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ABSTRACT Chronic infection with Helicobacter pylori causes peptic ulcers and stom-
ach cancer in a subset of infected individuals. While standard eradication therapy in-
cludes multiple antibiotics, treatment failure due to resistance is an increasing clini-
cal problem. Accurate assessment of H. pylori antimicrobial resistance has been
limited by slow growth and sampling of few isolates per subject. We established a
method to simultaneously quantify H. pylori clarithromycin-resistant (mutant) and
-susceptible (wild-type) 23S rRNA gene alleles in both stomach and stool samples
using droplet digital PCR (ddPCR). In 49 subjects, we assessed the performance of
these assays alongside clarithromycin MIC testing of up to 16 H. pylori isolates per
subject and included both cancer (25 subjects) and noncancer (24 subjects) cases.
Gastric ddPCR and H. pylori culture showed agreement with urea breath test (UBT)
detection of infection in 94% and 88% of subjects, respectively, while stool ddPCR
showed agreement with UBT in 92% of subjects. Based on MIC testing of 43
culture-positive cases, 20 subjects had only susceptible isolates, 14 had a mix of
susceptible and resistant isolates, and 9 had only resistant isolates. ddPCR of
gastric samples indicated that 21 subjects had only wild-type alleles, 13 had a
mixed genotype, and 9 had only mutant alleles. Stool ddPCR detected mutant al-
leles in four subjects for which mutant alleles were not detected by stomach
ddPCR, and no resistant isolates were cultured. Our results indicate that ddPCR
detects H. pylori clarithromycin resistance-associated genotypes, especially in the
context of heteroresistance.

KEYWORDS droplet digital PCR, noninvasive detection, Helicobacter pylori,
heteroresistance, clarithromycin resistance

he Gram-negative pathogen Helicobacter pylori (H. pylori) infects half of the world'’s
population. Long-term infection with H. pylori increases the risk of chronic gastritis,
gastric and duodenal ulcers, gastric cancer, and gastric mucosa-associated lymphoid
tissue lymphoma. Eradication of H. pylori is recommended in all infected individuals to
prevent or postpone the development of these diseases. Treatment regimens contain
various combinations of a proton pump inhibitor, two antibiotics, and bismuth. Treat-
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ment failure may result, in part, from increasing prevalence of antibiotic resistance,
especially to clarithromycin (1).

Clarithromycin is an antibiotic that binds to the peptidyl transferase loop of domain
V of 23S rRNA to inhibit protein synthesis in H. pylori (2). Point mutations in this domain
cause resistance to clarithromycin, with A2143G and A2142(G/C) (3) accounting for the
majority. Additional resistance-related point mutations, such as T2182C, C2611A, and
T2717C, have been reported to be associated with low-level resistance (4, 5) but remain
controversial (6, 7). Interstrain and intrastrain genetic diversity of H. pylori during
persistent infection can cause heteroresistance in genotype and phenotype (8).

Noninvasive methods for detecting H. pylori include the urea breath test (UBT),
antigen in stool, and antibody in blood, among which UBT is the gold standard. Invasive
methods are based on endoscopic biopsy, including isolation and culture, as well as
molecular methods to detect H. pylori existence and antibiotic resistance-associated
genotypes, with a higher price and less frequent use. In the clinical laboratory, suscep-
tibility testing is generally performed by sampling three to five colonies isolated in
culture and performing testing. However, antibiotic-susceptible and -resistant H. pylori
isolates can be simultaneously present in an individual before antibiotic treatment (9,
10), which might lead to false-negative results in antimicrobial susceptibility testing in
the clinical laboratory by the traditional culture method.

To raise the sensitivity of resistance detection, molecular methods have been
introduced, among which real-time PCR was regarded as the most efficient and
sensitive method (11-14). In our previous study, we developed a new stool-based
method for detection of H. pylori infection and the cagA gene using droplet digital PCR
(ddPCR) (15). Here, we developed additional ddPCR assays to simultaneously quantify
clarithromycin-susceptible and -resistant 23S RNA alleles. We also performed extensive
phenotypic analysis of H. pylori strain populations within individuals to show that
ddPCR gives accurate quantitative results for the proportion of clarithromycin-resistant
strains.

