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Helicobacter pylori causes a wide range of human diseases including cancer. Carcinogenic foodborne
trematodes Opisthorchis viverrini, Clonorchis sinensis, and O. felineus might promote transmission and
spread of H. pylori infection in the definitive mammalian host, which in turn might contribute to the
liver fluke-associated malignancy. Our objectives were to find out whether liver flukes O. felineus, O.
viverrini, and C. sinensis are carriers of Helicobacter pylori and to determine whether H. pylori is present
in feces, bile, and stomach samples from the experimentally infected hamsters. We found that liver
flukes are not reservoirs of H. pylori. Nevertheless, the prevalence of H. pylori and the H. pylori ureA
gene copy number were significantly elevated after the infection. Overall, although the liver flukes O.
felineus, C. sinensis, and O. viverrini are not reservoirs of H. pylori, the infection with the liver flukes
significantly modifies the biliary and gut microbiota by increasing H. pylori abundance. This may be a
feature of any liver fluke pathogenesis that have not previously been taken into account. Our findings
appear to be novel in terms of comparative assessment of the host microbiota and Helicobacter
abundance during epidemiologically important liver fluke infections.

Abbreviations

O. felineus  Opisthorchis felineus
C.sinensis  Clonorchis sinensis

O. viverrini ~ Opisthorchis viverrini
H. pylori Helicobacter pylori
CCA Cholangiocarcinoma

Three epidemiologically significant food-borne trematodes Opisthorchis felineus, O. viverrini, and Clonorchis
sinensis contain in their life cycle two intermediate hosts (freshwater gastropods and cyprinids) and one final
host (fish-eating mammals, including humans). Despite the similarity in the life cycle and pathogenicity for
the final host, the liver flukes also have marked differences. The differences primarily concern their geographic
ranges, which do not overlap, and their different climatic zones. In particular, O. felineus is endemic in Western
Siberia and Eastern Europe; O. viverrini in Southeast Asia, predominantly in Thailand, and Laos; and C. sinensis
is endemic in China and South Korea. It is important to note that the main reservoir of O. felineus in Western
Siberia is wild fish-eating animals, such as feral carnivores'?. It is believed that the zoonotic cycle of O. viverrini
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has largely disappeared, having been replaced by a predominantly anthropogenic cycle!. Clonorchis sinensis geo-
graphic areas hold an intermediate position, with many native and domestic reservoir animal hosts and with high
levels of human fecal contamination of the environment playing a considerable role in the transmission cycle®.

There are also differences in the carcinogenic potential of trematodes. In particular, O. viverrini and C. sinensis
are recognized as the first group of biological carcinogens (Group 1A), and the highest incidence of cholangio-
carcinoma (CCA) associated with the liver fluke infection is observed in anthropogenic areas of infection in
Thailand and Lao PDR*. Opisthorchis felineus carcinogenicity is not as pronounced as that of O. viverrini and C.
sinensis>®, and this species is recognized as a potentially dangerous agent (Group 2B)*.

The mechanisms of CCA initiation under the influence of the liver flukes are investigated insufficiently; in
particular, it is not known whether the differences in the carcinogenicity among these three related liver fluke
species are associated with differences in the trematode microbiota®. Taking into account the climatic differ-
ences, nonoverlapping geographic ranges, the presence of a free-living aquatic life stage, and different natural
reservoirs of the liver flukes, there should be differences in the microbiome of these three epidemiologically
significant species.

One of the hypotheses explaining the differences in carcinogenicity among helminths is that their microbiota
influences the pathogenesis of infection’™. In particular, the relation between Helicobacter pylori infection and
liver pathologies has been discussed for many years. Helicobacter pylori, as a biological carcinogen, can be a risk
factor for CCA in patients with opisthorchiasis. The high prevalence of Helicobacter spp. in hamsters and the
associated prevalence of hepatobiliary disorders also raise the question whether Helicobacter spp. have been
acting as tumor promoters in the liver of hamsters infected with the liver flukes.

