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Abstract

Background Tumor tissues have been shown to host a diverse array of bacteria, suggesting a link between the
intratumoral microbiota and the development and progression of cancer. The aim of this explorative study was to
perform microbiome analysis in liver tumor and to evaluate its relationship with cancer stage and survival outcome.

Results We conducted an exploratory study on a cohort of 20 hepatocellular cancer patients from the SORAMIC
trial. Patients were divided into curative and palliative groups according to treatment type (local ablation, alone or
combined with systemic therapy). The V1-V2 regions of 16 S rRNA were sequenced starting from archival tissues.
Amplicon Sequence Variants (ASVs) were taxonomically assigned to the upper (UGlI) or lower (LGI) gastrointestinal
tract. Bacteria were identified in both tumoral and non-tumoral tissues, showing higher diversity and correlation
between diversity and shorter survival in the palliative group (S. aureus p < 0.05; B. parvula p <0.01; A. chinensis p <0.01).
Both therapy groups were enriched with the genus Bacilli, including Streptococcus spp., Gemella haemolysans and
Helicobacter pylori, commonly found in UGI. The results suggested that among palliative patients and those with
shorter survival, G. haemolysans was more prevalent, while H. pylori was more often found in curative patients with
longer survival. However none of the results were significantly different (p>0.05). A higher microbiome biodiversity
was associated with an increased number of lesions (Hoylesella, Agathobacter, Sphingobium, Cardiobacterium,
Photobacterium and Serratia, all with p<0.01).

Conclusions The presence of bacteria, predominantly from communities of the UG, suggests their translocation into
liver tissue due to impaired barrier function of the upper gut or the ascending pathway along the biliary duct system.
The intratumoral prevalence of bacteria with proinflammatory and oncogenic potential suggests their potential role
in HCC pathomechanisms.
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Background
Hepatocellular carcinoma (HCC) accounts for 75-85% of
malignant liver tumors and is the third leading cause of
cancer death. In the complex sequential cascade of hepa-
tocarcinogenesis, which mostly evolves from chronic
inflammation with cirrhotic transformation of the liver
parenchyma, an important role has more recently been
assigned to the gut microbiota and its detection in the
tumor micromilieu [1-4]. The gut microbiota refers to
the diverse community of microorganisms including bac-
teria and fungi, residing in the gastrointestinal tract [5].
This community of microorganisms supports health by
modulating (among others) the digestion, the immune
system function, and the defense against pathogens. It
also produces compounds like short-chain fatty acids that
strengthen the gut barrier and reduce inflammation. Diet,
medications, and environment shape its composition,
making it vital for overall health [6, 7]. Microbiota can
nevertheless contribute also to tumorigenesis through
several direct or indirect mechanisms. It has been shown
that a microbial dysbiosis can drive cellular senescence
[8], chronic inflammation, induce the production of car-
cinogenic metabolites [9], influence the tumor microen-
vironment [10] and contribute to drug resistance [11].
The potential routes of entry for the gut microbiota
into the liver are the portal vein, through the draining
of the intestine, and the bile duct system. Under normal
conditions, bacteria modulate tissue regeneration and
repair, contributing to maintaining liver homeostasis via
a process known as the gut-liver axis [12, 13]. However,
microbiota dysbiosis can play a role in the inhibition of
normal tissue regeneration and the induction of liver fail-
ure and cancer [14—17]. In the latter case, the presence of
micriobiota in the tumor microenvironment (TME) can
affect the mechanism of immunosurveillance [18], affect-
ing the immune cell recruitment [19], suppressing the
anti-tumor activity of the infiltrating cells and enabling
the relase of pro-tumorigenic cytokines [10]. The pres-
ence of microbiota in the TME may facilitate disease
progression, promote metastasis development and affect
the response to therapy [20, 21]. Bacteria can drive tumor
progression through various pathways, including DNA
damage, the activation of oncogenic signals and the mod-
ulation of the immune response [22-27]. Recent research
has also demontsrated the role of microbiome in cellu-
lar senescence [8]. One example is given by Helicobacter
pylori which upregulates pathways such as NF-kB and
p53-p21, accelerating cellular senescence. The release of a
pro-inflammatory secretome by senescent cells has been
shown to play a pro-tumorigenic effect of non-senescent
cells. Also Enterococcus is recognized to be associated
with tumorigenesis, especially through the activation of
ROS production and the activation of protumorigenic
pathways such as EGFR [4]. The characterization of
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the bacteria in patients with HCC could offer valuable
insights into the role of the microbiota in this malig-
nancy [21, 28-32]. The presence of bacteria colonizing
the human gastrointestinal tract, such as Helicobacter,
Enterococcus, Bacteroides or Fusobacterium, has already
been shown in fresh HCC tissues, as well as in fresh adja-
cent tumor tissue [33]. However, the bacterial communi-
ties found in formalin fixed-paraffin embedded (FFPE)
tissues differ considerably from those found in fresh sam-
ples, revealing that bacteria in FFPE samples are not fre-
quently found in the human gastrointestinal tract [31, 34,
35]. Despite increasing evidence that the tumor micro-
biota may influence HCC progression and outcomes,
significant knowledge gaps remain. Most studies have
focused on gut or blood samples, while direct analysis of
bacterial communities in HCC tumor tissue—especially
using FFPE samples—has been limited by technical chal-
lenges and incomplete reference databases. Additionally,
the heterogeneity of tumor-associated microbiota and
unclear functional roles further complicate biomarker
discovery. Therefore, systematic studies are needed to
precisely characterize the tumor microbiota in rela-
tion to HCC stage and survival, ultimately aiding in the
identification of clinically relevant microbial biomarkers.
The aim of our explorative study was to characterize the
bacterial microbiota in the tumor tissue of patients with
HCC according to stage and overall survival (OS) as well
as in nontumor FFPE tissue where available. We devel-
oped a systematic analysis pipeline incorporating detailed
taxonomic annotation and a comprehensive database to
enable precise identification of taxa in FFPE samples and
aid in detecting potential biomarkers in HCC patients.

Methods

Ethical consideration

The present exploratory study is a substudy of the
prospective, randomized controlled, multicenter
phase II SORAMIC trial (EudraCT 2009-012576-27,
NCTO01126645), which was conducted in 12 countries
in Europe and Turkey [36, 37]. The study was approved
by the institutional review boards of all 38 participating
centers and was conducted according to the ethical prin-
ciples expressed in the Declaration of Helsinki. Written
informed consent was obtained from all participants.

Study population and tissue collection

The study population initially included 66 patients, 46 of
whom were excluded because of no PCR product. Among
the remaining 20 patients, 10 were diagnosed with HCC
in the early and intermediate stages (curative group,
defined by eligibility for local ablation in SORAMIC),
and 10 were diagnosed with HCC at an intermediate or
advanced stage (palliative group, defined by eligibility
for locoregional combined with systemic treatment in
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SORAMIC). Within the palliative group, 1 patient pre-
sented with lung metastases, and 2 presented with lymph
node metastases. In total, 23 FFPE blocks (16 tumor tis-
sues and 7 nontumor tissues) were prepared from tumor
tissues collected at baseline. From 3 patients in the cura-
tive group, tissues were taken from both the tumoral and
adjacent areas. The classification of the tissues was per-
formed by a board-certified pathologist.