MATERIALS AND METHODS

Study population and sample collection. Gastric mucus samples were collected from 49 urea
breath test (UBT)-positive patients seen at Henan Cancer Hospital, including 25 gastric cancer (3 female
and 22 male) and 24 noncancer (12 female and 12 male) patients, ranging in age from 27 to 76 years old
(24). Subjects who were H. pylori positive by UBT were offered participation in this research study, and
all participants provided informed consent prior to participation. Participating subjects had gastric
mucosal brushings collected and were asked to fill out a questionnaire that covered demographic
characteristics, medical conditions, and medications and provide a stool sample. In total, samples were
collected from 49 subjects, including 25 gastric cancer subjects diagnosed by pathology who were
undergoing gastric resection surgery and 24 noncancer subjects with no history of gastric tumor or
surgery who were undergoing upper gastrointestinal (Gl) endoscopy either as indicated because of
symptoms (n = 8) or as asymptomatic volunteers (n = 16). All noncancer cases showed histologic
evidence of gastritis, and no ulcers were detected. All 49 subjects had not taken antibiotics in the past
month. All procedures were approved by the Henan Cancer Hospital Medical Research Institution Review
Board (document 20160ct005).

Gastric mucosal brushing samples were collected from two different anatomical sites in the stomach,
the antrum and the corpus, using cytology brushes (Puritan Medical Products Co., LLC). From each
anatomical site, two gastric mucosal brushings were collected. A sample for total DNA extraction was
collected and stored in a cryovial containing 1 ml of flow medium (minimal essential medium plus 10%
dimethyl sulfoxide [DMSO], 5% fetal calf serum, 5 mM HEPES) (26). A sample for culture was similarly
collected and stored in 1 ml of brain heart infusion broth (Oxoid) containing 20% glycerol. Cryovials
containing the gastric mucosal brushing samples were immediately placed and kept at —80°C. The
gastric mucosal brushings were collected from the gastric cancer subjects during the gastric resection
surgery and from noncancer subjects during upper Gl endoscopy. Stool samples were collected 1 to 2
days before either surgery or endoscopy. Participants undergoing surgery collected the stool sample at
the hospital, and participants undergoing endoscopy collected the stool sample at home and delivered
it to the hospital on the same day. Stool samples were collected by the participants into a vial containing
5 ml of RNAlater nucleic acid preservative (Ambion) and were frozen at —20°C upon receipt. All five
samples (four gastric brushes and one stool sample) were collected from each subject.

DNA extraction. For the gastric mucosal brushings, sample medium and brush were transferred
from the cryovial to a microcentrifuge tube and centrifuged, followed by removal of the supernatant and
brush. DNA was then extracted from the pellet using an UltraClean Tissue and Cells DNA isolation kit
(MoBio) according to the manufacturer’s instructions.
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TABLE 1 Primers and probes used for the droplet digital PCR assay to detect H. pylori 23S
clarithromycin resistance alleles

Primer or probe name Sequence and chemical modification(s)”
Hp23SF 5'-TCCCGTTAGCAGTGCTAA-3’

Hp23SR 5'-AGATGGGAGCTGTCTCAAC-3’
Hp23S_WT_HEX 5'-HEX-AAGACGGAAAGACCCCGTG-BHQ1-3’
Hp23S_A2143G_FAM 5'-FAM-AAGACGGAGAGACCCCGT-BHQ1-3’
Hp23S_A2142G_FAM 5'-FAM-AAGACGGGAAGACCCCGT-BHQ1-3’
Hp23S_A2142C_FAM 5'-FAM-AAGACGGCAAGACCCCGT-BHQ1-3’

aHEX, hexachlorofluorescein; FAM, 6-carboxyfluorescein; BHQ1, Black Hole quencher 1.

Stool samples were first transferred to a microcentrifuge tube and centrifuged to remove the
RNAlater. DNA was then extracted using a QlAamp Stool DNA minikit (Qiagen) according to the
manufacturer’s instructions, with the lysis step performed at 95°C. Stool DNA concentration was
measured using a NanoDrop 2000 UV-Vis spectrophotometer (Thermo Scientific), and the concentration
was adjusted to 100 ng/ul.

Primer and probe design. The primer and probe sequences for the H. pylori 23S clarithromycin
resistance ddPCR assay are listed in Table 1. Probes were designed to distinguish between the H. pylori
wild-type (clarithromycin-susceptible) 23S allele and the three most common clarithromycin resistance-
conferring mutations in the H. pylori 23S gene (A2143G, A2142G, and A2142C).