There is growing evidence that H. pylori has an important role in extragastric cancers®. An association was
found between an increased risk of bile duct cancer in humans and the presence of Helicobacter bacteria'®. In
that study, H. pylori was detected significantly more frequently in the gallbladder of the malignant group than
in the benign group. In addition, H. pylori was detected in the liver tissues and gallstones of patients with CCA
and cholelithiasis, respectively. It has been hypothesized that O. viverrini is a reservoir of H. pylori and that this
liver fluke is a vector for H. pylori in humans'>'2,

Currently, there are some data on microbiomes in the liver flukes, but these data differ significantly in micro-
bial composition. In addition, these results have been obtained using conventional animals in experiments
that varied in design. Thus, the questions whether any species of epidemiologically significant Opisthorchiidae
trematodes can serve as reservoirs for H. pylori and whether mammals become infected with these bacteria
during infection with the liver flukes remain open.

To answer these questions, the following investigation was planned: (i) infection with O. felineus, O. viverrini,
or C. sinensis metacercariae at an animal facility free from specific pathogens; (ii) a comparative analysis of H.
pylori content in various samples from the experimental animals.

Materials and methods

Animals. Seventy-two male golden Syrian hamsters (M. auratus) from the Specific Pathogen-Free (SPF)
Animal Facility of the ICG SB RAS were used for this study. The SPF Facility tests the laboratory animals for
Helicobacter spp. pathogens once a year in accordance with FELASA guidelines for the health monitoring of
laboratory animals.

For collecting O. felineus metacercariae, a naturally infected freshwater fish (Leuciscus idus) was net-caught
in the Ob River near Novosibirsk (Western Siberia, Russia) by research assistant Viktor Antonov (ICG SB RAS)
without the use of chemicals. Opisthorchis felineus metacercariae were extracted as described previously!*!,
Clonorchis sinensis and O. viverrini metacercariae were extracted from naturally infected freshwater fish (Seoul,
Republic of Korea, and Khon Kaen, Thailand, respectively). After several washes with normal saline, metacer-
cariae were identified under a light microscope.

All the procedures were in compliance with EU Directive 2010/63/EU for animal experiments. Study design
protocols and standard operating procedures (concerning the hamsters and the fish) were approved by the Com-
mittee on the Ethics of Animal Experiments at the ICG SB RAS (permit number 42 of 25 May 2018).

Experimental design. Seventy-two male golden Syrian hamsters were used in this study. We applied
appropriate randomisation strategy (blocking) to control the possible variables, such as potential H. pylori infec-
tion among experimental animals. We took into account nuisance variables that could potentially bias the results
(alitter, and an investigator).

Hamsters were infected by 75 metacercariae by gastric intubation (for each out of three liver fluke species)
separately at intervals of 3-5 days to avoid cross-bacterial infection. Each time the group of hamsters (24 ani-
mals) included animals from several litters. This group had to be divided into two sub-groups (9 animals kept
uninfected and 15 animals for the infection). We randomly split up each litter into uninfected and infected
sub-groups. This ensured us that a nuisance variable such as a litter could not have been be a source of bias and
influenced the outcome. All the procedures were performed aseptically at the SPF facility. The same investigator
infected all the animals.

One, two, and three months after the infection, nine uninfected hamsters and five hamsters from each infected
groups were euthanized. We performed the sampling of colon fecal and bile from the hepatobiliary system in
aseptic conditions after termination of the animals.

All the hamsters were examined daily for signs of illness, injury, or abnormal behavior by SPF trained per-
sonnel. Food and water availability and the macroenvironment (temperature, humidity, noise, light intensity,
and cleanliness) were also evaluated daily. No unexpected deaths of animals were registered during this study.
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Sample collection and immunohistochemistry. Hamsters were euthanized using carbon dioxide. All
the procedures were done aseptically. Bile samples were collected by puncture of the gall bladder. The gastric
epithelium was scraped with a scalpel and stored at — 80 °C until use. Colorectal feces were extracted and stored
at—80 °C until use. Adult worms were carefully extracted from bile ducts of a half of the liver. The worms were
washed more than 10 times with sterile saline and stored at - 80 °C until use.

