 60364 57. (PMID: 35392259; PMCID: PMC8983185).

 47. Kraft M, Riedel S, Maaser C, Kucharzik T, Steinbuechel A, 
Domschke W, Luegering N. IFN-gamma synergizes with 
TNF-alpha but not with viable H. pylori in up-regulating CXC 
chemokine secretion in gastric epithelial cells. Clin Exp Immunol. 
2001;126(3):474–81. https:// doi. org/ 10. 1046/j. 1365- 2249. 2001. 
01634.x. (PMID: 11737065; PMCID: PMC1906237).

 48. Tuzun A, Polat Z, Kilciler G, Turan I, Kilic A, Ozcan A, Uygun 
A. Evaluation for Helicobacter pylori in Meckel’s diverticulum 
by using real-time PCR. Dig Dis Sci. 2010;55(7):1969–74. https:// 
doi. org/ 10. 1007/ s10620- 009- 0958-2. (Epub 2009 Aug 29 PMID: 
19714464).

 49. Suzuki H, Masaoka T, Hosoda H, Ota T, Minegishi Y, Nomura 
S, Kangawa K, Ishii H. Helicobacter pylori infection modifies 
gastric and plasma ghrelin dynamics in Mongolian gerbils. Gut. 
2004;53(2):187–94. https:// doi. org/ 10. 1136/ gut. 2003. 021568. 
(PMID: 14724148; PMCID: PMC1774944).

 50. Arnold IC, Lee JY, Amieva MR, Roers A, Flavell RA, Sparwas-
ser T, Müller A. Tolerance rather than immunity protects from 
Helicobacter pylori-induced gastric preneoplasia. Gastroenter-
ology. 2011;140(1):199–209. https:// doi. org/ 10. 1053/j. gastro. 
2010. 06. 047. (Epub 2010 Jun 22. PMID: 20600031; PMCID: 
PMC3380634).

 51. Yuan J, Li P, Tao J, Shi X, Hu B, Chen H, Guo XH. pylori escape 
host immunoreaction through inhibiting ILK expression by VacA. 
Cell Mol Immunol. 2009;6(3):191–7. https:// doi. org/ 10. 1038/ cmi. 
2009. 26. (PMID: 19567202; PMCID: PMC4003062).

 52. Kao JY, Zhang M, Miller MJ, Mills JC, Wang B, Liu M, Eaton 
KA, Zou W, Berndt BE, Cole TS, Takeuchi T, Owyang SY, Luther 
J. Helicobacter pylori immune escape is mediated by dendritic 
cell-induced Treg skewing and Th17 suppression in mice. Gas-
troenterology. 2010;138(3):1046–54. https:// doi. org/ 10. 1053/j. 
gastro. 2009. 11. 043. (Epub 2009 Nov 18. PMID: 19931266; 
PMCID: PMC2831148).

 53. Satoh T, Akira S. Toll-like receptor signaling and its inducible 
proteins. Microbiol Spectr. 2016. https:// doi. org/ 10. 1128/ micro 
biols pec. MCHD- 0040- 2016. (PMID: 28084212).

 54. Noto JM, Romero-Gallo J, Piazuelo MB, Peek RM. The mongo-
lian gerbil: a robust model of Helicobacter pylori-induced gastric 
inflammation and cancer. Methods Mol Biol. 2016;1422:263–
80. https:// doi. org/ 10. 1007/ 978-1- 4939- 3603-8_ 24. (PMID: 
27246040; PMCID: PMC5915618).

 55. Oshio I, Osaki T, Hanawa T, Yonezawa H, Zaman C, Kurata 
S, Kamiya S. Vertical Helicobacter pylori transmission from 
Mongolian gerbil mothers to pups. J Med Microbiol. 2009;58(Pt 

5):656–62. https:// doi. org/ 10. 1099/ jmm.0. 008185-0. (PMID: 
19369529).

 56. Halliday A, Turner JD, Guimarães A, Bates PA, Taylor MJ. The 
TLR2/6 ligand PAM2CSK4 is a Th2 polarizing adjuvant in Leish-
mania major and Brugia malayi murine vaccine models. Parasit 
Vectors. 2016;9:96. https:// doi. org/ 10. 1186/ s13071- 016- 1381-0. 
(PMID: 26897363; PMCID: PMC4761161).

 57. Fu Q, Song T, Ma X, Cui J. Research progress on the relation-
ship between intestinal microecology and intestinal bowel dis-
ease. Anim Model Exp Med. 2022;5(4):297–310. https:// doi. org/ 
10. 1002/ ame2. 12262. (Epub 2022 Aug 12. PMID: 35962562; 
PMCID: PMC9434592).

 58. Schwandner R, Dziarski R, Wesche H, Rothe M, Kirschn-
ing CJ. Peptidoglycan- and lipoteichoic acid-induced cell 
activation is mediated by toll-like receptor 2. J Biol Chem. 
1999;274(25):17406–9. https:// doi. org/ 10. 1074/ jbc. 274. 25. 17406. 
(PMID: 10364168).