Droplet digital PCR. H. pylori-specific droplet digital PCR (ddPCR) assays were performed using a
QX200 ddPCR System (Bio-Rad) as described previously (15) for the stool DNA and the gastric mucosal
brushing DNA. For the clarithromycin resistance assay, thermal cycling conditions were 95°C for 10 min,
45 cycles of 94°C for 30 s and 58°C for 1 min, and 1 cycle of 98°C for 10 min. Data were analyzed using
QuantaSoft software, version 1.6.6 (Bio-Rad). The thresholds for positive droplets were set at 2,000 for
wild-type alleles (hexachlorofluorescein [HEX] channel) and at 4,000 for resistance mutations (6-
carboxyfluorescein [FAM] channel). To decrease nonspecific detection of wild-type and resistance alleles,
the concentration of wild-type and resistance alleles was set to zero if less than five positive droplets
were detected in the respective channel.

The concentration of the gastric mucosal brushing DNA sample was adjusted so that the copy
number of the ddPCR assay target was within the dynamic range of the assay. DNA samples were run
as either undiluted or diluted 1:10, 1:100, 1:1,000, or 1:10,000. Stool DNA concentration was adjusted to
100 ng/ul as needed so that no more than 1 pg of stool DNA was added to each ddPCR reaction.

Isolation and verification of H. pylori from gastric brush samples. Gastric brush samples were
serially diluted 5-fold with brain heart infusion (Oxoid) broth, and 100 ul of undiluted or diluted (1:5, 1:25,
and 1:125) sample was inoculated on Karmali agar base (CM 0935; Oxoid) containing 15% defibrinated
sheep blood and H. pylori selective supplement SRO147E (Oxoid). Plates were incubated at 37°C under
microaerobic conditions (5% O,, 85% N,, 10% CO,) for 48 h to 2 weeks until up to 16 single colonies or
all the H. pylori colonies were collected. Individual isolates were collected as soon as they reached a
sufficient size for harvesting, and every effort was made to include the diversity of colony morphologies
and/or growth rates present in our sampling. A stringent confirmation process was applied in the
following sequence to confirm all included isolates as H. pylori: Gram stain microscopy; urease, catalase,
and oxidase tests; matrix-assisted laser desorption ionization-time of flight mass spectrometry (MALDI-
TOF MS) (Microflex LT system; Bruker) analysis supplemented with the Biotyper database (subdatabase
of H. pylori updated) and MicrolD software (subdatabase of H. pylori).

Clarithromycin susceptibility test. The MIC of clarithromycin was determined by Etest (bioMérieux)
strips. After 48 h of growth on plates, isolates were suspended in sterile saline and adjusted to a
McFarland turbidity standard of 2, as recommended by the Clinical and Laboratory Standards Institute
(CLSI). The bacterial suspension was spread onto Karmali blood agar plates with a sterile cotton swab.
Plates with clarithromycin Etest strips were incubated under microaerobic conditions for 48 h. The MIC
was the lowest concentration that inhibited visible growth. As CLSI recommended, a clarithromycin
resistance breakpoint of =0.75 mg/liter and a sensitive breakpoint of =0.25 mg/liter were used, while
MIC values of 0.38 and 0.5 ml/liter were considered intermediate. If isolates grew well and showed a clear
inhibition ring on the initial test plates, we used a single measurement to determine the MIC. Some
isolates (16 isolates from 7 subjects, 1 to 3 isolates per subject) gave sparse growth on the initial Etest
plate. In this case, we repeated the Etest and used only plates with uniform growth and clear inhibition
rings to determine the MIC. For such isolates, we reported values that were consistent for at least two
replicates. Four isolates from four different subjects gave clarithromycin MICs of 1 mg/liter in the initial
test. We performed two additional Etest assays for these four isolates and observed MIC values of 1
mg/ml for all replicates for three of these isolates while for one isolate the MIC was 0.75 mg/ml for one
replicate and 1 mg/ml for two replicates. H. pylori strain ATCC 43504 was used as the quality control
strain. MIC values of H. pylori ATCC 43504 were 0.047 to 0.064 mg/liter, within the range of 0.016 to 0.12
as recommended by the CLSI. An Etest performed on CLSI-recommended Mueller-Hinton agar (MHA)
with sheep blood and Karmali agar with sheep blood for H. pylori ATCC 43504 showed the same MIC
value of 0.064 mg/liter. All testing was conducted at the National Institute for Communicable Disease
Control and Prevention of the Chinese Center for Disease Control and Prevention.

