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A B S T R A C T

Hepatocellular carcinoma (HCC) is the fourth leading cause of cancer-related mortality worldwide with chal
lenging clinical treatment. Accumulating evidence demonstrates that gut dysbiosis promotes HCC progression, 
and intratumoral bacteria play an essential role in carcinogenesis by modulating the tumor immune microen
vironment. However, the microbiome within liver tumor tissues remains poorly characterized. In this study, we 
investigated the intratumoral microbiota of HCC and identified a specific bacterial taxon, Rhodococcus sp. B513, 
that was enriched in tumor tissues. We found that Rhodococcus sp. B513 promoted HCC development partially by 
inducing vascular endothelial growth factor (VEGF) expression and promoting angiogenesis. Moreover, Rhodo
coccus sp. B513 induced gut dysbiosis in HCC model, characterized by an increased abundance of pro- 
inflammatory bacteria and a reduction in short-chain fatty acids (SCFA) producing bacteria. Furthermore, 
administration of Rhodococcus sp. B513 introduced intestinal inflammation and permeability. Our results pro
vided evidences for the cross-talk between the Rhodococcus sp. B513 and HCC progression, and suggested the 
potential prognostic and therapeutic value of the Rhodococcus sp. B513.

1. Introduction

Liver cancer ranks as the fourth leading cause of cancer-related 
deaths globally (Singal et al., 2020). Our previous studies have indi
cated that modification of specific gut microbiota may provide thera
peutic benefits for HCC patients (Liu et al., 2019). Currently, the 
diagnosis of HCC primarily relies on imaging or histopathological 
findings. Therefore, it is urgent to develop novel therapeutic targets for 
early prediction or diagnosis of HCC.

Recently, increasing studies have unraveled the existence of a 
distinct intratumoral microbiome that promotes tumorigenesis by 
modifying immune microenvironment and resistance against chemo
therapy (Nejman et al., 2020; Dohlman et al., 2022). Considering that 
the liver is anatomically connected to the intestines via the portal vein, 
gut bacteria might be able to translocate to the liver in leaky gut states 
(Manfredo Vieira et al., 2018; Wang et al., 2025). For instance, 

Stenotrophomonas maltophilia was enriched in tumor tissues of HCC pa
tients with cirrhosis, facilitating HCC progression by activating 
TLR-4-mediated NF-κB signalling pathway and secreting various in
flammatory factors (Liu et al., 2022). Additionally, intratumoral Para
burkholderia fungorum could inhibit tumor growth through alanine, 
aspartate, and glutamate metabolism in intrahepatic chol
angiocarcinoma (Chai et al., 2023). Despite these findings, intratumoral 
bacteria that mediate HCC progression remain largely unknown.

Here, we aimed to assess the intratumoral microbiome of HCC pa
tients and to identify tumor-associated bacteria. Rhodococcus sp. B513 
was found to be enriched in hepatic tumor tissues. We further investi
gated the role of Rhodococcus sp. B513 in the HCC progression and in
testinal inflammation in mouse model. Our findings suggested that 
intratumor Rhodococcus sp. B513 plays an important role in promoting 
HCC, intervention of which might therefore be worth exploring for 
advancing oncology care.
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2. Materials and methods

2.1. Clinical samples

We initially enrolled 8 HCC patients who underwent hepatectomy at 
the First Affiliated Hospital of Zhejiang University, and an additional 
validation cohort (10 HCC patients) were enrolled for validation. The 
exclusion criteria were as follows: (1) had received immunotherapy, 
radiotherapy, or chemotherapy prior to the hepatectomy, (2) HBsAg, 
HCVAb, diabetes, autoimmune disease, hypertension, inflammatory 
bowel diseases, HIV, any other types of liver diseases, (3) get antiviral 
therapy, alcohol abuse or antibiotics treatment in the past 6 months. The 
liver normal, peritumoral, and tumor tissues were collected under sterile 
condition. All fresh samples were immediately frozen with liquid ni
trogen, and stored at -80 ◦C until used. All participants were provided a 
written informed consent upon enrolment. The steps were carried out in 
accordance with the Ethics Committee of the First Affiliated Hospital of 
Zhejiang University (permit #2020–343) and Ethics Committee of 
Nanjing Medical University (permit #2019–800).

