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Abstract Background: Amoxicillin resistance in Helicobacter pylori is mainly associated with
mutations in penicillin-binding protein-1A (PBP-1A). However, the specific amino acid substitu-
tions in PBP-1A that confer amoxicillin resistance in H. pylori remain to be investigated.
Objective: This study aimed to investigate the molecular mechanism underlying amoxicillin
resistance in patients with refractory H. pylori infection.
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Resistance;
PBP-1A mutation
Methods: Esophagogastroduodenoscopy (EGD) was performed in patients with persistent H. py-
lori infection after at least two courses of H. pylori eradication therapy between January-2018
to March-2021. Refractory H. pylori was cultured from the gastric biopsy specimens. Antibiotic
susceptibility testing was conducted to determine the minimum inhibitory concentrations
(MICs). Sequence analysis of pbp-1A was performed for amoxicillin-resistant strains.
Results: Thirty-nine successfully cultured isolates were classified as refractory H. pylori iso-
lates, and seventeen isolates were resistant to amoxicillin (MIC > 0.125 mg/L). Sequence anal-
ysis of resistant strains showed multiple mutations in the C-terminal region of PBP-1A that
conferred amoxicillin resistance in H. pylori. However, the number of PBP-1A mutations did
not correlate with the high MICs of amoxicillin-resistant isolates. Notably, some amino acid
substitutions were identified in all Taiwanese isolates with history of eradication failure but
not in published amoxicillin-susceptible strains, suggesting that the mutations may play a role
in conferring antibiotic resistance to these strains.
Conclusions: Our results show that amoxicillin resistance in refractory H. pylori is highly corre-
lated with numerous PBP-1A mutations that are strain specific. Continuous improvements in
diagnostic tools, particularly molecular analysis approaches, can help to optimize current anti-
microbial regimens.
Copyright ª 2022, Taiwan Society of Microbiology. Published by Elsevier Taiwan LLC. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).
Introduction

Helicobacter pylori infection is associated with various
gastrointestinal diseases, such as chronic gastritis, peptic
ulcer disease, and gastric adenocarcinoma.1 Proton pump
inhibitors (PPI) and bismuth compounds combined with at
least two antibiotics are considered the first-line treatment
for H. pylori infection.2 With increasing antibiotic use, the
prevalence of H. pylori resistance has greatly increased,
and a drop in the eradication rate after treatment has
become a major concern worldwide.3

To overcome increased challenges in eradicating H. py-
lori infection, the Maastricht V/Florence Consensus Report
recommends that antimicrobial susceptibility be deter-
mined for H. pylori isolates from cases in which first-line
antibiotics fail.4 Amoxicillin, a b-lactam antibiotic, is
commonly used to treat H. pylori infection and is employed
in nearly all eradication regimens.5 The primary amoxicillin
resistance rate is relatively low in most countries.6 A meta-
analysis of antimicrobial resistance in the Asia-Pacific re-
gion revealed that the primary resistance rate of amoxi-
cillin was approximately 3%, compared with 20% and 21% for
clarithromycin and levofloxacin, respectively.7 Therefore,
high-dose dual therapy using PPI and amoxicillin is an effi-
cient strategy for first-line treatment of H. pylori infection.
With this treatment, an eradication rate of 89.3% was
achieved.8

Although H. pylori eradication rates using amoxicillin-
containing regimens are high, the amoxicillin resistance
rate of H. pylori has gradually increased.9 Moreover,
following eradication failure, higher rates of amoxicillin
resistance are noted.10 Because of the high amoxicillin
resistance rate in H. pylori (13.1e34.1%) after repeated
treatment,10,11 the efficacy of high-dose dual therapy in
advanced eradication treatment requires more compre-
hensive and prospective investigations. The resistance of
Gram-negative bacteria to b-lactam antibiotics is closely
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related to b-lactamase activity. Although the H. pylori
genome contains a b-lactamase-like gene, it has not shown
to correlate with amoxicillin resistance.12 Rather, amoxi-
cillin resistance is mainly attributed to mutations in
penicillin-binding protein-1A (PBP-1A).13

Culture-driven therapy is a cost-effective method for
the treatment of refractory H. pylori infection and is indi-
cated after two rounds of eradication failure, but avail-
ability is limited.11 Genetic analysis can considerably
reduce the time it takes to acquire antimicrobial suscep-
tibility results.14 However, most studies have focused on
clarithromycin or levofloxacin resistance.15 Very few
studies have investigated the prevalence and role of
amoxicillin resistance in H. pylori eradication failure after
second-line and third-line treatments, or the corresponding
molecular mechanisms involved in the development of re-
fractory H. pylori infection. The present study investigated
the occurrence of multiple amino acid substitutions in PBP-
1A that conferred H. pylori resistance to amoxicillin.
Materials and methods