 59. Gosu V, Basith S, Kwon OP, Choi S. Therapeutic applications of 
nucleic acids and their analogues in Toll-like receptor signaling. 
Molecules. 2012;17(11):13503–29. https:// doi. org/ 10. 3390/ molec 
ules1 71113 503. (PMID: 23151919; PMCID: PMC6269001).

 60. Dias AA, Silva CO, Santos JP, Batista-Silva LR, Acosta CC, 
Fontes AN, Pinheiro RO, Lara FA, Machado AM, Nery JA, Sarno 
EN, Pereira GM, Pessolani MC. DNA sensing via TLR-9 consti-
tutes a major innate immunity pathway activated during erythema 
nodosum leprosum. J Immunol. 2016;197(5):1905–13. https:// 
doi. org/ 10. 4049/ jimmu nol. 16000 42. (Epub 2016 Jul 29 PMID: 
27474073).

 61. Leiva-Juarez MM, Kirkpatrick CT, Gilbert BE, Scott B, Tuvim 
MJ, Dickey BF, Evans SE, Markesich D. Combined aerosolized 
Toll-like receptor ligands are an effective therapeutic agent against 
influenza pneumonia when co-administered with oseltamivir. Eur 
J Pharmacol. 2018;818:191–7. https:// doi. org/ 10. 1016/j. ejphar. 
2017. 10. 035. (Epub 2017 Oct 21. PMID: 29066417; PMCID: 
PMC5742311).

 62. He XX, Yang J, Ding YW, Liu W, Shen QY, Xia HH. Increased 
epithelial and serum expression of macrophage migration inhibi-
tory factor (MIF) in gastric cancer: potential role of MIF in gas-
tric carcinogenesis. Gut. 2006;55(6):797–802. https:// doi. org/ 10. 
1136/ gut. 2005. 078113. (Epub 2006 Feb 17. PMID: 16488898; 
PMCID: PMC1856238).

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1155/2022/6036457
https://doi.org/10.1155/2022/6036457
https://doi.org/10.1046/j.1365-2249.2001.01634.x
https://doi.org/10.1046/j.1365-2249.2001.01634.x
https://doi.org/10.1007/s10620-009-0958-2
https://doi.org/10.1007/s10620-009-0958-2
https://doi.org/10.1136/gut.2003.021568
https://doi.org/10.1053/j.gastro.2010.06.047
https://doi.org/10.1053/j.gastro.2010.06.047
https://doi.org/10.1038/cmi.2009.26
https://doi.org/10.1038/cmi.2009.26
https://doi.org/10.1053/j.gastro.2009.11.043
https://doi.org/10.1053/j.gastro.2009.11.043
https://doi.org/10.1128/microbiolspec.MCHD-0040-2016
https://doi.org/10.1128/microbiolspec.MCHD-0040-2016
https://doi.org/10.1007/978-1-4939-3603-8_24
https://doi.org/10.1099/jmm.0.008185-0
https://doi.org/10.1186/s13071-016-1381-0
https://doi.org/10.1002/ame2.12262
https://doi.org/10.1002/ame2.12262
https://doi.org/10.1074/jbc.274.25.17406
https://doi.org/10.3390/molecules171113503
https://doi.org/10.3390/molecules171113503
https://doi.org/10.4049/jimmunol.1600042
https://doi.org/10.4049/jimmunol.1600042
https://doi.org/10.1016/j.ejphar.2017.10.035
https://doi.org/10.1016/j.ejphar.2017.10.035
https://doi.org/10.1136/gut.2005.078113
https://doi.org/10.1136/gut.2005.078113

	Sustained exposure to Helicobacter pylori induces immune tolerance by desensitizing TLR6
	Abstract
	Introduction
	Results
	Sustained exposure to H. pylori or H. pylori lysate in GES-1 cells inhibited TLR6 expression
	H. pylori and H. pylori lysate induced immune tolerance of GES-1 cells with decreasing inflammatory cytokine release following prolonged coculture
	H. pylori activates JNK inflammatory signaling pathway through TLR6
	TLR26 heterodimer agonist enhances the sensitivity of H. pylori tolerant GES-1 cells
	TLR6 and gastric inflammation scores initially increased and then decreased in H. pylori-infected gerbils
	TLR26 heterodimer agonist activated immune response and reduced the colonization of H. pylori in the gastric mucosa of gerbils
	H. pylori infection suppressed the expression of TLR6 in the gastric mucosa of patients with gastritis

	Discussion
	Materials and methods
	Cell culture
	Bacterial culture and preparation of H. pylori lysate
	Cell culture with H. pylori or H. pylori lysate
	Multiplex assay
	RNA extraction and real-time PCR analysis
	Western blotting analysis
	Animal experiments
	Gastric mucosa tissue specimens
	DNA extraction, PCR, and electrophoresis
	Enzyme-linked immunosorbent assay (ELISA)
	Histopathology
	Tissue microarray
	Immunofluorescence (IF) and immunohistochemistry (IHC) staining
	Statistical analysis

	Acknowledgements 
	References