For the immunohistochemical analysis, the liver and stomach samples were carefully dissected and placed in
10% buffered formalin (Biovitrum, Russia). After fixation for 3 days, the specimens were dehydrated in a graded
series of ethanol solutions and then absolute ethanol, cleared in xylene, and soaked in melted paraffin. After that,
the specimens were embedded in paraffin using Microm (Microm, UK). Four-um-thick slices were prepared by
means of a microtome'*!>. Staining was performed with rabbit antiserum against H. pylori antibodies (1:100, cat.
#ab172611, Abcam, USA), followed by probing with horseradish peroxidase-conjugated secondary antibodies
(1:500, cat. # ab205718 Abcam, USA), then staining using the DAB Substrate Kit (Cell Marque, USA). The slices
were coverslipped with the VitroGel mounting medium (Biovitrum, Russia) and visualized under an Axiolmager
A1 microscope (Zeiss) with an AxioCam MRc camera (Zeiss).

DNA extraction. Feces (150—200 mg) and bile (50— 100 ul) samples were subjected to DNA extraction.
The feces were washed with 1 ml of 20% ethanol, homogenized, and then washed twice with 20% ethanol and
three times with 1 ml of PBS. The samples were boiled at 100 °C (for 1 min) followed by freeze-thaw cycles using
liquid nitrogen and boiling water (4 steps, each for 1 min). The samples were treated with 0.2 mg/ml Proteinase
K (Thermo Scientific, USA) for 1 h at 56 °C, and then DNA was extracted by the phenol-chloroform method.
Additionally, DNA samples were purified with the DU10 Kit (Biolabmix, Russia).

DNA from the stomach and adult worms was extracted by the standard Proteinase K and phenol-chloroform
extraction method. Pieces (15 to 25 mg) of frozen samples of hamster stomachs and individual adult worms were
subjected to DNA extraction. DNA concentrations were measured on a Qubit 2.0 spectrophotometer (Invitro-
gen, USA). The purity of DNA was assessed by measuring absorbance at 260 and 280 nm on a NanoDrop 2000
spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA); ratios of these values ranging from 1.7
to 2.1 were considered acceptable.

Real-time PCR and quantification of PCR-amplified nucleic acid. Sequences of primers and fluo-
rescently labeled oligonucleotide probes are presented in Supplementary Table S1. Helicobacter pylori was quan-
tified by quantitative PCR in all DNA samples from four groups of hamsters. The reaction mixture included the
EVA Green Master Mix (Synthol Russia). Thermocycling conditions on a CFX96 thermocycler (Bio-Rad, USA)
were as follows: 4 min initial denaturation at 95 °C and 40 cycles of 10 s at 95 °C (denaturation), 10 s at 60 °C
(annealing), and 10 s at 72 °C (elongation).

Tenfold dilutions of pET plasmid DNA carrying the H. pylori ureA gene, ranging from 3 x 10° to 3 x 10? cop-
ies/PCR, were amplified in triplicate. A calibration curve was built to determine the mean starting amount of
DNA in the samples (Supplementary Fig. S1). A range of 3 x 10° to 3 x 10* copies/PCR was found to be optimal
because it spanned the exponential portion of the amplification curves, where the amount of an amplified target
is directly proportional to the input amount, and gave a linear calibration curve with an R? value of 0.999 (Sup-
plementary Fig. S1).

Gene copy numbers (meaning H. pylori cell counts) per microgram of DNA were determined by means of the
standard curve at a crossing point in a graph of log concentration. The H. pylori cell concentrations (ureA gene
amounts) were calculated to ensure the same initial amount of DNA in the samples to be analyzed.