DNA extraction and amplicon library preparation

Genomic DNA was extracted from formalin-fixed,
paraffin-embedded (FFPE) liver tissue samples via the
QIAamp DNA FFPE Tissue Kit (Qiagen, Hilden, Ger-
many) according to the manufacturer’s instructions.
Briefly, 10 pm of each FFPE sample was cut via a stan-
dard microtome, after which the first 3 sections were
discarded to avoid cross-contamination. After deparaf-
finization (3 min, 56 °C), proteinase K lysis (1 h, 56 °C,
1000 rpm) and incubation at 90 °C for 1 h to remove
the cross-links, the samples were treated with RNase A
(2 min, room temperature) and proteinase K (15 min,
65 °C). The DNA was subsequently bound to the col-
umns, washed and eluted in 30 pl of elution buffer (Buf-
fer ATE). The V1-V2 region of the bacterial 16 S rRNA
gene was amplified via PCR via Platinum™ SuperFi Il PCR
Master Mix (Thermo Fisher Scientific, Darmstadt, Ger-
many) and the primers 27 F (5- AGRGTTHGATYM-
TGGCTCAG- 3 and 338R (5"TGCTGCCTCCCGTA
GGAGT- 3) for 20 cycles as described previously [38].
The DNA concentration was measured via the Quant-
iT™ PicoGreen™ dsDNA Assay (Thermo Fisher Scientific).
The samples were pooled at equal molar concentrations
before being purified (QIAquick PCR Purification, Qia-
gen) and sequenced on an Illumina MiSeq v3 with 300 bp
paired-end sequencing. As negative controls, paraffin-
only samples prepared at each recruitment center were
used, as were all the reagents used for DNA extraction.

Immunohistochemical analysis of tissue samples

From FFPE tumor blocks collected before therapy, 4 um
serial tissue sections were cut, dewaxed and rehydrated
according to standard procedures (preheating at 60 °C;
deparaffinization in Neo-Clear, Merck, Darmstadt, Ger-
many; rehydration in a graded series of ethanol and dis-
tilled water) and stained with hematoxylin and eosin
for determination of tumor and adjacent areas. For
immunohistochemistry (IHC), the primary antibodies
anti-LPS (mouse monoclonal, clone WN1 222-5, dilu-
tion 1:100, Hycult Biotech, Uden, The Netherlands) and
anti-LTA (mouse monoclonal, clone 55, dilution 1:50,
Hycult Biotech) were applied overnight at 4 °C, followed
by incubation with the secondary antibody (goat anti-
mouse IgG H&L/HRP, dilution 1:2000, Abcam, Cam-
bridge, UK). A DAB substrate kit (DAB substrate kit,
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Cell Signaling Technology, Leiden, The Netherlands) was
used as a chromogen. The sections were counterstained
with Hemalaun (Merck), dehydrated, and mounted
with Neo-Mount (Merck). The slides were scanned via
an automated slide scanner (Pannoramic SCAN II, 3D
HISTECH, Hungary) at 40x magnification. Identifica-
tion of the cellular subtypes and bacteria was performed
by a board-certified pathologist who was blinded to the
patient outcome. The presence of defined LPS and LTA
signals throughout the tumor tissue was evaluated as
positive, whereas the complete absence of signals was
evaluated as negative. Tissues with brown cytoplasmic
staining in tumoral or immune cells were considered
positive.

Bioinformatic analysis

Paired fastQ files were analyzed with the dada2 pack-
age in R (v. 4.1.3) [39], and the count table for all 26
samples (including the negative controls with paraffin
and reagents) was obtained. Sequences detected in the
negative controls, independent of their relative abun-
dances, were excluded from downstream analysis. After
this first QC, one FFPE sample was discarded because
no further reads were detected. From the remaining 23
FFPE samples, a total of 125,057 reads were obtained,
with a median of 5,262 sequences, with a maximum of
17,830 sequences and a minimum of 10 sequences. The
reads were grouped into 997 unique ASVs. ASVs were
taxonomically annotated following two steps. At first an
automatic annotation based on the silva database [40]
was used. The second step was based on a manual anno-
tation, using the NCBI database and comparing them
exclusively against the type material database to define
the discriminatory power of each sequence read [41].
Furthermore, on the basis of publicly available data [35,
42-44], all 997 ASVs were manually assigned into two
groups according to their origins: paraffin origin (includ-
ing environmental contamination and human skin con-
tamination) and human origin (including the human
upper gastrointestinal tract, the human lower gastroin-
testinal tract and potential human pathogens). Among
the 997 ASVs, 526 were affiliated with human origin, and
only these ASVs were considered for downstream analy-
sis (Supplementary File - SF1). Additionally, a network of
cooccurrences was constructed via Spearman’s rank cor-
relation coefficient, with a cutoff of rho > 0.4 and a p value
of <0.05 after Benjamini-Hochberg false discovery cor-
rection. Correlations were calculated via the psych and
reshape2 packages in R. In summary, for the analysis of
potential contaminations, we first considered the known
habitat of each ASV, independently of its relative abun-
dance. Each ASV detected in the cohort was annotated
using BLAST against type strain databases, and only taxa
previously reported in the human gastrointestinal tract
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were considered. Second, we applied a threshold of <5
for the node degree within the bacterial co-occurrence
network and discussed only those genera meeting this
criterion, assuming a scenario of low-level colonization
and a correspondingly low probability of contamination.
The network was visualized and analyzed via Cytoscape
v. 3.10.1 [45, 46]. Due to the small cohort size, the only
feasible statistical test was the indicator species analysis,
which serves as a starting point for generating hypothe-
ses regarding key genera or species potentially relevant in
FFPE samples from HCC patients. Differences between
predefined groups were assessed using an unsupervised
hierarchical clustering using Bray-Curtis algorithm and
indicator species analysis in PAST4 [47]. The extended

Table 1 Baseline characteristics of the study population (n=20)

Baseline Characteristics N (% or N (% or N (% or
range) range) range)
All (n=20) Curative Pal-
(n=10) liative
(n=10)
Age, mean (range) 67.5 (54-82) 65.0 70.1
(54-82) (58-79)
Gender (male) 15 (75.0) 7 (70.0) 8(80.0)
Cirrhosis (yes) 17 (85.0) 9(90.0) 8(80.0)
Etiology 7 (35.0) 3(30.0) 4 (40.0)
MASH 6 (30.0) 2(20.0) 4 (40.0)
Viral hepatitis 5(25.0) 4 (40.0) 1(10.0)
Alcohol abuse 2(10.0) 1(10.0) 1(10.0)
Cryptogenic
Number of lesions (>20=DD) 11 (55.0) 10 (100) 1(10.0)
<20 9 (45.0) 0(0) 9(90.0)
>20
Max diameter largest lesion (mm) 170 90 170
Median diameter lesions (mm) 50.8 284 80
(12-170) (12-90) (32-170)
Metastases (no) 17 (85.0) 10 (100.0) 7 (70.0)
Child-Pugh 19(95.0) 9(90.0) 10
A 1(5.0) 1(10.0) (100.0)
B 0(0.0)
BCLC stage 5(25.0) 5(50.0) 0(0.0)
A 7 (35.0) 5(50.0) 2(20.0)
B 8 (40.0) 0(0.0) 8(80.0)
C
Therapy (Curative) 5(25.0) 5(50.0) 0(0)
RFA + Sorafenib 4(20.0) 4 (40.0) 0(0)
RFA + Placebo 4(20.0) 1(10.0) 3.0
Sorafenib only (30.0)
Therapy (Palliative) 6 (30.0) 0(0.0) 6 (60.0)
SIRT + Sorafenib 0(0.0) 0(0.0 0(0.0)
SIRT + Placebo 4(20.0) 1(10.0) 3.0
Sorafenib only (30.0)
Therapy (unknown) 1(5.0) 0 0
Overall Survival 8(40.0) 6(600)  2(200)
>16 months 12 (47.8) 4(40.0) 8 (80.0)
<16 months

Abbreviations: BCLC, Barcelona Clinic Liver Cancer; DD, diffuse disease; MASH,
metabolic dysfunction-associated steatohepatitis; RFA, radiofrequency
ablation; SIRT, selective internal radiation therapy
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Materials and Methods section is available in Supple-
mentary File— SF9.