2.2. Cell lines

The murine hepatocellular carcinoma H22, murine macrophage 
RAW264.7, human hepatocellular carcinoma HepG-2, and human um
bilical vein endothelial cells (HUVEC) were obtained from the Second 
Affiliated Hospital of Nanjing Medical University. The cells were 
maintained in Dulbecco’s modified Eagle’s medium (DMEM) supple
mented with 10 % fetal bovine serum (FBS) at 37 ◦C with 5 % CO2 except 
for HUVECs. HUVECs were cultured in Endothelial Cell Medium (ECM) 
supplemented with 10 % FBS and 1 % endothelial cell growth supple
ment (ECGS; ScienCell, USA).

2.3. Bacterial culture and growth condition

In order to isolate bacteria from liver tissues, about 100 mg tissues 
were placed in 200 µL of 1 × PBS which containing glass beads. Samples 
were homogenized using a muti-tissue sample crusher (Shanghai Jing
xin Industrial Developmental Company, China) for 60 s, then spin down 
at 3000 rpm for 30 s. The supernatants were inoculated on trypticase soy 
agar (TSA) culture medium, and incubated at 37 ◦C for 2–3 days. 
Genomic DNA extraction and 16S rRNA amplification were carried out 
from each clone. The 16S rRNA universal primers 27F (5′-AGAGTTT
GATCCTGGCTCAG-3′) and 1492R (5′-GGTTACCTTGTTACGACTT-3′) 
were used for PCR amplication. The obtained sequences were compared 
through BLAST in NCBI. In addition, the specific primers Rho-F1 (5′- 
GTATCGCAGCCCTCTGTACC-3′) and Rho-R1 (5′-GCAGTAACT
GACGCTGAGGA-3′) were used to amplify 16S rRNA fragment of Rho
dococcus sp. B513 with PCR amplication, resulting in fragments of 500 
bps for identifying Rhodococcus sp. B513. Rhodococcus sp. B513 were 
routinely grown in TSA or trypticase soy broth (TSB) medium at 37 ◦C 
for 48 h. The bacteria were stored at -80 ◦C until used. The 16S rRNA 
sequences of Rhodococcus sp. B513 were submitted to NCBI with 
accession number OQ423203.

2.4. Phylogenetic analysis of Rhodococcus

To identify the genetic relationship of Rhodococcus sp. B513 with 
other Rhodococcus species, the 16S rRNA sequences of 39 validated 
Rhodococcus species were obtained from GenBank. The phylogenetic 
tree was assessed by 1000 bootstrap using the MEGA software which 
computed by the neighbour- joining (NJ) analysis and maximum com
posite likelihood model, Escherichia coli sample was used as outgroup.

2.5. Antibiotic susceptibility testing

Minimum inhibitory concentration (MIC) were determined using a 

modified broth microdilution assays as previously described (Wiegand 
et al., 2008). Briefly, Rhodococcus sp. B513 inoculated into 96-well 
microplate containing serially-diluted antibacterial agents: chloram
phenicol, erythromycin, gentamicin, rifampicin, ampicillin, strepto
mycin, kanamycin, streptomycin, vancomycin, and tetracycline 
antibiotics (varied concentrations: 0.10, 0.20, 0.39, 0.78, 1.56, 3.13, 
6.25, 12.5, 25, 50, 100, 200, and 400 μg/mL). Bacteria were cultured in 
TSB medium at 37 ◦C for 24 h. Experiments were carried out in three 
biological replicates.