To confirm the presence of bacterial DNA in the DNA samples extracted from adult worms, an RT-PCR assay
with primers targeting the V3-V4 region of 16S ribosomal DNA was carried out.

Statistical analyses. Chi-square (x?) or Fisher’s exact test was performed to compare categorical vari-
ables among treatment groups. To compare two groups, nonparametric data were analyzed with the x? test.
The Kruskal-Wallis H test was applied to compare several groups of samples. Data with a p value <0.05 were
considered significant.

Results

Prevalence of H. pylori in colorectal feces, stomach, and bile samples of hamsters. Table 1
shows the results of detecting the H. pylori genes ureA and cagA in DNA samples extracted from the feces, bile,
and the gastric epithelium of hamsters. The cagA gene was not detectable in any fecal samples. Therefore, the
presence of H. pylori was determined only by the presence of the ureA gene.

The prevalence of H. pylori among fecal samples was significantly higher in the groups of infected animals
than in the control group. Fecal H. pylori was found in 11% of control group animals. The prevalence of fecal
H. pylori was significantly higher in the infected groups than in the control group (x*=24.23, df=3, p=0.000),
in particular, this prevalence was 73% among C. sinensis-infected, 66.7% among O. viverrini-infected, 53.3%
among O. felineus—infected hamsters (Table 1).

Similar data were obtained from samples of the stomach epithelium and bile of the hamsters (Table 1). In the
epithelium of the stomach, H. pylori DNA was found in three of the 27 uninfected animals (11%). In infected
animals, this prevalence was insignificantly higher (yx*=4.29, df=3, p=0.23), in particular, it was 20% among C.
sinensis—infected, 33.3% among O. viverrini-infected, and 13.3% among O. felineus—infected hamsters (Table 1).
In the DNA samples isolated from hamster bile, H. pylori DNA was detectable in one of 5 samples from the
uninfected animals (20%). Among the infected animals, this prevalence was higher (Xz =6.89, df=3, p=0.07),
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H. pylori positive H. pylori positive

Number of samples | (ureA+) (ureA+), % cagA+ positive | Chi-square test | p value
Colorectal feces
Uninfected 27 3 11.0 0 ND ND
O. felineus 15 8 53.3 0 8.03 0.004 **
C. sinensis 15 11 73.3 0 15.5 0.0001 ***
O. viverrini 15 10 66.7 0 12.77 0.0004 ***
Stomach
Uninfected 27 3 11.0 0 ND ND
O. felineus 15 2 133 0 0.05 0.83
C. sinensis 15 3 20.0 0 0.62 0.43
O. viverrini 12 4 333 0 2.79 0.09
Bile
Uninfected 5 1 20.0 0 ND ND
O. felineus 6 4 66.7 0 2.4 0.12
C. sinensis 6 5 83.3 0 4.41 0.035*
O. viverrini 5 4 80.0 0 3.6 0.057

Table 1. Prevalence of H. pylori among gastric, stool, and bile samples, as detected by PCR. To compare
two groups, nonparametric data were analyzed with the x 2 test. Data with p values <0.05 were considered
significant. *A difference between groups (liver fluke-infected vs. uninfected), *p <0.05; **p <0.001;

***p <0.001; ND: not determined.

H. pylori positive (ureA+), Threshold cycle for 16S
Number of samples | H. pylori positive (ureA+) | % cagA+ | rRNA universal primers
O. felineus 10 0 0 0 14-16
C. sinensis 10 0 0 0 12-14
O. viverrini 10 0 0 0 16-18

Table 2. Prevalence of H. pylori among the adult liver flukes, as detected by PCR after 45 cycles of
amplification with primers targeting H. pylori ureA.

in particular, it was 83.3% among C. sinensis—infected, 80% among O. viverrini-infected, and 66.7% among O.
felineus—infected hamsters (Table 1).

We did not find any significant differences in the number of H. pylori-positive samples during the opisthor-
chiasis infection from 1 to 3 months postinfection. The data are presented in Supplementary Table S2.