23S rRNA gene amplification and sequence. The 23S rRNA genes were amplified with forward (F)
(5'-AGGCGATGAAGGACGTA-3’) and reverse (R) (5'-CTTAGATGCYTTCAGC-3’) primers. A reaction mixture
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of 50 ul contained 1X polymerase buffer, 200 wM each deoxyribonucleotide, 2.5 U of PrimeStar Tag DNA
polymerase (TaKaRa Bio, Inc,, Japan), and 0.5 uM each primer (Sangon Biotech Co., Shanghai, China).
Step-down PCR was used for amplification (25) as follows: activation of polymerase at 94°C for 5 min; 8
cycles of denaturation at 94°C for 45 s, annealing at 62°C to 55°C for 45 s (dropping 1°C per cycle), and
elongation at 72°C for 3 min; and 22 cycles of 94°C for 45 s, 55°C for 45 s, and 72°C for 3 min, followed
by a final elongation step of 7 min at 72°C. The V domain of the H. pylori 23S rRNA gene was amplified
with primers F (5'-AGCGATGTGGTCTCAGCA-3’) and R (5'-CAAGGGTGGTATCTCAAGG-3’). A 25-ul reaction
mixture contained 1X polymerase buffer, 200 uM each deoxyribonucleotide, 1 U of PrimeStar Tag DNA
polymerase (TaKaRa Bio, Inc.,, Japan), and 0.5 uM each primer (Sangon Biotech Co., Shanghai, China). The
PCR program was as follows: activation of polymerase at 94°C for 5 min and 35 cycles of denaturation
at 94°C for 45 s, annealing at 56°C for 45 s, and elongation at 72°C for 45 s, followed by a final elongation
step of 7 min at 72°C. PCR-amplified fragments were purified and sequenced by Beijing Tianyi Huiyuan
Bioscience and Technology, Inc.

Statistical analysis. Comparison of the clarithromycin resistance percentage in subjects with het-
eroresistance between the stomach ddPCR assay and culture and between stomach and stool ddPCR
assays was analyzed using the Spearman correlation coefficient with Fisher’s z-transformation. All
statistical analyses were performed in SAS, version 9.4 (SAS Institute, Inc.).

RESULTS

Efficient isolation of H. pylori from gastric mucus cytology brush samples. We
used a cohort of 49 urea breath test (UBT)-positive subjects from Henan Cancer Hospital
with gastritis (n = 24) or gastric cancer (n = 25) to investigate the prevalence of
clarithromycin resistance. For each subject, four gastric brush samples (two from the
antrum and two from the corpus) and one stool sample were collected. One sample
from each stomach site was used for culture of H. pylori and collection of up to 16 single
colony isolates per sample. Among the 49 UBT-positive subjects, we collected 1,084
isolates by culture, 560 from 39 (80%) gastric antrum samples, and 524 from 39 (80%)
gastric corpus samples. Combining gastric corpus and antrum results, 43 (88%) of 49
subjects showed positive results in culture, among which 35 subjects were culture
positive in both corpus and antrum samples, 6 subjects were culture negative in both
corpus and antrum samples, 4 subjects were corpus positive and antrum negative, and
4 subjects were antrum positive and corpus negative. From 25 subjects, we collected
32 isolates, including 16 from antrum and 16 from corpus samples. In 9 subjects, we
collected fewer than 16 isolates from either the antrum (3 subjects) or the corpus (6
subjects), and in 6 subjects we collected no isolates from the antrum (2 subjects) or the
corpus (4 subjects) in spite of collecting 16 isolates from the other site. In 3 subjects, we
collected fewer than 16 isolates in total, including 1 subject with a single isolate from
both the corpus and antrum samples and 2 subjects with 1 and 12 isolates in antrum
samples and no isolates from the corpus samples.

We successfully cultured H. pylori from 21/25 (84%) gastric cancer subjects (range, 16
to 32 isolates; median, 32 isolates) and 22/24 (92%) noncancer subjects (range, 1 to 32
isolates; median, 19 isolates).