Patient recruitment and experimental design

This study was performed in Chang Gung Memorial Hospital,
Linkou, Taiwan (a tertiary medical center with over 4000
beds) from January 2018 to March 2021. The inclusion
criteria for recruiting subjects were as follows: patients
over 20 years old, with refractory H. pylori infection,
defined as chronic persistent H. pylori infection after two
or more rounds of eradication therapies, and confirmed by
positive results from the [13C]-urea breath assay. On the
other hand, the exclusion criteria included patients un-
willing to undergo esophagogastroduodenoscopy (EGD),
patients with underlying diseases (which is a contraindica-
tion to biopsies including cirrhosis, coagulopathy, or
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thrombocytopenia), failure of H. pylori culture, and un-
availability of antibiotic sensitivity test. All enrolled pa-
tients underwent EGD with biopsies of the stomach mucosa
for subsequent H. pylori culture and molecular analysis to
determine antimicrobial resistance.10 A total of 70 patients
were diagnosed as having refractory H. pylori infection,
and 39 isolates were successfully cultured (Fig. 1). H. pylori
isolates obtained from the stomach mucosa were then
subjected to antibiotic susceptibility testing and molecular
analysis, to investigate the mechanism of antimicrobial
resistance. Patient characteristics and demographic data,
including personal medical history, previous antibiotic
exposure, endoscopic findings, biopsy pathological reports,
eventual antibiotic prescription, and the results of eradi-
cation, were recorded.
Ethics

All recruited patients have signed the informed consent to
participate in the study protocol after providing a complete
explanation of the study. The gastric biopsies and clinical
data were acquired after obtaining patients’ consent. All
the clinical protocols were in accordance with the guide-
lines approved by the Institutional Review Board (IRB) of
Chang Gung Memorial Hospital, Linkou, Taiwan (IRB No.
201701000A3 and 202000374A3) and the ethical regulation
of the hospital.
Isolation of H. pylori strains and identification

The biopsies isolated from both gastric antrum and body
were incubated at 37 �C in the microaerophilic environment
for 5e7 days. H. pylori isolates were identified as described
previously.16 The H. pylori isolates were stored at �80 �C
before experimental studies were conducted.
Figure 1. Patient recruitment and e
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Antibiotic susceptibility testing

Epsilometer test (E-test) (AB Biodisc, Solna, Sweden) was
used to determine the antimicrobial susceptibility for all H.
pylori isolates. The breakpoint of H. pylori amoxicillin-
resistance according to EUCAST (https://www.eucast.org/
fileadmin/src/media/PDFs/EUCAST_files/Breakpoint_
tables/v_10.0_Breakpoint_Tables.pdf, accessed on
December 20th, 2021) was defined as 0.125 mg/L. After
H. pylori was cultured for 2e3 days, the minimal
inhibitory concentration (MIC) value was analyzed and
defined as described previously.17

Polymerase chain reaction (PCR) analysis and DNA
sequencing

H. pylori genomic DNA was prepared by following the
manufacturer’s instructions (Promega, Dane, WI, USA).
Amplification of C-terminal region (992-1896 bae pairs) in
pbp-1A was performed using PCR with forward and reverse
primers: PBP1-F (GCATGATCGTTACAGACACG) and PBP1-R
(ATCCACGATTTCTTTACGC), respectively.18 The PCR
cycling reaction for pbp-1A is: an initial denaturation at
95 �C for 5 min; then 95 �C for 1 min, 52 �C for 1 min, 72 �C
for 1.5 min for a total of 30 cycles; and a final extension at
72 �C for 10 min. The PCR fragments with amplicon of 905
base pairs were prepared and sequenced. The mutation
sites of pbp-1A were determined by DNA sequencing and
compared to H. pylori reference strain ATCC 700392.19

Statistical analysis

Analysis of the correlation of number of amino acid muta-
tions in pbp-1A of H. pylori isolates and MIC value were
conducted using SPSS version 22 (SPSS Inc., Chicago, IL,
USA). P < 0.05 was considered statistically significant.
xperimental protocol of the study.

https://www.eucast.org/fileadmin/src/media/PDFs/EUCAST_files/Breakpoint_tables/v_10.0_Breakpoint_Tables.pdf
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Results