The next step was to investigate whether the liver flukes are a reservoir of H. pylori. We examined 30 DNA
samples isolated from 10 worms of each species (O. felineus, C. sinensis, and O. viverrini) of the liver flukes for
the presence of the ureA and cagA genes. We were unable to detect H. pylori in the trematodes (Table 2). This
finding means that none of the three species is a reservoir of H. pylori. The presence of bacterial DNA in the
samples was judged by the presence of PCR results with primers specific to the V3-V4 region of 16S ribosomal
DNA. The PCR results indicated that the threshold cycles were 1214 for C. sinensis, 14-16 for O. felineus, and
16-18 for O. viverrini (Table 2).

To compare two groups, nonparametric data were analyzed with the x 2 test. Data with p values <0.05 were
considered significant. *A difference between groups (liver fluke-infected vs. uninfected), *p <0.05; **p <0.001;
***p <0.001; ND: not determined.

Quantification of H. pylori in colorectal feces, stomach, and bile samples from hamsters by
quantitative RT-PCR. Finally, using the efficiency values and calibration curve for the ureA gene, the mean
amount of input DNA and standard error of the mean were calculated for all cycles during the exponential phase
of each amplification curve.

The mean ureA copy number per microgram of DNA was 1601.8 in the feces samples (Fig. 1A) from hamsters
infected with O. felineus, 642.7 in C. sinensis—infected animals, and 1762.5 in O. viverrini-infected animals. In
contrast to the infected groups, the average number of ureA copies per microgram of DNA in the control group
was 91.3. The results of the Kruskal-Wallis test [H(3,70) =21.86, p=0.0001] showed that the number of ureA
copies in the fecal samples from infected animals significantly differed from that in the uninfected group. We
did not find any difference in the prevalence or cell number of H. pylori among the groups infected with one of
the three species of trematodes.

The results on the number of ureA gene copies in bile samples were similar (Fig. 1B). The average number of
ureA gene copies per microgram of DNA was 1762.5 in fecal samples from O. felineus-infected animals, 645 in
the C. sinensis-infected group, and 1725 in the O. viverrini-infected group. In contrast to the infected groups, the
average number of ureA gene copies per microgram of DNA in the control group was 200. The Kruskal-Wallis
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Figure 1. Quantification of H. pylori by quantitative RT-PCR in colorectal feces, stomach, and bile samples
from uninfected hamsters and those infected with one of the liver fluke species. (A) Feces samples. (B) Bile
samples. (C) Stomach samples. Tenfold dilutions of the pET plasmid carrying the H. pylori ureA gene were
amplified in triplicate. A linear calibration curve was built to determine the mean starting amount of DNA in
each sample and was found to have an R? value of 0.999. Gene copy numbers (meaning H. pylori cell counts)
per microgram of DNA were determined by means of the standard curve at a crossing point in a graph of log
concentration. The cell concentration and amounts of DNA were calculated to ensure the same initial DNA
amount in each sample to be analyzed.

test [H(3,16) =5.5, p=0.13] did not reveal statistically significant differences among the groups; apparently, this
is due to the small number of H. pylori positive samples among the samples, in particular in the control group,
only in one of 6 samples was the H. pylori DNA detectable.

The analysis of ureA copy numbers per microgram of DNA isolated from hamster stomach samples (Fig. 1C)
showed a similar pattern of results as compared to the samples from feces and bile. Namely, in the group of
uninfected animals, H. pylori was found in 2 out of 27 animals, with the number of copies of the H. pylori gene
being ~ 7 per microgram of DNA. In contrast, in the groups of animals infected with O. viverrini, C. sinensis, or
O. felineus, the numbers of gene copies were ~ 117, ~ 46, and ~ 106 per microgram of isolated DNA, respectively.
It should be noted that the number of H. pylori-positive stomach samples was not sufficient (2-4 samples) to
assess statistical significance of the differences between groups.