Diversity of clarithromycin resistance in gastric isolates. To evaluate clarithro-
mycin resistance, we performed a clarithromycin Etest on 16 single-colony isolates or
as many isolates as were recovered from the 43 culture-positive subjects (range, 1 to 16
isolates; median, 16 isolates). For subjects who were culture positive in the antrum, we
performed the Etest only on antrum isolates and tested corpus isolates for the remain-
ing subjects. Based on the resistance breakpoint of 1 mg/liter, these subjects were
divided into three groups: one group in which all isolates were susceptible (MIC of
<0.25 mg/liter) or showed intermediate resistance (MIC of 0.38 or 0.5 mg/liter) to
clarithromycin, one group in which all isolates were resistant to clarithromycin (MIC of
=0.75 mg/liter), and one group which consisted of a mixture of susceptible and
resistant isolates. Among 43 subjects, 20 had only susceptible isolates, 14 subjects had
a mix of susceptible and resistant isolates, and 9 subjects had only resistant isolates. As
shown in Fig. 1, MIC values among all subject isolates and even among the 16 isolates
sampled from each subject showed considerable variation (range, 0.023 to >256
mg/liter; median, 0.25 mg/liter). Among the 14 subjects with a mix of susceptible and
resistant isolates, some (W025, W027, and W042) had isolates with a wide range of MICs
above the resistance breakpoint while some had isolates with very few MICs near the
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FIG 1 MIC distribution of H. pylori isolates in culture-positive gastric samples. Each column represents the MIC distribution of a gastric
antrum or corpus sample (W008, W014, W019, and W029 are from corpus samples, and the rest are from antrum samples). The diameter
of each dot represents the number of isolates that show a corresponding MIC value (y axis) in each sample (x axis). Horizontal dotted lines
separate three zones of clarithromycin resistance: resistant (=0.75 mg/liter), intermediate (0.38 and 0.5 mg/liter), and sensitive (<0.25
mg/liter). Vertical dotted lines separate subjects with only susceptible and intermediate isolates (left), with a mixture of susceptible,
intermediate, and resistant isolates (middle), and with only resistant isolates (right).

resistance breakpoint and many susceptible isolates (W003, W006, and WO055). While 23
of 34 subjects who had susceptible isolates also had isolates with intermediate sus-
ceptibility, in none of the subjects with only resistant isolates were the MIC values <3
mg/liter.

Considering disease states, we detected resistance in 10/21 cancer cases (48%,
including 2 subjects with only resistant isolates) and 13/22 noncancer cases (59%,
including 7 subjects with only resistant isolates).

Detection of H. pylori clarithromycin resistance-related 23S rRNA alleles. We
developed a ddPCR assay to assess clarithromycin resistance using probes bearing
different fluorophores to simultaneously measure the wild type and the three most
common 23S rRNA gene mutations that confer clarithromycin resistance (A2142G,
A2142C, and A2143G). We tested the H. pylori clarithromycin resistance assay by spiking
H. pylori genomic DNA of a clarithromycin-susceptible wild-type strain and three
isogenic clarithromycin-resistant strains into H. pylori-negative stool DNA from a UBT-
negative volunteer. The genomic DNA of each strain was spiked individually and also
at different ratios to test the sensitivity of the assay to detect subpopulations of
clarithromycin-resistant H. pylori. The clarithromycin resistance ddPCR assay correctly
distinguished between wild-type and clarithromycin resistance alleles and detected
subpopulations of clarithromycin-resistant mutants at least down to 1% of the popu-
lation (Fig. 2).

We next investigated the ability to measure resistance by ddPCR in the gastric
mucosal brush sample total DNA. We detected 23S rRNA genes (wild type, mutant, or
both) in all culture-positive samples and two additional samples that were culture
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were run for each sample, and the results were combined. Bars indicate Poisson 95% confidence
intervals.

negative. Of the 46 gastric brushing samples for which the H. pylori 23S gene was
detected, 22 (48%) had only wild-type (clarithromycin susceptible) alleles detected and
24 (52%) had clarithromycin resistance alleles detected. Of the 24 with clarithromycin
resistance alleles, 11 had only clarithromycin resistance alleles, and 13 had a mixed
population of clarithromycin resistance and wild-type alleles (Table 2). For the 13
subjects with a mixed population in the gastric brushing samples, the percentage of the
H. pylori population with clarithromycin resistance alleles ranged from 2% to 78%, with
a median of 36%. All patients had concordant results between the antrum and the
corpus brushing samples except for one patient for whom the 23S gene was detected
in the corpus sample but not in the antrum sample.