Identification of amoxicillin-resistant H. pylori
isolates

After completion of the antibiotic-based therapy course, H.
pylori eradication status of each patient was assessed using
the [13C]-urea breath test. A total of 70 patients showed
failure of H. pylori eradication, and the corresponding H.
pylori strains were cultured. Patients who tested positive
for H. pylori using the [13C]-urea breath test but did not
have a successful bacterial culture were not considered for
further analysis. Of the 70 patients with treatment failure,
only 39 had positive cultures, and the corresponding iso-
lates were referred to as those obtained from refractory H.
pylori infections. We then analyzed the antibiotic
Table 1 Amino acid substitutions in PBP-1A of H. pylori strains

yGreen and purple table elements represent refractory isolates t
zRed table elements indicate the observation of same mutational
acid mutations in amoxicillin-susceptible strains. Blue table eleme
{Amoxicillin-susceptible H. pylori isolate (GenBank accession num
xAmoxicillin-susceptible H. pylori isolate (GenBank accession num
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susceptibility of all H. pylori isolates using the E-test.
Among these, 17 isolates, with an amoxicillin MIC higher
than 0.125 mg/L were considered to have acquired an
amoxicillin resistance phenotype. The MIC values for
amoxicillin-resistant H. pylori strains ranged from 0.19 to
256 mg/L (Table 1). In the amoxicillin-resistant isolates, 8
(47.1%), 3 (17.6%), and 6 (35.3%) had MICs of 0.125e0.5 mg/
L, 0.5e1.0 mg/L, and >1.0 mg/L, respectively.

Among the 17 patients infected with amoxicillin-
resistant H. pylori strains, 64.7% were female with a
mean age of 52.7 � 12.7 years. Endoscopic analyses
revealed gastritis (13/17, 76.5%) and duodenal ulcer scar-
ring (6/17, 35.3%) to be the most common abnormalities,
and we established that the median course of previous
antibiotic treatment for H. pylori eradication was three
(Table 2).
.

hat are susceptible and resistant to amoxicillin, respectively.
changes in all isolates. Yellow table elements indicate amino
nts indicate mutation changes in amoxicillin-resistant strains.
bers EF583173).31

bers AF479618).32



Table 2 Characteristics of patients recruited in the study.

Patient’s characteristics

Amoxicillin
resistance
(n Z 17)

Gender Male 6 (35.3%)
Female 11 (64.7%)

Age in years, mean � SD 52.7 � 12.7
Age
30-39 4 (23.5%)
40-49 4 (23.5%)
50-59 2 (11.8%)
60-69 5 (29.4%)
70-79 2 (11.8%)

Background definition
1. Gastritis 13 (76.5%)
2. Erosion 1 (5.9%)
3. Gastric ulcer 3 (17.6%)
4. Duodenal ulcer scar 6 (35.3%)

Median previous antibiotic courses 3
Mean previous antibiotic courses 3.8
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Analysis of PBP-1A mutations in amoxicillin-
resistant H. pylori

In H. pylori, mutations in the pbp-1A gene confer resistance
to amoxicillin.20,21 The pbp-1A gene of 3 amoxicillin-
sensitive and 17 amoxicillin-resistant isolates was ampli-
fied using PCR for DNA sequencing (Fig. 2A). Two published
amoxicillin-susceptible strains, 16-Amx-S-C3 and 1061,
were also analyzed. Compared to the reference strain
(ATCC 700392), there were 12 and 38 amino acid sub-
stitutions in PBP-1A of amoxicillin-susceptible and
Figure 2. Analysis of amino acid mutations in PBP-1A. (A) Forwar
bp) (upper panel), and PCR amplicon of 905 bp, representing pb
mutational changes in PBP-1A and MIC. PBP-1A, penicillin-bindin
inhibitory concentration.
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-resistant isolates, respectively (Table 1). Four mutations
(T511, M515, G542, and I563) were observed only in the
sensitive strains analyzed in this study, suggesting that they
do not correlate with amoxicillin resistance. On the other
hand, there were 30 substitutions in PBP-1A (K352, K363,
F366, G367, A369, V374, Q376, T386, F396, H409, S414,
R418, F448, F473, D508, V509, T513, L530, T541, S543,
T550, N561, G591, Y604, S615, K617, R618, F620, V622, and
P623) that were only detected in amoxicillin-resistant iso-
lates. We noticed that most resistant isolates (except
strains 48A, 58A, 55B, and 60A) carried the P623L substi-
tution, which is likely responsible for the development of
amoxicillin resistance. Importantly, three mutations
(D479E, D535N, and S589G) were identified across all iso-
lates from Taiwanese patients. Additionally, the number of
mutations in PBP-1A did not correlate with the high MICs of
amoxicillin-resistant isolates (Fig. 2B).
Discussion