Results

Study population and characteristics

Within the study group, 50% of the patients (n=10) were
diagnosed with HCC in the early and intermediate stages
and, in the frame of the SORAMIC study, were assigned
to local ablation (curative group, BCLC stage A, n=5;
BCLC stage B, n=5). The remaining 50% had HCC at an
intermediate or advanced stage (assigned to palliative
combined locoregional and systemic treatment: pallia-
tive group, BCLC stage B, n=2; BCLC stage C, n=38). The
median age was 67.5 years (range 54—82), and 75% of the
patients (1 =15) were male. Most of the patients had pre-
served liver function according to the Child-Pugh class A
(n=19, 95%). Nine patients (45%) presented with diffuse
disease (>20 lesions); for the remaining 11 patients, the
median number of lesions was 2 (range 1-4). The median
size of the lesions was 50.8 mm (range 12—-170 mm).
Most of the patients had cirrhosis (=17, 85%) due to
MASH (n=7, 35%), chronic viral hepatitis (n=6, 30%),
alcohol abuse (n=5, 25%) or cryptogenic hepatitis (n=2,
10%). Within the curative group, 5 patients were treated
with RFA +sorafenib, 4 with RFA + placebo, and 1 with
sorafenib only. In the palliative group, 6 patients received
selective internal radiation therapy (SIRT)+ sorafenib,
and 3 patients received sorafenib only. One patient in this
group received best supportive care only. Tumor tissues
were collected at baseline. The baseline characteristics of
the patients are presented in Table 1.

Identification of gram-positive and gram-negative bacteria
in tumoral, stromal and adjacent tissues

The presence and distribution of bacteria were first eval-
uated in tumoral, stromal and adjacent tissues. Lipothei-
choic acid (LTA) and lipopolysaccharide (LPS) are the
markers used to detect gram-positive and gram-negative
bacteria, respectively [48]. Pathological examination of
the tissues confirmed the presence of gram-positive and
gram-negative bacteria in tumor cells and in hepatocytes
from adjacent, nontumoral liver tissues. In contrast, in
stroma cells, only gram-negative bacteria were identified

(Fig. 1).

Pipeline for the analysis of the bacterial community in

FFPE samples from the liver

Despite removing all the sequences detected in the nega-
tive controls (including all reagents and paraffin without
biological material), many ASVs, numerous with high rel-
ative abundance, were annotated to taxa that have never
been described in the human gastrointestinal tract. Thus,
the first step was to construct a database focused on the
axis of the human liver and human gut, including all the
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Fig. 1 Representative images of the intratumor localization of bacteria in FFPE liver tissues. Images show the results of immunochemical staining for lipo-
polysaccharide (LPS) and lipoteichoic acid (LTA) in hepatocellular cancer tumor, stromal and adjacent tissues to detect gram-negative and gram-positive
bacteria, respectively. Bacteria identified in tumor cells are denoted with red arrows, stromal cells with green arrows and hepatocytes with orange arrows.
Scale bars, 0.060 mm and 0.020 mm. Magnification: 1x in the upper panels and 20x in the tumor, stroma and adjacent panels

ASVs detected in the cohort, and to assign the most likely
environment to each of the 997 ASVs on the basis of pub-
licly available NCBI data (SF1 and SF2). Whether an ASV
was not previously described as inhabiting the human gut

[30], it was considered an external contaminant, because
of nonsterile paraffin or nonsterile environment during
sample preparation [21, 28, 31]. Some ASVs could not be
uniquely assigned to a single environment. For example,
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Finegoldia magna, which is typically a skin colonizer, has
also been reported in the urinary tract microbiota [49]. In
these cases, cobacterial communities within the same tis-
sue were examined. For example, in sample SOR42, Fine-
goldia magna was detected alongside Corynebacterium
tuberculostearicum, and both were classified as paraffin-
associated contaminants. In the database, each sequence
was analyzed individually and within the same FFPE sam-
ple, and its origin was determined to increase the degree
of discrimination between the sources of the taxa. A total
of 491 ASVs were confirmed to originate from the human
gastro-intestinal (GI) tract (SF1), comprising 134 unique
species and 66 genera (SF3). Among the five species with
the highest frequency across the entire cohort, Strepto-
coccus mitis was found in 52.1% of the patients; Strepto-
coccus oralis and Gemella haemolysans were detected in
47.8% of the patients; Haemophilus parainfluenzae was
detected in 43.4% of the patients; Enterococcus cecorum,
Streptococcus toyakuensis and Veillonella massiliensis
were detected in 30.4% of the patients; and Lawsonella
clevelandensis, Staphylococcus aureus and Streptococcus
koreensis were detected in 26.0% of the patients (SF3).
Notably, most of the detected bacteria belong to the
human upper gastrointestinal (UGI) tract, with the
exception of Enterococcus cecorum. Next, we investigated
the interactions (or cooccurrences) among the detected
bacteria to determine whether the colonization could
be attributed to a single bacterium (no interactions), a
small number of bacteria (sparse interactions), or poly-
microbial colonization involving a community (multiple
interactions). The abundances of all the colonizers were
correlated within each individual sample, and a network
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of co-occurrences was generated. Hence, a network with
134 bacterial species, comprising 921 interactions, was
built (Fig. 2, SF4), with only positive correlations detected
(no negative interactions were found). The degree (num-
ber of neighbors) of each taxon detected in the cohort
was used as a marker to indicate how many interactions a
single bacterium had within the sample. Members of the
network were grouped according to their degree level,
which varied from 1 (Streptococcus oralis, Enterococcus
faecalis, Hafnia alvei and Gemella haemolysans with 1
interaction) to 29 neighbors (lhuprevotella massiliensis
and Schaalia odontolytica with 29 interactions).