Comparing ddPCR detection of resistance alleles to culture Etest results showed
high concordance for the 42 subjects from which culture data were available (Table 3).
Among the subjects with mixed resistance detected by both culture and ddPCR, the
percentage of resistance detected was strongly correlated (Spearman correlation co-
efficient, 0.69; P = 0.004) (Fig. 3A). For two subjects, 1 of 16 isolates showed resistance
at the 1 mg/liter breakpoint by Etest, but resistance alleles were not detected by ddPCR.
Additionally, there were four subjects for whom resistance was detected at a frequency
of 10 to 63% by ddPCR, but no resistant clones were detected by Etest. Of these four
discordant cases, three had 16 individual isolates tested, while one had only 5 isolates
available for susceptibility testing.

Composition of H. pylori 23S alleles in stool is reflective of the stomach. Stool
samples from the 25 gastric cancer patients and 24 noncancer patients were also
collected and analyzed for the presence of H. pylori clarithromycin resistance alleles
using the stool-based ddPCR assay. The H. pylori 23S gene was detected in 45 of the 49
stool samples. Of these 45 stool samples, 17 (38%) had only wild-type (clarithromycin
susceptible) alleles detected and 28 (62%) had clarithromycin resistance alleles de-
tected. Of the 28 with clarithromycin resistance alleles, 11 had only clarithromycin
resistance alleles, and 17 had a mixed population of clarithromycin resistance and

TABLE 2 Clarithromycin resistance alleles detected in gastric brushes and stool samples
by ddPCR

No. (%) of positive subjects by group

Gastric brush Stool
Clarithromycin resistance Gastric cancer Noncancer Gastric cancer Noncancer
genotype (n = 25) (n = 24) (n = 25) (n = 24)
Only susceptible alleles 13(52) 9(38) 12 (48) 5(21)
Only resistance alleles 2(8) 9(38) 1(4) 10 (42)
Mixed 7(28) 6 (25) 9(36) 8(33)
23S not detected 3(12) 0(0) 3(12) 1(4)
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TABLE 3 Comparison of gastric ddPCR, stool ddPCR, and culture Etest in detecting
clarithromycin resistance

No. of isolates by genotype

Gastric ddPCR Stool ddPCR
Etest Wwild wild
Resistance category (no. of isolates) type Mixed Mutant type Mixed Mutant
Susceptible + intermediate 20 16 4 0 12 6 2
Mixed 14 5 9 0 3 9 1
Resistant 9 0 0 9 0 1 8

wild-type alleles (Table 2). For the 17 subjects with a mixed population in the stool
sample, the percentage of the H. pylori population with clarithromycin resistance alleles
ranged from 1% to 98%, with a median of 35%.

The stool-based clarithromycin resistance assay detected resistance alleles in 21
(88%) of the 24 subjects, with clarithromycin resistance mutations detected in gastric
brushings. Of the 22 subjects with only the wild-type susceptible allele in the gastric
brushings, 15 (68%) had only the wild-type susceptible allele detected in the stool. Of
the 49 subjects, 35 (71%) had concordant results for the clarithromycin resistance
category (susceptible allele only, clarithromycin resistance allele only, mixed, and no
detection of 23S) between the stool samples and the gastric brushing samples (Table
2). The 14 patients with discordant results between the stool sample and the gastric
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FIG 3 Comparison of phenotypic (Etest) and genotypic (ddPCR) clarithromycin resistance detected in the
stomach and stool among heteroresistant subjects. Each point represents a single subject. The fractional
abundance in culture of clarithromycin-resistant (Clar) isolates is defined as the number of isolates with
clarithromycin MICs of =1 mg/liter divided by the total number of isolates and multiplied by 100. For
stomach ddPCR, the percentage of 23S mutant alleles (number of mutant alleles divided by the sum of
wild-type and mutant alleles and multiplied by 100) is reported for the same stomach region used in the
MIC testing for that subject (A) or reported as the average of the antrum and corpus measurements (B).
Spearman correlation coefficients are 0.69 for panel A (P = 0.004) 0.74 for panel B (P = 0.003).
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brushing samples had either a very low load of H. pylori in the stool or a mixed
population detected in the stool with a low proportion of clarithromycin resistance or
wild-type alleles.

Of 12 subjects with a mixed population in the gastric brushing samples, the
percentage of the H. pylori population with resistance alleles was strongly correlated
between the gastric brushing samples and the stool samples (Spearman correlation
coefficient, 0.74; P = 0.003) (Fig. 3B). One subject with a mixed population in the gastric
brushing samples did not have the 23S gene detected in the stool sample.