2.6. Rhodococcus labelling with FDAA probes and macrophage infection

Rhodococcus sp. B513 was labelled by fluorescent d-amino acid 
(FDAA; TADA-amide, 0.5 mM) according to the previously recorded 
(Wang et al., 2019; Lin et al., 2020). Bacteria were incubated in TSB 
supplemented with FDAA probes overnight at 37 ◦C. Labelled bacteria 
were then pelleted and washed twice with PBS, then resuspended in 200 
µL PBS for infecting RAW264.7 cells. Cells were seeded on glass cover
slips in 12-well dishes at 2 × 105 cells/well. The cells were exposed to 
FDAA-labelled Rhodococcus sp. B513 for 30 min at 37 ◦C. Extracellular 
bacteria were washed by PBS containing 500 μg/mL gentamicin three 
times, followed by incubation in complete DMEM medium for 4 h. This 
concentration gentamicin inhibited the growth of extracellular bacteria 
without infiltrating eukaryotic plasma membranes (Wang et al., 2018). 
Then cells were fixed in 4 % paraformaldehyde for 10 min, and washed 
three times with PBS. Coverslips were mounted on glass slides using 
Antifade Mounting Medium with DAPI (Cat#P0131, Beyotime, China). 
Images were obtained using Zeiss LSM 800 Confocal Laser Scanning 
Microscopy under 40 × objective. FDAA probes were purchased from 
Chinese Peptide Company (Hangzhou, China).

2.7. Preparation of freeze-dried bacterial supernatant powder

Cell-free supernatant (CFS) powders of Rhodococcus sp. B513 were 
prepared as previously described (Dimitrieva-Moats and Ünlü, 2012). 
Briefly, overnight cultures of bacteria were inoculated in 5-mL TSB 
medium to reach mid- or late exponential growth phase (A600 of 
1.5–3.5). Cells were pelleted by centrifugation (15,000 g, 15 min at 4 
◦C), then added to 50-mL TSB and incubated for 24 h at 37 ◦C. The 
resulting fermentations were centrifuged (15,000 g, 15 min at 4 ◦C). 
Rhodococcus CFS powders were prepared by filter sterilization using 
0.22-μm-pore-size filters and freeze-drying for 48 h using a Labconco 
FreeZone System. TSB freeze-dried powder was used as a control, which 
obtained using the same procedure. Powders were kept at -80 ◦C until 
further use. The powders were dissolved with sterile PBS at the same 
amount TSB before the cells are treated.

2.8. Transwell migration and invasion assay

The migration and invasion assays were performed using Transwell 
chambers (24-well insert, Corning, USA) as previously described (Liu 
et al., 2018). For migration assay, the 4 × 104 HepG2 cells with 
serum-free medium were seeded into the upper chamber, and the lower 
chamber contained the medium with 10 % FBS. The upper chamber was 
incubated with bacterial Rhodococcus CFS powders (Rho) or TSB 
freeze-dried powders (medium) or PBS (blank control) for 24 h. Then, 
the chamber membrane was fixed, stained with 0.5 % crystal violet 
solution, and then observed and photographed under a microscope. For 
invasion assay, the chamber was coated with Matrigel (BD Biosciences, 
USA), and the subsequent steps followed the same protocol as the 
migration assay. Each group was conducted at least 4 biological 
replicates.

2.9. Tube formation assay

A matrigel-based tube formation assay was performed as previously 
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described (Aranda and Owen, 2009; Francescone et al., 2011). Briefly, a 
µ-Slide Angiogenesis (Cat#81506, ibidi, Germany) was coated with 10 
μL Matrigel solution (Cat#356234, Sigma, USA) for 30 min at 37 ◦C 
before cell culture. Next, 2 × 104 HepG2 cells were harvested and 
incubated with Rhodococcus CFS powders (Rho, dilution in 1:50), TSB 
freeze-dried powders (medium, dilution in 1:50) and PBS (blank con
trol) in 96-well microplates for 24 h, respectively. Subsequently, the 
supernatants of co-cultured cells were transferred to the µ-Slide Angio
genesis. Then about 7000 HUVECs were also seeded into µ-Slide 
Angiogenesis. Each group of cells was tested in three replicated wells. 
Cells incubation at 37 ◦C for 8 h, tubule formation was quantified and 
images were taken under U3ISPM16000KPA industrial digital camera. 
The ImageJ software was used to count the length of the tube. The 
angiogenesis index was calculated according to the formula described 
previously (Aranda and Owen, 2009). Each group was conducted as 5 
biological replicates.