Microbiome composition of FFPE blocks from cancerous
and adjacent tissues

The richness, defined as a function of the degree of each
member within the bacterial community, was analyzed
(SF5). We considered the likely scenario that a lower
degree of interactions indicated a lower level of bacte-
rial colonization in FFPE liver tissues. In this way the
probability of including contaminants in the dataset
was decreased. Conversely, an increase in the degree of
interactions could have been associated with a signifi-
cant increase in bacterial colonization levels. However,
this may also increase the likelihood of introducing exog-
enous contaminants into the dataset (Fig. 3). For the fol-
lowing analysis, low cobacterial presence (degree<5)
was considered, reflecting the scenario of low bacterial
colonization in FFPE liver tissues. Through this in silico
analysis, 20 bacterial species across the entire cohort
were identified. At the taxonomy rank of class (SF6),
the prevalence of Bacilli in tumors as well as in adjacent
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of 8 (sample SOR58) (Fig. 3). When the taxa at the genus
level were analyzed, the median richness decreased to 2,
primarily because Streptococcus (comprising species such
as S. anginosus, S. mitis, S. oralis, and S. thermophilus)
was the genus with the highest prevalence in the entire
cohort (Fig. 4 and SF3). Notably, Streptococcus was pres-
ent in 17 out of 23 FFPE samples. Interestingly, in four

tissues was clear, with 52% of the samples entirely colo-
nized by this class. Gammaproteobacteria were identified
in 35% of the samples and were uniquely detected in 2
samples (samples SOR40 and SOR37). At the genus level,
low similarity among tissues was observed (Fig. 4). FFPEs
had a median species richness of 3, with a minimum of
1 (samples SOR40, SOR33 and SOR36) and a maximum
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samples, only a single genus was detected: Tepidimonas
(affiliated exclusively with T. arfidensis) in SOR40; Heli-
cobacter (affiliated exclusively with H. pylori) in SOR33;
Gemella (affiliated exclusively with G. haemolysans) in
SOR36; and Streptococcus (affiliated with S. mitis and
S. oralis) in SOR70. With the exception of T. arfidensis,
whose origin remains unknown, all are well-known colo-
nizers of the human UGI tract [43]. In conclusion, bacte-
ria from the UGI tract were detected to a greater extent;
however, Enterococcus (affiliated with E. faecalis and E.
cecorum), Agathobacter rectalis (formerly named Eubac-
terium rectale [50]) and Blautia parvula, which are usu-
ally more abundant in the lower GI (LGI) tract, were also
detected but to a lesser extent. When the bacterial com-
munities of HCC and adjacent tissues were compared,
principal component analysis (PCA) revealed that HCC
tissues tended to cluster with higher abundances of cer-
tain genera (for example, Helicobacter, Tepidomonas, and
Enterococcus), whereas adjacent tissues were more asso-
ciated with Streptococcus, Staphylococcus, and Gemella
(Fig. 5). However, none of these genera were exclusively
found in either tissue type.
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Associations between the liver microbiome and the clinical
characteristics of patients

To reveal the associations between the liver microbiome
and the clinical characteristics of patients, we performed
statistical analyses including the following clinical
parameters: HCC stage (curative vs. palliative), survival
within the curative group (=16 months or <16 months),
survival within the palliative group (>16 months or <16
months) and malignancy (tumor tissue vs. adjacent tis-
sue) (Fig. 6). Additional parameters were OS, BCLC stage
(A, B, or C), number of lesions (group A if<5 lesions
vs. group B if>5 lesions) and level of alpha-fetoprotein
(group A if <200 ng/mL vs. group B if >200 ng/mL) (SE7).
Neither the richness nor the Shannon, Simpson, and
Pielou indices nor the PERMANOVA and Mann-Whit-
ney tests revealed any significant differences in any of the
considered parameters (see Supplementary SF10). How-
ever, PCA and indicator species analysis identified spe-
cific species potentially associated with certain groups.
For example, a greater number of species were detected
in the palliative group than in the curative group, as well
as in the palliative group, with shorter survival than in
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Fig.5 Principal component analysis (PCA). The analysis was performed starting from tumor (red) and adjacent (black) FFPE liver tissues, with each group

name positioned at its respective data centroid
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those with longer survival. The results did not allow us to
assign any specific bacteria to a particular group conclu-
sively. However, Gemella haemolysans was more abun-
dant in the curative group with short survival and in both
palliative groups, whereas contradictory findings were
observed with Helicobacter pylori, which was more abun-
dant in the curative group with long survival but was
present only in the palliative group with short survival.

Overall, Helicobacter pylori and Enterococcus ceco-
rum were more abundant in all groups with survival > 16
months, whereas Hoylesella loescheli and Streptococ-
cus anginosus were more abundant in the palliative care
group, with >16 months of survival (Fig. 6 and SF7).
Notably, greater biodiversity was detected in samples col-
lected from patients with more than 5 lesions than in the
other samples. These included Hoylesella, Agathobacter,
Sphingobium, Cardiobacterium, Photobacterium and Ser-
ratia, all with p <0.01 (SE7).

Comparative analysis of bacterial composition in tumor
and adjacent tissue samples

Finally, a comparative analysis of the bacterial composi-
tion of tumors and adjacent FFPEs from the same patient
was performed. SOR44 (tumor) and SOR70 (adjacent)
samples were collected from a 68-year-old woman with
stage B HCC, a curative group, and MASH etiology who
died within 16 months after sample collection (patient
62). SOR39 (tumor) and SOR73 (adjacent) samples were
instead collected from a 66-year-old woman with stage A
HCC, a curative group with viral etiology, who survived
beyond 16 months after sample collection (patient 15).
Patient 62 presented high immune infiltration in both tis-
sues (tumor and adjacent tissue), whereas in the tissues
collected from patient 62, 15 immune cells were poorly
represented (SF8). Considering polybacterial coloniza-
tion in the FFPE tissue samples, the richness of SOR44,
SOR70, SOR39, and SOR73 was 15, 12, 6, and 24, respec-
tively, with 135 bacterial interactions. However, when the
analysis was restricted to a degree<5, the richness dras-
tically decreased to 4, 2, 2, and 3 (SF5). Assuming low
colonization in these samples, the bacterial landscape
detected belonged exclusively to the class Bacilli, which
included four genera: S. oralis and S. mitis, S. aureus and
E. cecorum.

Discussion

In this explorative study of tumor tissues obtained from
patients with early- and advanced-stage HCC, we iden-
tified a heterogeneous microbiota profile, where the
predominant bacteria in both tumor and adjacent tis-
sues were those typically found in the UGI tract [43].
Although the small cohort size did not permit the use of
more robust statistical methods, the application of PCA
and indicator species analysis allowed the identification
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of several genera and species that may be associated with
the variables under investigation. The results were consis-
tent with those of prior studies [21] and highlight marked
dysfunction in the gut-liver axis, especially the UGI-liver
connection. Bacilli was the most relevant genus identi-
fied. In this class and across all species, the most notable
and unexpected findings were four species belonging to
the genus Streptococcus: S. mitis, S. oralis, S. thermophi-
lus and S. anginosus. All of them are considered viridans
group streptococci (VGS), with S. mitis and S. oralis
being the predominant species belonging to Strepto-
coccus, which causes severe clinical disease in cancer
patients [51]. Furthermore, a recent report indicated that
the secretion of antigens by S. anginosus is a proinflam-
matory mechanism contributing to the pathogenesis of
several cancers, including HCC [52]. It should be noted
that while immunohistological examination of the tissues
revealed the presence of both Gram-positive and Gram-
negative bacteria, our dataset indicates that the majority
of Gram-negative bacteria were ultimately classified as
contaminants (e.g., Acinetobacter Iwoffii, which is com-
monly found on the skin). It is important to acknowl-
edge the potential limitations of immunohistochemical
identification of bacterial components in FFPE tissues.
In particular, the use of anti-LPS antibodies to identify
Gram-negative bacteria may yield false-positive results
due to the persistence of LPS molecules in tissue. LPS is
a structurally stable component of the outer membrane
of Gram-negative bacteria and can remain in tissues
long after the bacteria themselves have died and lysed.
Consequently, positive LPS staining does not necessar-
ily indicate the presence of intact or viable bacteria but
may instead reflect residual bacterial debris. This biologi-
cal persistence may account for the observed discrepancy
between broad IHC detection of Gram-negative bacteria
and their classification as likely contaminants in sequenc-
ing data. Furthermore, non-specific binding of antibod-
ies, especially in inflamed or necrotic tissue regions, may
contribute to background staining. To address these chal-
lenges and more accurately interpret bacterial presence
in FFPE samples, multimodal validation using comple-
mentary techniques such as fluorescence in situ hybrid-
ization (FISH) or 16 S rRNA-targeted probes would be
advisable to confirm the identity and spatial distribu-
tion of bacteria and reduce the risk of overinterpretation
based on IHC alone.