In situ localization of H. pylori. To confirm the presence of H. pylori in the animals, stomachs and livers
were examined for H. pylori content by immunohistochemistry. Representative images of stomach immunohis-
tochemical staining for H. pylori are presented in Fig. 2. Readers can see that pyloric glands in hamsters from the
O. felineus, O. viverrini, and C. sinensis groups stained for this bacterium, whereas in the uninfected group, no
staining was observed. Additionally, we examined liver sections for the presence of H. pylori signals. No H. pylori
signal was detectable in the sections of hamster livers (Supplementary Fig. S2).

Discussion

Here, a comparative study of H. pylori DNA content was performed on experimental hamsters infected with
one of three trematodes, O. felineus, O. viverrini, and C. sinensis. The main finding of this study is significantly
higher prevalence of H. pylori among colorectal fecal, gastric epithelium, and bile samples of the hamsters infected
with any of the three liver flukes. Data on the prevalence of H. pylori during the infection of mammals with O.
felineus and C. sinensis were obtained for the first time. The results on the O. viverrini infection are consistent
with the previously obtained data'"'2. For instance, it was reported that O. viverrini experimental infection in
conventional (non-SPF) status hamsters increases the prevalence of H. pylori in feces, rectal epithelium, liver
tissue, gallbladder tissue, and gastric epithelium samples'!. Thus, we showed for the first time that any one of
the three epidemiologically significant species of liver flukes is capable of increasing the number of H. pylori
cells in the infected host.

The gut microbiota is involved in the homeostasis of the host organism, including the regulation of immune
responses and protection against pathogen colonization'®. The chronic inflammation caused by the colonization
of biliary ducts by liver flukes may cause restructuring of the gut microbiota. In particular, infection with the
liver fluke O. viverrini modifies intestinal and biliary microbiomes'”.
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Figure 2. Immunohistochemical H. pylori signals in the stomach of uninfected hamsters and those infected
with one of the liver fluke species. (A) An uninfected hamster. (B) Infected with O. felineus liver fluke. (C)
Infected with Clonorchis sinensis liver fluke. (D) Infected with O. viverrini liver fluke. Arrows indicate the
staining signal.

Nonetheless, the influence of helminth infection on microbial diversity of the intestines remains a controver-
sial topic. Studies on experimentally infected individuals indicate an increase in alpha diversity associated with
the infection'®. Moreover, polyparasitism by soil-transmitted nematodes (Ascaris, Trichuris, and hookworms)
increases microbial diversity in the gut; the diversity decreased following deworming'. On the contrary, the
loss of gut microbial diversity is associated with the development of a number of gastrointestinal disorders*?'.
It was recently found that an overall reduction in gut microbial alpha diversity, alongside a significant increase
in microbial beta diversity, is explained by expanded populations of the phylum Verrucomicrobia and lactoba-
cilli in the gut microbiota of S. mansoni-infected mice when compared to uninfected mice?’. A more detailed
study revealed that S. mansoni infection of mice dramatically alters the host intestinal microbiome toward more
colitogenic composition*.. Of note, the colitogenic microbiome is associated with increased abundance levels of
genera Parabacteroides, Bacteroides, and Helicobacter®*,

Less is known about how biliary microbiota diversity is related to inflammation in the hepatobiliary system
and morbidity. Microbial diversity in the hepatobiliary tract may be lower between an early and advanced stage
of primary sclerosing cholangitis, and this diversity is also lower during biliary dysplasia or CCA®?*. Moreo-
ver, it is known that there is a significant association between CCA and H. pylori or mixed H. pylori/H. bilis
infections in Northeast Thailand®. In a hamster model of liver fluke infection-induced biliary disease, there
is significantly higher prevalence and severity of coinfection with H. pylori and H. bilis (but not H. hepaticus)
in O. viverrini-infected hamsters compared with uninfected ones, suggesting that the liver fluke may act as a
reservoir of H. pylori'!.