2.10. Mouse

C57BL/6 (B6) mice were purchased from Animal Core Facility of 
Nanjing Medical University. They were kept in a specific pathogen-free 
(SPF) facility under controlled 22 ◦C temperature, 55 % humidity and a 
12 h light/dark photoperiod. Food and water were provided ad libitum. 
To minimize potential confounders, all mouse models were all estab
lished respectively by the same person. For each model, four different 
researchers were involved in the blinded procedure. The first researcher 
randomized the mice according to the random number table method. 
The second researcher was responsible for building different mouse 
model. Finally, the third and fourth researchers, who were unaware of 
the grouping, collected samples, measured, and evaluated the results. To 
ensure statistical independence, each mouse was treated as an experi
mental unit. Mice were euthanized by sodium pentobarbital and cervical 
dislocation. The mice experiments and protocols were reviewed and 
approved by the Nanjing Medical University Institutional Animal Care 
and Use Committee (IACUC-2006016).

2.11. Tail vein injection model

To evaluate whether Rhodococcus sp. B513 could colonize the liver, 
Rhodococcus sp. B513 were injected via tail vein. Eight-week-old male 
mice were randomly divided into two groups: a control group (Con, n =
5) and a Rhodococcus-infected group (Rho, n = 8) mice began to die by 
day 21 post-inoculation, thus all mice were euthanized on day 20. The 
liver, spleen and lung were aseptically collected and placed in separate 
sterile glass tissue grinders contained PBS. Organ homogenates (0.1 g 
liver, whole spleen, whole kidney, respectively) were serially diluted in 
1 mL sterile PBS, and gradient dilutions were plated on TSA medium to 
quantify orange-salmon colony forming units (CFU). Plates were incu
bated at 37 C for 48 h in triplicate, after which orange-salmon colonies 
were recorded. Results were expressed as the values (mean ± standard 
error) of log10 Rhodococcus sp. B513 per 1 g of organ.

2.12. Induction of chronic Rhodococcus infection in DEN-induced HCC 
model

To induce primary HCC, two-week-old male C57BL/6 mice received 
an intraperitoneal (i.p.) injection of diethylnitrosamine (DEN) (20 mg/ 
kg). Three weeks later, mice were administered weekly i.p. injections of 
carbon tetrachloride (CCl4) (25 mg/kg, dissolved in mineral oil) for 9 
weeks, as previously described (Uehara et al., 2014). Mice were 
randomly divided into three groups (n = 10 mice per group). Rho group: 
mice were orally gavaged with Rhodococcus sp. B513 (1 × 109 CFU, 200 
uL suspension in PBS) every two days throughout the experiment. Con 
group: mice received PBS alone as a control. ABX group: Following 
Rhodococcus sp. B513 treatment at 14 weeks of age, mice were admin
istered a broad-spectrum antibiotic cocktail (vancomycin 0.5 mg/mL, 

neomycin 1 mg/mL, metronidazole 1 mg/mL, and ampicillin 1 mg/mL) 
in drinking water until euthanasia, as previously described (Yoshimoto 
et al., 2013). Following DEN and CCl4 treatment, all mice developed 
liver tumor at 5-month-old. Liver tumor and body weight were 
measured at sacrifice.

2.13. H22 cell line-derived subcutaneous xenograft (CDX) tumor model

Seven-week-old male C57BL/6 mice were randomly allocated into 
four groups (n = 10–11 mice per group). Exponentially growing H22 
cells (1 × 105 cells in 100 μL PBS) were subcutaneously injected (s.c.) 
into the right flank of each mouse. The treatment groups were designed 
as follows: CDX-Rho group, tumor-bearing mice received oral gavage of 
Rhodococcus sp. B513 (1 × 10⁹ CFU in 200 μL PBS) every two days; CDX 
group, control mice received PBS only; Rho group, non-tumor-bearing 
mice received Rhodococcus sp. B513 (1 × 10⁹ CFU in 200 μL PBS) 
every two days; Con group, non-tumor-bearing control received PBS 
only. The tumor size was calculated every five days which using the 
formula volume (mm3) = length × width2 × 0.5. When the length of 
tumor reached 1.5 cm, mice were euthanized.