Direct comparisons between tumor and adjacent non-
tumor tissues revealed the presence of H. pylori exclu-
sively within the tumoral compartment. Although the
liver is as atypical niche for H. pylori [53], the detection
of DNA isolated from this species in both palliative and
curative HCC patient groups aligns with previous find-
ings [54, 55]. Additionally, the comparison between
curative and palliative patients’ group identified a larger
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abudance of S. aureus in the first group. Moreover, the
S. aureus abundance was greater in patients whose OS
exceeded 16 months. S. aureus can be linked to chronic
inflammation, which can foster a pro-tumorigenic micro-
environment, as well as to acute inflammation which on
the contrary promotes an anti-tumorigenic microenvi-
ronment [56]. Our results in HCC need therefore further
clarification. In few patients we were able to analyse the
microbiome in tumoral and adjacent tissues. Notably,
bacteria were detected in both compartments, suggesting
damage to the entire organ [51, 57-72]. The comparison
between tumor and nontumor tissues also highlights tis-
sue tropism [73]. For example, Campylobacteria and Bac-
teroida were exclusively identified within tumor tissues,
whereas Alphaproteobacteria were detected only in non-
tumor regions. Additionally, some tissues were colonized
by a single species, whereas others contained multiple
species. Given the small cohort size, we must consider
this result as preliminary. However, tissue tropism likely
plays a role in liver pathogenesis, and a larger cohort
study could clarify its potential correlation with clini-
cal outcome. The data used in this study were obtained
from archival tissues. Sequencing and taxonomic annota-
tion revealed numerous sequences unlikely to represent
genuine liver colonizers, as these species are absent in
human UGI/LGI tracts. To further analyze this discrep-
ancy, we developed a novel methodology, yielding two
key findings: in certain FFPEs (e.g., SOR75), species rich-
ness remained stable, implying limited infiltration; in
others (e.g., SOR43, SOR95), species richness increased
significantly, suggesting either multi-bacterial invasion
or possible contamination. Currently, there are insuf-
ficient available data to distinguish between these two
results. Although FFPE samples are among the largest
and most valuable resources in biobanking, it is impor-
tant to acknowledge that, in most cases, they were col-
lected and preserved under non-sterile conditions. As a
result, microbiome analysis of these samples does not fol-
low a straightforward pipeline, and careful consideration
must be given to the potential origin of the detected bac-
terial species. Furthermore, due to the preservation and
DNA extraction protocols, some underestimation of high
GC content DNA sequences cannot be entirely excluded
[74]. Taking the previous considerations into account,
it is still noteworthy that both SOR43 and SOR95, each
with a richness of approximately 35, were associated with
necrotic liver tissue (data not shown). Further research is
needed to explore more comprehensively the possibility
of an association between bacterial richness and necrosis.
Moreover, new models are required to elucidate whether
bacteria are the cause or the consequence of hepatocel-
lular carcinoma linking the gut-liver axis, similar to the
zebrafish model [75], which has recently been proposed
as a model for investigating the gut—brain axis [75, 76].
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Recent research has highlighted the significant impact of
microbial communities on liver health and disease pro-
gression. The influence of certain bacteria on the liver
microenvironment is increasingly well understood. For
instance, S. mitis [77] has been implicated in the devel-
opment of pyogenic liver abscesses, which can compro-
mise local immune defenses and create a milieu more
susceptible to malignant transformation. By weakening
immune surveillance, these abscesses may facilitate the
emergence and progression of cancerous lesions. Addi-
tionally, H. pylori has been shown to induce significant
liver injury by triggering robust inflammatory responses
[55]. In the context of chronic liver diseases such as cir-
rhosis, this persistent inflammation can accelerate cancer
progression and worsen patient outcomes. Collectively,
these findings underscore the pivotal role of microbial
factors in shaping the liver microenvironment and influ-
encing the trajectory of liver disease and hepatocarcino-
genesis. On another front, although dysbiosis has been
strongly associated with carcinogenesis, microbiome-
based therapies have demonstrated considerable poten-
tial in cancer treatment [5]. For example, fecal microbiota
transplantation and the administration of live probiotics
are well-established strategies in oncology [78]. In HCC,
however, few studies have focused specifically on probi-
otic interventions. A retrospective study involving 1,267
patients with hepatitis B virus (HBV) infection under-
going antiviral therapy showed that probiotic use was
associated with a reduced risk of developing HCC [79].
Furthermore, preclinical studies in animal models have
demonstrated that probiotics can inhibit tumor growth
and reduce tumor size by modulating the immune
response [80]. Overall, probiotics exert beneficial effects
by modulating gut-liver axis signaling, suppressing pro-
tumorigenic inflammation, and reducing HCC risk in a
dose-dependent manner among high-risk populations.
While further clinical validation is required, probiotics
represent a safe, cost-effective adjunct to standard HCC
therapies. We acknowledge some limitations in the cur-
rent study, which also highlight important opportunities
for future improvement. The size of the cohort was small;
therefore, validation studies are necessary to confirm
these preliminary results. The nature of FFPE samples
presents inherent challenges, as they typically yield low
DNA content. In our case, successful PCR amplification
was achieved in approximately 30% of the total samples.
Then, the FFPE samples are not usually collected or pre-
served under sterile conditions, which may influence
microbial profiles. Nonetheless, the ability to extract
and analyze microbial DNA from such archived mate-
rial demonstrates the feasibility of microbiome studies in
FFPE tissues and opens the door for future methodologi-
cal optimization and broader applications, even in retro-
spective clinical cohorts.
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Conclusions

Understanding the influence of the “dysbiotic” micro-
biome in liver carcinogenesis is crucial and presents an
opportunity to leverage microbiome profiling as a predic-
tive tool for evaluating response to oncological immuno-
therapy. Furthermore it may direct research towards the
modulation of microbiota in the therapy of malignant
liver disease.

Abbreviations
ASV Amplicon Sequence Variant

BCLC Barcelona clinic liver cancer

FFPE Formalin fixed-paraffin embedded
HCC Hepatocellular carcinoma

IHC Immunohistochemistry

LGI Lower gastro-intestinal tract

LPS Lipopolysaccharide

LTA Lipotheichoic acid

MASH  Metabolic dysfunction-associated steatohepatitis
oS Overall survival

PCA Principal component analysis

RFA Radiofrequency ablation

SIRT Selective internal radiation therapy
TME Tumor microenvironment

UGl Upper gastro-intestinal tract

Supplementary Information
The online version contains supplementary material available at https://doi.or
g9/10.1186/513099-025-00727-y.