It is known that some infectious diseases of humans may result from parasite-dwelling bacteria. For example,
there is epidemiological evidence of possible interactions between Salmonella and Schistosoma. Salmonella may
reside in the tegument and intestinal tracts of all Schistosoma species, which are considered multiplication foci
for this bacterium?’. By contrast, our results show that O. felineus, O. viverrini, and C. sinensis are most likely
not reservoirs of H. pylori. In all the fluke samples tested in this work, H. pylori could not be detected by 45 PCR
cycles. This finding can be confirmed by the results indicating the absence of statistically significant differences
in the number of H. pylori gene copies among the groups of animals infected with any one of the three flukes, O.
felineus, C. sinensis, or O. viverrini. At the same time, a similar picture was observed when samples of the feces,
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gastric epithelium, and bile from the infected animals were examined. Thus, the second major result of the study
is the absence of interspecies differences in the effect of a liver fluke infection on the prevalence of H. pylori and
on the number of cells of this pathogen in the host.

All the hamsters used in the study had SPF status and were kept during the experiments at the SPF animal
facility, suggesting that the animals did not have major known infections, including H. pylori. Indeed, by a stand-
ard PCR assay that includes 35 cycles of amplification, it was not possible to detect H. pylori in the uninfected
animals here. On the other hand, with an increase in the number of PCR cycles to 40, H. pylori was detected in
samples of feces, bile, and gastric epithelium in 3 of the 27 animals of the uninfected group. We assume that a
minor reservoir of H. pylori infection was in the microbiome of uninfected animals. After the liver fluke infec-
tion, this reservoir might have been a source of bacteria expanding and spreading throughout the body. After
quantitative analysis, it turned out that H. pylori gene copy numbers in the uninfected animals were extremely
low: ~ 90 copies per microgram of isolated DNA, whereas in the infected samples, this figure reached 5000-7000
gene copies per microgram of DNA. These results mean that the liver fluke infections can cause changes in a
host’s microbial populations, in particular a significant increase in H. pylori abundance.

Some H. pylori strains have the cagA gene, which encodes one of the most important virulence factors
our study, we did not find this gene in any of the samples from either the control or infected groups. This indicates
that cagA-positive H. pylori was not present in the experimental animals, not even a single cell.

It has previously been demonstrated that there is higher prevalence of H. pylori among people with opisthor-
chiasis than among people without opisthorchiasis. Data on frequent coinfection with H. pylori and O. viverrini
are convincing™. In the geographic areas of opisthorchiasis felinea, such studies have not been carried out, but
there is evidence that the clinical course of peptic ulcer disease (possibly associated with H. pylori), when comor-
bid with chronic opisthorchiasis, differs from the usual one. It was found that when concurrent with chronic
opisthorchiasis, persistent functional disorders of the gastroduodenal system are characterized by long duration
of ulcer healing with prolonged exacerbations. The average duration and scarring of the ulcer are significantly
lengthened in comorbidity cases, and complete clinical and endoscopic remission of peptic ulcer disease does
not occur during chronic opisthorchiasis® 2. Most authors have noted that a necessary condition for successful
treatment of mixed disorders of the stomach and duodenum is anthelmintic therapy, which helps to prevent
inflammatory changes in the gastroduodenal mucosa®~*. These data also indicate a tight connection between
H. pylori and O. felineus infections.

How can the liver fluke infections affect the mammalian microbiota and increase the prevalence of H. pylori?
Liver flukes excrete and/or secrete mediators”” and bacteria from their gut, thereby altering host’s liver functions
that may modify the biliary environment and which in turn may alter the microbiota. It is also likely that chronic
inflammation during infection'*'* or complex dysfunctions of metabolic and immune systems of the host'®*
can contribute to significant changes in a local and possibly total microbiome.

One of the causes of high frequency of Helicobacter infection among opisthorchiasis-infected individuals may
be cholestasis, which ultimately leads to higher risk of fecal and biliary infection. Helicobacter spp. have been
detected previously in the stomach, liver, gallbladder, and colon mucosa®. The findings presented here revealed
the infection of the liver and gallbladder with H. pylori and indicate that the H. pylori in these tissues originates
from the microbiota of the hamster stomach or colon rather than from the liver fluke.