2.14. DSS-induced acute colitis mice model

The dextran sulfate sodium (DSS) induced colitis model is a well- 
established, reproducible that develops independently of T or B cell 
responses (Oh et al., 2014). Notably, gut microbiomes have been 
implicated in the development of this colitis variant. Ten 7-week-old 
male C57BL/6 mice were randomly divided into two groups (n = 5 
mice per group). Acute colitis was induced by administering 3 % (w/v) 
DSS in drinking water ad libitum for 7 days, followed by a 3-week re
covery period with regular water (DSS group), as previously described 
(Dieleman et al., 1998; Oh et al., 2014). The DSS-Rho group received 
Rhodococcus sp. B513 after DSS-treatment for additional 23 days. Body 
weight was monitored every three days.

2.15. Histological processing and analysis

Whole spleens, livers, and colon were harvested. Organ indices 
(spleen and liver) were calculated as the organ weight-to-body weight 
ratio. The distal colon or liver tissues were fixed in 4 % para
formaldehyde for 24 h at 4 ◦C, then embedded in paraffin. Tissue sec
tions (3–4 µm thickness) were stained with hematoxylin and eosin 
(HE) staining at Servicebio company (China). The colon histopathology 
was evaluated from 0 to 14 (total score): crypt hyperplasia, epithelial 
injury/erosion, inflammation, and percent involvement (Kihara et al., 
2003). Histological imaging was captured using a Zeiss Axio Imager 2 
Microscope.

2.16. Immunofluorescence staining

The immunofluorescence staining of intestine and live tissues were 
performed as previously described (Im et al., 2019). Briefly, 
paraffin-embedded sections were incubated with primary antibodies 
(diluted 1:200 in 1 % bovine serum albumin-PBS) at 4 ◦C overnight: 
rabbit anti-claudin-7 (Cat#A2035, ABclonal, China), rabbit 
anti-claudin-1 (Cat#BS1063, Bioworld, China), rabbit anti-ZO-1 
(Cat#BS71522, Bioworld, China), and rabbit anti-VEGF (Cat#A12303, 
ABclonal, China). After three times washes with PBS, sections were 
incubated with Alexa Fluor 488-conjugated goat anti-rabbit IgG sec
ondary antibody (1:2000 dilution; Cat#Z25302, Invitrogen, USA) for 1 
hour at room temperature. Fluorescence images were captured by Zeiss 
LSM 800 Confocal Laser Scanning Microscopy. There were at least four 
biological replicates in each group.
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2.17. Flow cytometry

Tissues samples (spleen, liver, mesenteric lymph nodes (MLN), 
lamina propria lymphocytes (LPLs), and tumor) were processed for flow 
cytometry analysis according to the previously described (Huang et al., 
2021). Briefly, fresh tissues were mechanically dissociated using gen
tleMACS Octo Dissociator (Miltenyi Biotec, USA), followed by filtering 
through 100 µm nylon mesh. For hepatic cells and splenocyte prepara
tions, the red blood cells were lysed by Erthrocytes Lysate (Cat#BL503B, 
Biosharp, China). All the cells were incubated with the antibody panel 
for 20–30 min at 4 ◦C or room temperature. Samples were suspended in 
PBS for data acquisition on BD FACSVerse using BDVerse software (BD 
Biosciences, USA). Fluorochrome–conjugated mAb to the following 
mice antigens were used: CD45-PerCP/Cyanine5.5 (clone 30-F11, 
Cat#103132), CD3-FITC (clone 17A2, Cat# 100204500), CD4-PE/Cy7 
(clone RM4–5, Cat#100528), Foxp3-PE (clone MF-14, Cat#126404), 
CD25-APC (clone QA19A49, Cat# 162106). Live cells were labelled 
using the Zombie Aqua fixable viability kit (#423101). All antibodies 
were purchased from BioLegend.