23S rRNA sequence analysis. In a comparison of the results of the gastric ddPCR
assay, two samples showed a mixture of clarithromycin-susceptible and -resistant
clones by Etest, but no clarithromycin resistance alleles were detected by ddPCR,
suggesting a false-negative result from ddPCR. To assess additional mutations in the
23S rRNA gene in these isolates, we amplified and sequenced the 23S rRNA gene of
resistant isolates from each of these subjects (W003 and WO055). Compared to the 23S
rRNA reference gene of H. pylori ATCC 26695, the sequence showed no mutation at
position 2142 or 2143 queried in the ddPCR assay, but we identified polymorphisms of
A759T, G1513A, T1687C, A1821G, G1826A, T1830C, and T2182C in one subject. The
second subject had these same polymorphisms and A1822T. Of these polymorphisms,
T2182C has been implicated in low-level resistance previously (6, 20). Interestingly, for
both of these isolates the MIC was 1 mg/liter, which is at the resistance breakpoint used
in this study. We also amplified and sequenced domain V of the 23S rRNA gene in 32
isolates from 15 subjects for which the clarithromycin MIC values were 0.75 (5 isolates),
0.5 (7 isolates), and 0.38 (20 isolates) mg/liter, along with H. pylori strain ATCC 43504
and a sensitive isolate (MIC of 0.25 mg/liter clarithromycin). We observed only wild-type
sequences at positions 2143 and 2142 in all of these samples. In four resistant isolates
from four subjects for which the clarithromycin MIC values were 8 (1 isolate), 64 (1
isolate), and >256 (2 isolates) mg/liter, we observed the A2143G mutation exclusively.

DISCUSSION

While most studies of clarithromycin resistance within the H. pylori strain popula-
tions of individual subjects test 1 to 4 isolates per subjects, here up to 16 isolates were
cultured and tested per patient sample. Given that there have been many reports of
heteroresistance and that our ddPCR assays can quantify both wild-type and resistance-
associated mutations at low frequency (<10%), this sampling strategy allowed us to
capture rare resistant or susceptible clones. In order to test the MIC of such a large
number of isolates (>500), we employed the Etest instead of the CLSI-recommended
agar dilution method. We used Karmali blood agar instead of MHA, which we observe
to give better growth for slow-growing clinical isolates. While agreement of Etest and
agar dilution methods for clarithromycin resistance detection has been confirmed by
multiple studies (17, 21, 22) and while simultaneous testing of control strains on Karmali
blood agar and MHA yielded identical MIC measurements, our use of the Etest with
nonstandard medium limits comparisons with prior studies and our ability to defini-
tively establish the resistance profiles for the isolates characterized in this study.
Additionally, except for cases of low growth and four isolates with MICs of 1 mg/liter,
we used a single Etest measurement to determine the MIC, which limits the precision
of the data reported. In addition to the Etest, we performed targeted sequencing of 36
isolates from 16 subjects with a range of susceptible and resistant MICs. In 32 isolates
with clarithromycin MICs of =75 mg/liter, we did not observe any mutations at position
2142 or 2143, suggesting that we did not underestimate resistance with our method.
For four isolates with clarithromycin MICs of =8 mg/liter, we observed only the A2143G
mutation. While CLSI guidelines propose a clarithromycin MIC of 1 mg/liter as the
breakpoint for resistance, we found that subjects where 100% of the bacterial popu-
lation carried resistance alleles by ddPCR (n = 9), all of the isolates tested had MICs of
=3 mg/liter under our culture conditions. Additionally, sequencing of the 23S RNA
genes from two isolates with clarithromycin MICs of 1 mg/liter showed only wild-type
sequences at positions 2142 and 2143. Thus, by using 1T mg/liter as the breakpoint for
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resistance under our culture conditions and Etest assays, we may be overestimating
resistance.

Both Etest MIC testing and ddPCR analyses revealed a high rate of coinfection with
susceptible and resistant isolates (33% and 30%, respectively). This high prevalence of
mixed drug resistance suggests that the current clinical laboratory practice of culture-
based drug resistance testing of a single clone or a few clones per subject could
produce misleading results (18) and lead to failure in eradication treatment of H. pylori.
Therefore, a rapid and accurate method to understand the profile of clarithromycin
resistance in the stomach is critically needed. Among the 14 culture-positive subjects
in our study with heteroresistance, the fraction of resistant isolates measured by Etest
ranged from 6% to 94%, and nine subjects had a fraction of resistance of less than 50%.
Testing a single isolate, as is often done in clinical practice, likely would not have
revealed resistant clones in these nine subjects, but ddPCR detected resistance alleles
in five. Thus, for this study population, ddPCR appears to provide more sensitive
detection of resistance than might be expected from routine clinical resistance testing
practice.