How can the microbiota contribute to liver pathology? It is known that Helicobacter in naturally infected
hamsters?*** is associated with hepatobiliary disorders, like chronic hepatitis, hepatic dysplasia, fibrosis, and
biliary hyperplasia by 2 years of age. There is a hypothesis explaining how dysfunctions of the gut bacterial micro-
biota affect liver diseases. Nonetheless, it has long been known that cholelithiasis, cholecystitis, and cholangitis
in humans are associated with bacterial colonization of bile*"*?. Quantitative and qualitative disturbances of the
microbiome are an increasingly recognized contributing factor of chronic liver diseases®. In healthy individuals,
strict separation of microbial cells from a host compartment forms the basis of a symbiotic relationship between
the host and microbiota’. An abnormal bacterial gut microbiota can promote disorders not only via local effects
but also at distant sites such as the liver, heart, brain, and the hematopoietic system’.

The involvement of microbiota alternations, in particular H. pylori abundance changes, in the development of
severe complications of opisthorchiasis or clonorchiasis in humans cannot be ruled out. Helicobacter pylori infec-
tion was the first bacterial infection implicated in gastrointestinal diseases including gastric adenocarcinoma*.
The strong association between liver fluke and H. pylori infections reported in previous studies is consistent with
arole of this Helicobacter species in the hepatobiliary disorders characteristic of opisthorchiasis*>*. Moreover,
serological assays point to active infection with H. pylori and H. bilis in Thais at high risk of CCA®. There is
no doubt that the presence of opisthorchiasis indicates an increase in the prevalence of H. pylori infection. The
results of our study, namely a relation between liver fluke infection (any of the three species) and the expansion
of H. pylori in the gastrointestinal tract, can help to improve the methods of diagnosis and treatment of the
respective human illnesses.

In particular, an increase of the H. pylori prevalence can be utilized in the diagnosis of opisthorchiasis, clo-
norchiasis, or H. pylori-associated gastritis, gastric ulcer, and duodenal ulcer. For example, a sharp increase in
a patient’s markers of H. pylori infection and presentation of symptoms indicating H. pylori-associated gastro-
intestinal diseases suggest that the patient may have opisthorchiasis or clonorchiasis. Furthermore, if a patient
with opisthorchiasis or clonorchiasis begins to develop symptoms or signs of gastritis, gastric ulcer, or duodenal
ulcer, it can be assumed that there is an increase in the prevalence of H. pylori in the patient’s body. It is important
to note that when a coinfection by a fluke and H. pylori is found and one of them was detected earlier than the
other, it is necessary to adjust the treatment with anthelmintic and anti-Helicobacter drugs and to monitor the
two diseases simultaneously. Moreover, decreased signs of the disease caused by H. pylori may indicate success-
ful elimination of trematodes.
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Our findings appear to be novel in terms of comparative assessment of the host microbiome and Helicobacter
abundance during infections with three epidemiologically important liver fluke species. Overall, infection with
O. felineus, C. sinensis, or O. viverrini liver flukes significantly modified biliary and colon microbiomes in this
study, by increasing H. pylori abundance. It will be worthwhile to investigate this phenomenon further, including
in residents of the regions where liver flukes are endemic and where such infections increase the risk of bile duct
cancer. Further research will enable a deeper look at the mechanisms behind the connection between trematodes
and H. pylori, thus allowing to develop preventive measures against the coinfection.

Ethics approval. The experiments were performed in compliance with the EU Directive 2010/63/EU for
animal experiments and with the ARRIVE guidelines. Study design protocols and standard operating proce-
dures (concerning the hamsters and the fish) were approved by the Committee on the Ethics of Animal Experi-
ments at the ICG SB RAS (permit number 42 of 25 May 2018).
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