Supplementary Material 1
Supplementary Material 2
Supplementary Material 3
Supplementary Material 4
Supplementary Material 5
Supplementary Material 6
Supplementary Material 7
Supplementary Material 8
Supplementary Material 9

Supplementary Material 10

Acknowledgements
The authors wish to thank all the patients, their families and the staff from all
the participating institutions.

Author contributions

Design of the work: CS, JR, PM, MA-F. Acquisition of data: all authors.
Methodology: RV-V, EO, NK, LFB, HHE, MA-F. Project administration: CS, PM,
MA-F. Software development: RV-V. Supervision: CS, JR, PM, MA-F. Writing-
original draft: CS, RV-V, MA-F. Writing-review and editing: all authors. Approval
of the final manuscript: all authors.

Funding

Open Access funding enabled and organized by Projekt DEAL. Open Access
funding enabled and organized by Projekt DEAL. This research did not receive
any specific grant from funding agencies in the public, commercial, or not-for-
profit sectors.

Data availability
The datasets used and/or analyzed during the current study are available from
the corresponding author on reasonable request.

Page 12 of 14

Declarations

Ethics approval and consent to participate

The SORAMIC trial (EudraCT 2009-012576-27, NCT01126645) was approved
by the institutional review boards of all 38 participating centers and was
conducted according to the ethical principles expressed in the Declaration of
Helsinki. Written informed consent was obtained from all participants.

Consent for publication
Not applicable.

Competing interests

CS has received honoraria for lectures from Juvisé Pharmaceutics, Astellas and
the Falk Foundation. CS has served in the Data Safety Monitoring Board or
Advisory Board from Sanofi, Astella and Juvisé Pharmaceutics. CV has received
consulting fees from IPSEN, AstraZeneca and Bayer and has received honoraria
for lectures from IPSEN and Astra Zeneca.

Received: 4 June 2025 / Accepted: 30 June 2025
Published online: 10 July 2025

References

1. Fernandes MR, Aggarwal P, Costa RGF, Cole AM, Trinchieri G. Targeting the gut
microbiota for cancer therapy. Nat Rev Cancer. 2022;22(12):703-22.

2. Hinshaw DC, Shevde LA. The tumor microenvironment innately modulates
Cancer progression. Cancer Res. 2019;79(18):4557-66.

3. Battaglia TW, Mimpen IL, Traets JJH, van Hoeck A, Zeverijn LJ, Geurts BS,
et al. A pan-cancer analysis of the Microbiome in metastatic cancer. Cell.
2024;187(9):2324-e3519.

4. lida N, Mizukoshi E, Yamashita T, Yutani M, Seishima J, Wang Z, et al. Chronic
liver disease enables gut Enterococcus faecalis colonization to promote liver
carcinogenesis. Nat Cancer. 2021;2(10):1039-54.

5. Kiran NS, Chatterjee A, Yashaswini C, Deshmukh R, Alsaidan OA, Bhattacharya
S, et al. The Gastrointestinal mycobiome in inflammation and cancer: unravel-
ing fungal dysbiosis, pathogenesis, and therapeutic potential. Med Oncol.
2025;42(6):195.

6. Van Hul M, Cani PD, Petitfils C, De Vos WM, Tilg H, EI-Omar EM. What defines a
healthy gut microbiome? Gut. 2024;73(11):1893-908.

7. Ebadpour N, Abavisani M, Sahebkar A. Microbiome-driven precision medi-
cine: advancing drug development with pharmacomicrobiomics. J Drug
Target. 2025:1-16.

8. Abavisani M, Faraji S, Ebadpour N, Karav S, Sahebkar A. Beyond the
hayflick limit: how microbes influence cellular aging. Ageing Res Rev.
2025;104:102657.

9. Yang SF, Chen XC, Pan YJ. Microbiota-derived metabolites in tumorigen-
esis: mechanistic insights and therapeutic implications. Front Pharmacol.
2025;16:1598009.

10. Feng P, Xue X, Bukhari |, Qiu C, LiY, Zheng P, et al. Gut microbiota and its
therapeutic implications in tumor microenvironment interactions. Front
Microbiol. 2024;15:1287077.

11, Zhao LY, Mei JX, Yu G, Lei L, Zhang WH, Liu K, et al. Role of the gut microbiota
in anticancer therapy: from molecular mechanisms to clinical applications.
Signal Transduct Target Ther. 2023;8(1):201.

12. Zheng Z,Wang B.The gut-Liver Axis in health and disease: the role of gut
Microbiota-Derived signals in liver injury and regeneration. Front Immunol.
2021;12:775526.

13.  Albillos A, de Gottardi A, Rescigno M. The gut-liver axis in liver disease: patho-
physiological basis for therapy. J Hepatol. 2020;72(3):558-77.

14. ChewV, Lee YH, Pan L, Nasir NJM, Lim CJ, Chua C, et al. Immune activation
underlies a sustained clinical response to Yttrium-90 radioembolisation in
hepatocellular carcinoma. Gut. 2019,68(2):335-46.

15. Ho DW, Tsui YM, Chan LK, Sze KM, Zhang X, Cheu JW, et al. Single-cell
RNA sequencing shows the immunosuppressive landscape and tumor
heterogeneity of HBV-associated hepatocellular carcinoma. Nat Commun.
2021;12(1):3684.

16.  Kostic AD, Chun E, Robertson L, Glickman JN, Gallini CA, Michaud M, et
al. Fusobacterium nucleatum potentiates intestinal tumorigenesis and
modulates the tumor-immune microenvironment. Cell Host Microbe.
2013;14(2):207-15.


https://doi.org/10.1186/s13099-025-00727-y
https://doi.org/10.1186/s13099-025-00727-y

Schulz et al. Gut Pathogens

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

(2025) 17:53

Dzutsev A, Badger JH, Perez-Chanona E, Roy S, Salcedo R, Smith CK, et al.
Microbes and Cancer. Annu Rev Immunol. 2017;35:199-228.

QiuQ LinY,MaY,LiX, Liang J, Chen Z, et al. Exploring the emerging role of
the gut microbiota and tumor microenvironment in Cancer immunotherapy.
Front Immunol. 2020;11:612202.

CaoY, Xia H, Tan X, Shi C, Ma Y, Meng D, et al. Intratumoural microbiota: a new
frontier in cancer development and therapy. Signal Transduct Target Ther.
2024:9(1):15.

Galeano Nino JL, Wu H, LaCourse KD, Kempchinsky AG, Baryiames A, Barber B,
et al. Effect of the intratumoral microbiota on Spatial and cellular heteroge-
neity in cancer. Nature. 2022;611(7937):810-7.

HeY, Zhang Q Yu X, Zhang S, Guo W. Overview of microbial profiles in
human hepatocellular carcinoma and adjacent nontumor tissues. J Transl
Med. 2023;21(1):68.

Zitvogel L, Ayyoub M, Routy B, Kroemer G. Microbiome and anticancer
immunosurveillance. Cell. 2016;165(2):276-87.

LuoW, Guo S, Zhou Y, Zhao J, Wang M, Sang L, et al. Hepatocellular carci-
noma: how the gut microbiota contributes to pathogenesis, diagnosis, and
therapy. Front Microbiol. 2022;13:873160.