Comparison of the performance of ddPCR and culture in detecting H. pylori infection
showed that agreement rates with UBT were 94% and 88%, respectively, indicating that
the ddPCR method is equivalent, if not more sensitive, in stomach samples. Detection
in stool was only slightly less sensitive with ddPCR than that in stomach samples (92%).
The failure of culture in the discordant samples could be due to the very low growth
rate of H. pylori compared to that of other microorganisms present in the stomach,
especially in gastric cancer cases that often have higher stomach pH. There is a
prevailing assumption that the colonization level of H. pylori is lower or difficult to
detect in gastric cancer patients (16, 23). In this study, the ddPCR-positive rates for
gastric cancer samples and noncancer samples were similar or slightly better than the
culture detection rates in both cancer and noncancer groups. Although this study
sample size is relatively small, it indicates that the ddPCR is a sensitive method for
detection H. pylori in cancer cases.

Our ddPCR assays can also differentiate an H. pylori 23S mutation from wild type to
predict clarithromycin resistance in a single assay. Using the current clinical breakpoint
of a MIC value at =1 mg/liter, ddPCR was concordant with Etest for 79% of subjects
(Table 3). Out of the nine samples that showed discrepancy between the two assays,
four of the samples were classified as only susceptible or intermediate by Etest but
mixed by ddPCR. Even though 16 isolates from the gastric brush sample were analyzed,
this is likely still not a full representation of the stomach population. This concept is
further supported by our finding that the stool-based assays detected mixed resistance
in several samples that were only susceptible by both culture and stomach sample
ddPCR. Thus, while stool-based H. pylori detection is slightly less sensitive, it may be
advantageous for capturing resistance and has the benefit of not requiring endoscopy.
Furthermore, there were two subjects for whom a single resistant clone at the MIC of
1 mg/liter was detected by Etest but only wild-type alleles were detected by ddPCR.
Our ddPCR assay detects any of the three major mutations (A2142C, A2142G, and
A2143G) in the 23S rRNA gene which are reported to cover >90% of clarithromycin
resistance (19). Sequence analysis of the two weakly resistant isolates showed the
presence of a T2182C mutation, which was reported to be related with low resistance
levels (6, 20). While a more expansive coverage of mutations could be explored to
improve ddPCR assay precision, the relevance of this mutation and of low-level
resistance to therapy failure is not yet clear.

In addition to detecting heteroresistance, our phenotypic analysis revealed a wide
range of clarithromycin MICs even among subjects with only susceptible or only
resistant isolates. Independent retesting of individual isolates resulted in consistent
clarithromycin MICs (within 2-fold) and did not correlate with growth rate (data not
shown). Preliminary sequencing of a few housekeeping loci suggests identical geno-
types among isolates with different MICs (data not shown). Further analysis will be
needed to determine the genetic and/or epigenetic mechanisms that underlie the
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phenotypic variation in clarithromycin MICs among strains obtained from the same
individual.

A major limitation of our study is the small number of subjects analyzed and the lack

of healthy subjects to assess the specificity of our assays. Furthermore, our study design
did not allow assessment of treatment outcomes. While it is likely that subjects with
only resistant bacteria would be at higher risk of eradication therapy failure, most
therapies include multiple antibiotics. At present it is not clear whether detection of any
or a certain threshold percentage of resistant clones predicts therapy failure. Future
larger studies that additionally evaluate the relationship between ddPCR-based resis-
tance allele detection pretreatment and success of therapy will thus be needed.

The frequent concordance between stool and stomach sample results holds promise

for development of a noninvasive test for detection of resistance. With further studies
on additional hospital and population-based cohorts, this technology might develop
into new tests to suggest alternative or additional antibiotics to clarithromycin for
inclusion in therapy when resistance alleles are detected. Conversely, treatment could
be simplified in cases where only susceptible alleles are detected, possibly reducing
side effects and increasing compliance. Similar to any other PCR diagnostic assays, this
ddPCR method could be extended to additional antibiotics whose resistance genotype
is clear, for example, gyrA mutations that confer quinolone resistance. New patient-
tailored therapy approaches could lead to more effective H. pylori eradication and
possibly slow the spread of antibiotic resistance.
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