2.18. DNA extraction and 16S rRNA gene amplicon sequencing

About 100 mg samples (tumor tissues and stool) were used to extract 
total genome DNA following the protocol of the DNA extraction kit 
(Cat#DP328 and Cat#DP304 respectively, Tiangen, China). DNA qual
ity and quantity were determined by agarose gel electrophoresis. The 
concentration and purity of DNA were detected using Qubit 2.0 Fluo
rometer (Thermo Fisher Scientific, USA). The V4 regions of 16S rRNA 
were amplified using PCR with the conserved primers 515F (5′- 
GTGCCAGCMGCCGCGGTAA-3′) and 806R (5′-GGAC
TACHVGGGTWTCTAAT-3′), and sterile water reaction was used as a 
negative control. PCR products were purified using the GeneJET Gel 
Extraction Kit (Thermo Fisher Scientific, USA), then sequenced by Illu
mina Hiseq 2500 platform (Novogene and Biomarker respectively, 
China), generating paired-end 250-bp reads.

2.19. Microbiome analyses

Raw sequence data were quality controlled by FLASH v1.2.7, Trim
momatic v0.33, and UCHIME v4.2 software. Bioinformatics analysis of 
16S rRNA gene amplicons were performed by QIIME 2.0. Fecal and 
tumoral samples had a minimum of 68,626 and 22,227 high-quality 
reads after processing, respectively. Sequences were rarefied to the 
minimum reads per sample for Alpha-diversity analysis. Alpha diversity 
(ACE, Chao1, Simpson, and Shannon index) were calculated in Wekemo 
Bioincloud (https://bioincloud.tech/). Principal coordinate analysis 
(PCoA) was conducted based on UniFrac and Bray-Curtis distances to 
visualize amplicon sequence variant (ASV) based bacterial community 
structures.

The ASVs were assigned to the silva database classifier with ≥ 97 % 
similarity by QIIME 2.0. At each taxonomy level, taxon with relative 
abundance <0.0001 were filtered out. LEfSe algorithm with default 
parameters was used to determine significant differentially taxonomy, 
linear discriminant analysis (LDA) scores > 3 and P value < 0.05 
were considered as significant. In order to assess the taxonomic rela
tionship within each group, the top 30 abundant genera were used for 
co-occurrence network analysis. The co-occurrence patterns were 
calculated by using Spearman method (correlation coefficient cut-off =
0.5, P < 0.05), and visualized with Cytoscape software.

Bacterial functional potential was predicted using PICRUSt2 with 
default settings (Douglas et al., 2020). Pathways were mapped to Kyoto 
Encyclopedia of Genes and Genomes (KEGG) orthologs. Differential 
pathway abundance was assessed using LEfSe algorithm (LDA > 2, P 
value < 0.05). P values were corrected for multiple comparisons using 
the Benjamini-Hochberg method to control the false discovery rate 
(FDR), FDR < 0.05 was considered significant. All 16S rRNA 

datasets were submitted to CNGB Sequence Archive (CNSA) of China 
National GeneBank DataBase (CNGBdb) (Accession number 
CNP0003944 and CNP0003120).

2.20. Statistics

Data distribution normality was evaluated with the one-sample 
Kolmogorov-Smirnov test. If normality was satisfied, two-tailed Stu
dent’s t-test was used for two groups analysis. The one-way analysis of 
variance (ANOVA) was performed for more than two groups. In cases of 
non-normality, nonparametric tests were applied (Mann-Whitney test 
for two-group comparison, and Kruskal-Wallis test for comparisons 
among three or more groups). Results are reported as the mean ±
standard deviation (SD). GraphPad Prism software was used to perform 
the analysis. Significance was defined as: * P< 0.05, ** P< 0.01, *** P<
0.001. The bacterial taxonomic of 16S rRNA analysis between any two 
groups was conducted using the two-sided Wilcoxon rank-sum test.

3. Results

3.1. Altered composition of microbiota in normal, peritumoral and tumor 
tissues in HCC patients

To characterize the intratumoral microbiome landscape of HCC, we 
performed 16S rRNA sequencing on surgically resected liver tissues 
(tumor, peritumoral and non-tumoral normal tissue) from eight HCC 
patients. Taxonomic profiling at the ASV level revealed the lowest 
bacterial abundance in normal tissues (Fig. 1A). The alpha diversity 
demonstrated marked ecological simplification in tumoral microbiomes, 
as evidenced by reduced ACE, Chao1 and Shannon index (Fig. 1B, C, D). 
Differential analysis at genus level revealed similar microbiota compo
sition between normal and peritumoral tissues, such as Escherichia- 
Shigella, Rummeliibacillus, Lysinibacillus, and Clostridium_sensu_stricto_1 
(Fig. 1E, F).