In addition to antibiotic resistance, many factors may
contribute to the failure of H. pylori eradication therapy,
including bacterial genotypes, polymorphisms in genes
associated with metabolism of PPIs, intragastric acidity, high
bacterial load before treatment, and patient compliance.22

The Maastricht V/Florence Consensus Report suggests that
after one or two failed treatments with different antibiotics,
H. pylori culture and standard antibiotic sensitivity tests
should be performed.4 In fact, in the treatment of refractory
H. pylori infection, antimicrobial susceptibility testing and
genotypic resistance-guided therapy are more effective than
empirical therapy.23 However, both bacterial culture and
antibiotic sensitivity tests are laborious and time-consuming
because of their fastidious nature. Additionally, the culture
success rate of H. pylori isolated from infection biopsies is
not that high, ranging from 50% to 70%.24 As the eradication
d and reverse primers in C-terminal region of pbp-1A (992e1896
p-1A (lower panel). (B) Relationship between the number of
g protein-1A; PCR, polymerase chain reaction; MIC, minimum
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rate decreases, the need for antimicrobial susceptibility
testing increases, but its use remains limited in clinical
practice. This study reports the molecular mechanism of
amoxicillin resistance in H. pylori isolates, which can help
identify appropriate antimicrobial agents to achieve better
treatment outcomes.

Clarithromycin resistance is the main cause of H. pylori
eradication failure following standard triple therapy.6 It is
recommended that standard triple therapies should not be
used in areas with clarithromycin resistance rates higher
than 20%, because the eradication rates of standard triple
therapies are generally less than 80%.25 However, the pri-
mary amoxicillin resistance rate of H. pylori is often low;
thus, it is advantageous to use amoxicillin to treat H. pylori
infections.7 In tandem with the gradual increase in amoxi-
cillin use over several decades, amoxicillin resistance in H.
pylori strains has increased globally after unsuccessful
eradication therapy.6 After failure of therapy in patients who
were previously subjected to H. pylori eradication treat-
ment, amoxicillin resistance has increased in many coun-
tries, with resistance rates of approximately 3.48%, 8.1%,
and 9.5% in Poland,26 South Korea,27 and Vietnam,28

respectively. Recently, we found the amoxicillin resistance
rate in Taiwanese patients with H. pylori eradication failure
after at least two courses of treatment to be as high as
34.1%.10 These findings indicate that an increase in amoxi-
cillin use directly impacts the development of amoxicillin-
resistant H. pylori, resulting in increased treatment fail-
ure. Therefore, a precise approach to identify H. pylori
antimicrobial resistance during diagnosis is essential to
determine which antibiotics can effectively treat patients.

Amoxicillin is frequently used in eradication therapy for
H. pylori infections. Penicillin-binding proteins (PBPs) are
involved in biosynthesis of the bacterial peptidoglycan layer.
Amoxicillin binds to PBPs in the periplasmic space, affecting
transpeptidase activity that is required for cross-linking of
nascent peptidoglycan molecules; this, in turn, interferes
with stability of the cell wall and ultimately leads to bac-
terial lysis.13 H. pylori resistance to amoxicillin is thought to
be caused by mutations in the pbp-1A gene. PBPs with
structural mutations exhibit reduced affinity for b-lactam
antibiotics.29 These mutations protect bacteria from anti-
biotic activity and allow bacteria to survive, despite high
concentrations of antimicrobial agents in cells. However,
there is a paucity of known amoxicillin resistance genotype
profiles. H. pylori resistance to amoxicillin has been induced
gradually, and higher resistance rates to amoxicillin have
emerged after eradication failures.6,10 Notably, antimicro-
bial treatment not only increases specific resistance to the
antibiotics used for bacterial eradication therapy but also
increases resistance to other types of antibiotics.30 Our study
provides a molecular approach for the detection of H. pylori
resistance to amoxicillin, which can help physicians further
optimize currently available regimens.