Dapito DH, Mencin A, Gwak GY, Pradere JP, Jang MK, Mederacke |, et al. Pro-
motion of hepatocellular carcinoma by the intestinal microbiota and TLR4.
Cancer Cell. 2012;21(4):504-16.

Ponziani FR, Bhoori S, Castelli C, Putignani L, Rivoltini L, Del Chierico F,

et al. Hepatocellular carcinoma is associated with gut microbiota pro-

file and inflammation in nonalcoholic fatty liver disease. Hepatology.
2019,69(1):107-20.

Wan S, Kuo N, Kryczek |, Zou W, Welling TH. Myeloid cells in hepatocellular
carcinoma. Hepatology. 2015;62(4):1304-12.

JiJ, Eggert T, Budhu A, Forgues M, Takai A, Dang H, et al. Hepatic stellate cell
and monocyte interaction contributes to poor prognosis in hepatocellular
carcinoma. Hepatology. 2015;62(2):481-95.

Komiyama S, Yamada T, Takemura N, Kokudo N, Hase K, Kawamura Y!. Profiling
of tumour-associated microbiota in human hepatocellular carcinoma. Sci
Rep. 2021;11(1):10589.

Liu B, Zhou Z, Jin Y, Lu J, Feng D, Peng R et al. Hepatic stellate cell activation
and senescence induced by intrahepatic microbiota disturbances drive
progression of liver cirrhosis toward hepatocellular carcinoma. J Immunother
Cancer. 2022;10(1).

Xue C, Jia J, Gu X, Zhou L, Lu J, Zheng Q, et al. Intratumoral bacteria interact
with metabolites and genetic alterations in hepatocellular carcinoma. Signal
Transduct Target Ther. 2022,7(1):335.

Qu D, Wang, Xia Q Chang J, Jiang X, Zhang H. Intratumoral Microbiome of
human primary liver Cancer. Hepatol Commun. 2022;6(7):1741-52.

Ren Z, Li A, Jiang J, Zhou L, Yu Z, Lu H, et al. Gut Microbiome analysis as a tool
towards targeted non-invasive biomarkers for early hepatocellular carcinoma.
Gut. 2019;68(6):1014-23.

Huang JH, Wang J, Chai XQ, Li ZC, Jiang YH, Li J, et al. The intratumoral bacte-
rial metataxonomic signature of hepatocellular carcinoma. Microbiol Spectr.
2022;10(5):¢0098322.

Borgognone A, Serna G, Noguera-Julian M, Alonso L, Parera M, Catala-Moll F,
et al. Performance of 165 metagenomic profiling in Formalin-Fixed Paraffin-
Embedded versus Fresh-Frozen colorectal Cancer tissues. Cancers (Basel).
2021;13:21.

Cruz-Flores R, Lopez-Carvallo JA, Caceres-Martinez J, Dhar AK. Microbiome
analysis from formalin-fixed paraffin-embedded tissues: current challenges
and future perspectives. J Microbiol Methods. 2022;196:106476.

Ricke J, Klumpen HJ, Amthauer H, Bargellini |, Bartenstein P, de Toni

EN, et al. Impact of combined selective internal radiation therapy and
Sorafenib on survival in advanced hepatocellular carcinoma. J Hepatol.
2019,71(6):1164-74.

Ricke J, Bulla K, Kolligs F, Peck-Radosavljevic M, Reimer P, Sangro B, et al. Safety
and toxicity of radioembolization plus Sorafenib in advanced hepatocellular
carcinoma: analysis of the European multicentre trial SORAMIC. Liver Int.
2015,;35(2):620-6.

Rath S, Heidrich B, Pieper DH, Vital M. Uncovering the trimethylamine-pro-
ducing bacteria of the human gut microbiota. Microbiome. 2017;5(1):54.
Callahan BJ, McMurdie PJ, Rosen MJ, Han AW, Johnson AJ, Holmes SP. DADA2:
High-resolution sample inference from illumina amplicon data. Nat Methods.
2016;13(7):581-3.

Quast C, Pruesse E, Yilmaz P. Gerken J, Schweer T, Yarza P, et al. The SILVA
ribosomal RNA gene database project: improved data processing and web-
based tools. Nucleic Acids Res. 2013;41(Database issue):D590-6.

41.

42.

43.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Page 13 of 14

Verstraelen H, Vilchez-Vargas R, Desimpel F, Jauregui R, Vankeirsbilck N,
Weyers S, et al. Characterisation of the human uterine Microbiome in non-
pregnant women through deep sequencing of the V1-2 region of the 16S
rRNA gene. Peer). 2016;4:¢1602.

Schulz C, Schutte K, Koch N, Vilchez-Vargas R, Wos-Oxley ML, Oxley APA, et al.
The active bacterial assemblages of the upper Gl tract in individuals with and
without Helicobacter infection. Gut. 2018;67(2):216-25.

Vasapolli R, Schutte K, Schulz C, Vital M, Schomburg D, Pieper DH, et al. Analy-
sis of transcriptionally active Bacteria throughout the Gastrointestinal tract of
healthy individuals. Gastroenterology. 2019;157(4):1081-e923.

Schutte K, Schulz C, Vilchez-Vargas R, Vasapolli R, Palm F, Simon B, et al.
Impact of healthy aging on active bacterial assemblages throughout the
Gastrointestinal tract. Gut Microbes. 2021;13(1):1966261.

Shannon P, Markiel A, Ozier O, Baliga NS, Wang JT, Ramage D, et al. Cytoscape:
a software environment for integrated models of biomolecular interaction
networks. Genome Res. 2003;13(11):2498-504.

Assenov Y, Ramirez F, Schelhorn SE, Lengauer T, Albrecht M. Computing topo-
logical parameters of biological networks. Bioinformatics. 2008;24(2):282-4.
Hammer @H, D. AT. and, Ryan PD, Past. Paleontological statistics software
package for education and data analysis. Palaeontologia Electronica.
2001;4(1):1-9.

Nejman D, Livyatan |, Fuks G, Gavert N, Zwang Y, Geller LT, et al. The human
tumor Microbiome is composed of tumor type-specific intracellular bacteria.
Science. 2020;368(6494):973-80.

Boyanova L, Marteva-Proevska Y, Markovska R, Yordanov D, Gergova R. Urinary
tract infections: should we think about the anaerobic cocci? Anaerobe.
2022;77:102509.

Rosero JA, Killer J, Sechovcova H, Mrazek J, Benada O, Fliegerova K et al.
Reclassification of Eubacterium rectaleHauduroy (1937) Prevot 1938 in a

new genus Agathobacter gen. nov. as Agathobacter rectalis comb. nov.,

and description of Agathobacter ruminis sp. nov,, isolated from the rumen
contents of sheep and cows. Int J Syst Evol Microbiol. 2016;66(2):768-73.
Shelburne SA, Sahasrabhojane P, Saldana M, Yao H, Su X, Horstmann N, et al.
Streptococcus mitis strains causing severe clinical disease in cancer patients.
Emerg Infect Dis. 2014;20(5):762-71.