Analysis of PBP-1A sequences of two published
amoxicillin-susceptible strains, Amx-S-C331 and 1061,32

revealed that both carried same substitutions in 9 amino
acids, suggesting that these substitutions were not associ-
ated with amoxicillin resistance. Qureshi et al. reported
that six sites in PBP1 are critical for amoxicillin suscepti-
bility: three amino acid substitutions in PBP1 (V469M,
F473L, and S543R) affected the susceptibility of the US
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clinical strain,29 while the other three substitutions (S414R,
T556S, and N562Y) have been reported in multiple clinical
isolates, indicating that these are the most common amino
acid changes in PBP1 associated with amoxicillin resis-
tance.20,21 Alteration of amino acids S414R and F473L has
been posited to change the protein structure around the
putative amoxicillin binding cleft.32 In addition, amino acid
substitutions in, or adjacent to, putative penicillin-binding
motifs (T556S and N562Y) affect amoxicillin susceptibil-
ity.33 Our study showed that several substitutions in PBP-
1A, such as S414, V469, F473, and S543, present in
amoxicillin-resistant isolates were similar to those in the
aforementioned US study.29 Additionally, S414 mutations
have been reported in the Netherlands32 and South Korea.34

Substitutions including V374, S414, and V509 were observed
in amoxicillin-resistant strains evaluated in a study in
Japan.18 Similarly, the substitutions V374 and S414 have
been reported in amoxicillin-resistant strains isolated from
Mongolian population.35 These results indicate that multi-
ple mutations, specifically those located in the C-terminal
region of PBP-1A, confer amoxicillin resistance and facili-
tate refractory H. pylori infection.

In the present study, three amino acid substitutions,
D479E, D535N, and S589G, were found in all amoxicillin-
resistant H. pylori isolates. However, the three mutations
appeared either alone or along with amino acid sub-
stitutions associated with amoxicillin-resistant H. pylori
reported in other countries.18,20 Tseng et al. previously
reported that H. pylori with high-level amoxicillin resis-
tance isolated from a patient in southern Taiwan had amino
acid substitutions, including D479E, D535N, and S589G.36

The present study involved the analysis of amoxicillin-
resistant H. pylori isolates from patients in northern
Taiwan, and still all strains exhibited these three muta-
tional changes. These findings indicate that isolates from
cases in the Taiwanese population with a history of eradi-
cation failure may possess geographic uniqueness and that
specific mutations appear to be involved in conferring
antibiotic resistance. Our results can be explained by pre-
vious studies showing that H. pylori-infected populations
have distinct geographical distributions.37

Although the current study elucidated specific amino
acid substitutions in PBP-1A associated with amoxicillin
resistance in H. pylori, some limitations of this study should
be considered. First, the breakpoint for amoxicillin resis-
tance was different than those used in other studies;
EUCAST proposed 0.125 mg/L as the breakpoint for amox-
icillin resistance,38 but some studies used an MIC of 0.5 mg/
L for resistance to amoxicillin.39 Second, the E-test is
commonly used to assess the antimicrobial susceptibility of
H. pylori; additional analyses, including agar dilution or
disc diffusion tests, are recommended to validate the MIC
breakpoint of the antibiotics studied. Third, the current
study was a single-centered study, and the sample size was
not large. Given the apparent low incidence of H. pylori
amoxicillin resistance in the Taiwanese population and that
H. pylori is notoriously difficult to culture, particularly from
samples collected from patients who have undergone
repeated antibiotic treatment,17,40e42 obtaining suffi-
ciently large sample sizes is a current challenge. Fourth,
bacterial virulence factors were not analyzed in the present
study. In addition to PBP-1A mutations, there are other
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possible causes of amoxicillin-based eradication failure,
including activation of efflux pumps and alteration of
membrane permeability.6 Complete genome sequencing to
identify all mutations that may be involved in encoding
PBPs that confer H. pylori resistance is required. Finally,
host factors such as drug adherence and host genetic
polymorphisms in genes associated with PPI metabolism are
also contributors to therapy failure. Therefore, further
studies on the interplay between mechanistic processes
associated with H. pylori resistance and host factors that
lead to eradication failure are warranted.

In summary, this study showed that amoxicillin resis-
tance in our H. pylori isolates correlated with the presence
of multiple mutations in the C-terminal region of PBP-1A.
Using molecular approaches, resistant clinical H. pylori
strains can be rapidly identified and amino acid sub-
stitutions conferring antibiotic resistance in H. pylori can
be precisely determined. Improvements in diagnostic tools
will help to optimize current antimicrobial regimens,
leading to a reduction in the occurrence of H. pylori ther-
apy failure, in addition to an increase in eradication rates.
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