Fujii T, Kuzuya T, Kondo N, Funasaka K, Ohno E, Hirooka Y et al. Altered
intestinal Streptococcus anginosus and 5alpha-reductase gene levels in
patients with hepatocellular carcinoma and elevated Bacteroides stercoris in
atezolizumab/bevacizumab non-responders. J Med Microbiol. 2024;73(9).
Zeng R, Gou H, Lau HCH, Yu J. Stomach microbiota in gastric cancer develop-
ment and clinical implications. Gut. 2024;73(12):2062-73.

Abu Al-Soud W, Stenram U, Ljungh A, Tranberg KG, Nilsson HO, WadstromT.
DNA of Helicobacter spp. And common gut bacteria in primary liver carci-
noma. Dig Liver Dis. 2008;40(2):126-31.

Mohammadi M, Attar A, Mohammadbeigi M, Peymani A, Bolori S, Fardsanei
F. The possible role of Helicobacter pyloriin liver diseases. Arch Microbiol.
2023;205(8):281.

Liu CC, Wolf M, Ortego R, Grencewicz D, Sadler T, Eng C. Characterization of
Immunomodulating agents from Staphylococcus aureus for priming immu-
notherapy in triple-negative breast cancers. Sci Rep. 2024;14(1):756.

Wilson Dib R, Matar M, Hallak R, Farra A, Mokhbat J. Gemella hepatic
abscesses: a case report and review of the literature. J Infect Dev Ctries.
2018;12(2):146-9.

Kodaka S, Uchida T, Gomi H. Gemella haemolysans as an emerging pathogen
for bacteremia among the elderly. J Gen Fam Med. 2022;23(2):110-2.
Abraham L, Bamberger DM. Staphylococcus aureus bacteremia: contempo-
rary management. Mo Med. 2020;117(4):341-5.

Ono R, Kitagawa |, Kobayashi Y. Cardiobacterium hominis infective endocardi-
tis: A literature review. Am Heart J Plus. 2023;26:100248.

Reina J, Borrell N, Llompart . Community-acquired bacteremia caused by
Serratia plymuthica. Case report and review of the literature. Diagn Microbiol
Infect Dis. 1992;15(5):449-52.

Ko KS, Lee NY, Oh WS, Lee JH, Ki HK, Peck KR, et al. Tepidimonas arfidensis

sp. Nov, a novel Gram-negative and thermophilic bacterium isolated from
the bone marrow of a patient with leukemia in Korea. Microbiol Immunol.
2005;49(8):785-8.

Han XY, Tarrand JJ, Dickey BF, Esteva FJ. Helicobacter pylori bacteremia with
sepsis syndrome. J Clin Microbiol. 2010;48(12):4661-3.

Mehmood M, Jaffar NA, Nazim M, Khasawneh FA. Bacteremic skin and soft
tissue infection caused by Prevotella loescheii. BMC Infect Dis. 2014;14:162.
Hui M. Streptococcus anginosus bacteremia: sutton’s law. J Clin Microbiol.
2005;43(12):6217.



Schulz et al. Gut Pathogens

66.

67.

68.

69.

70.

72.

73.

(2025) 17:53

Lake AD, Fields R, Guerrero F, Aimuzaini Y, Sundaresh K, Staffetti J. Case of
Enterococcus cecorum human bacteremia, united States. HCA Healthc J
Med. 2020;1(6):495-8.

Blackberg A, Holm K, Liderot K, Nilson B, Sunnerhagen T. Eubacterium bac-
teremia - a retrospective observational study of a seldom found anaerobic
pathogen. Diagn Microbiol Infect Dis. 2024;108(4):116185.

Hilgarth M, Fuertes S, Ehrmann M, Vogel RF. Photobacterium carnosum sp.
nov.,, isolated from spoiled modified atmosphere packaged poultry meat.
Syst Appl Microbiol. 2018;41(1):44-50.

Labella AM, Arahal DR, Lucena T, Manchado M, Castro D, Borrego JJ. Photo-
bacterium Toruni sp. nov., a bacterium isolated from diseased farmed fish. Int
J Syst Evol Microbiol. 2017;67(11):4518-25.

Tellapragada C, Ostlund H, Giske C, Rasmussen M, Berge A. Recurrent bacte-
remia with Enterococcus faecalis, the clinical findings predicting endocarditis,
and genomic characterization of the isolates: a retrospective cohort study.
Eur J Clin Microbiol Infect Dis. 2023;42(8):1001-9.

Miyamatsu Y, Tanizaki R, Yamada S. Sphingobium yanoikuyae bacteremia,
Japan. Emerg Infect Dis. 2024;30(5):1060-2.

Pulcini C, Roth S, Bernard E, Vandenbos F, Bernard JL, Dellamonica P. [Hafnia
alvei bacteremia with liver and muscle abscess: a case report]. Presse Med.
2003;32(22):1026-7.

McCall LI, Siqueira-Neto JL, McKerrow JH, Location. Location, loca-

tion: five facts about tissue tropism and pathogenesis. PLoS Pathog.
2016;12(5):1005519.

74.

75.

76.

77.

78.

79.

80.

Page 14 of 14

Lu XJD, Liu KYP, Zhu YS, Cui C, Poh CF. Using DdPCR to assess the DNA yield of
FFPE samples. Biomol Detect Quantif. 2018;16:5-11.

Kiran NS, Yashaswini C, Chatterjee A, Zebrafish. A trending model for gut-
brain axis investigation. Aquat Toxicol. 2024;270:106902.

Kiran NS, Yashaswini C, Chatterjee A. Noxious ramifications of cosmetic pol-
lutants on Gastrointestinal microbiome: A pathway to neurological disorders.
Life Sci. 2024;336:122311.

Elnaggar M, Mahboob S, Beutler BD, Hanfy A, Canaday O. Streptococcus mitis
abscesses mimicking liver metastases. Cureus. 2020;12(6):e8852.

Abavisani M, Foroushan SK, Kesharwani P, Sahebkar A. The frontier of health:
exploring therapeutic potentials of the Microbiome. PharmaNutrition.
2025;31:100435.

Shi K, Zhang Q, Zhang Y, BiY, Zeng X, Wang X. Association between probiotic
therapy and the risk of hepatocellular carcinoma in patients with hepatitis
B-related cirrhosis. Front Cell Infect Microbiol. 2022;12:1104399.

Li J, Sung CY, Lee N, NiY, Pihlajamaki J, Panagiotou G, et al. Probiotics modu-
lated gut microbiota suppresses hepatocellular carcinoma growth in mice.
Proc Natl Acad Sci U S A. 2016;113(9):E1306~15.

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



	﻿Profiling of the tumor-associated microbiome in patients with hepatocellular carcinoma
	﻿Abstract
	﻿Background
	﻿Methods
	﻿Ethical consideration
	﻿Study population and tissue collection
	﻿DNA extraction and amplicon library preparation
	﻿Immunohistochemical analysis of tissue samples
	﻿Bioinformatic analysis

	﻿Results
	﻿Study population and characteristics
	﻿Identification of gram-positive and gram-negative bacteria in tumoral, stromal and adjacent tissues
	﻿Pipeline for the analysis of the bacterial community in FFPE samples from the liver
	﻿Microbiome composition of FFPE blocks from cancerous and adjacent tissues
	﻿Associations between the liver microbiome and the clinical characteristics of patients
	﻿Comparative analysis of bacterial composition in tumor and adjacent tissue samples

	﻿Discussion
	﻿Conclusions
	﻿References