To resolve ecological interactions within hepatic microbiota, we 
constructed a genus-level correlation-based network in each group 
(Fig. 1G, H, I). Tumor microbiome demonstrated reduced network 
complexity with balanced positive and negative correlations (Fig. 1I). 
Conversely, non-malignant networks displayed predominantly positive 
interactions (Fig. 1G, H), suggesting cooperative metabolic de
pendencies in healthy hepatic microbiota.

LEfSe identification of taxonomic biomarkers revealed four bacterial 
genera significantly associated with tumor, including Rhodococcus, 
Enhydrobacter, Corynebacterium_1 and Micrococcus (Fig. 1J). Notably, 
Rhodococcus was the most significant tumor-enriched genus, suggesting 
a potential role of Rhodococcus in HCC progression.

3.2. Isolation and phenotypic characterization of Rhodococcus sp. B513 
from HCC tissues

To explore the functional relevance of Rhodococcus in HCC pro
gression, we performed targeted bacterial isolated from tumoral speci
mens of an independent validation cohort (10 HCC patients). Freshly 
resected liver tissues were cultured on TSA medium to isolate Rhodo
coccus. It was aerobic, immobile, formed orange-salmon pigmented 
colonies, and eventually generated filamentous organisms in liquid 
culture (Fig. S1A). Microscopic examination of Gram-stained prepara
tions revealed pleomorphic rods exhibiting variable morphology 
ranging from coccobacilli to branched filaments, consistent with Rho
dococcus genus characteristics (Fig. S1B). The isolate, designated Rho
dococcus sp. B513 (Rho), had the closet genetic relationship with 
Rhodococcus aetherovorans and Rhodococcus ruber (Fig. S1C).

Given the reported ability of a Rhodococcus species, Rhodococcus 
equi, can survive in host macrophage (Hondalus and Mosser, 1994; Vail 
et al., 2021), we investigated the interaction between Rhodococcus sp. 
B513 and macrophages using fluorescence-based assays (Wang et al., 
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2019). Confocal microscopy revealed efficient phagocytosis at 4 h 
post-infection (Fig. S1D). Antibiotic susceptibility testing revealed its 
sensitivity to multiple antibiotics, such as vancomycin, streptomycin, 
kanamycin, and spectinomycin (Table S1). The results implicated that 
the intratumoral bacterium Rhodococcus B513-a phagocytosis-resistant 
strain, with closely related to Rhodococcus species, which provided a 
tractable model for investigating tumor-microbe interactions.

3.3. Systemic dissemination and hepatic colonization of Rhodococcus sp. 
B513

To evaluate the systemic pathogenicity and organotropism of Rho
dococcus sp. B513, we established a murine infection model using 8- 
week-old C57BL/6 J mice. Following tail vein injection of Rhodococcus 
sp. B513 or sterile PBS control, serial physiological and microbiological 
assessments were performed at the 21-day (Fig. 2A). Rhodococcus sp. 

B513-injected mice exhibited progressive weight loss (Fig. 2B), accom
panied by significant increased weight ratio of liver, spleen, kidney, and 
lung (Fig. 2C). Notably, 62.5 % of Rhodococcus-infected mice developed 
hepatic abscesses characterized by marked central suppurative inflam
mation surrounded by fibrin and necrosis (Fig. 2D, E, Table S2). 
Quantitative culture of homogenized tissues revealed rapid hepatic 
colonization, with liver CFU counts reaching 2.16 × 1010 CFU/mL post 
injection (Table S2). The results strongly suggested that Rhodococcus sp. 
B513 was able to colonize in liver tissues after intravenous injection in 
adult mice.

3.4. Rhodococcus sp. B513 promoted hepatocellular carcinoma growth 
and progression

To define the functional role of Rhodococcus sp. B513 in HCC, we 
performed transwell assays using HepG2 cells treated with Rhodococcus 

Fig. 1. Bacterial analysis among normal, peritumoral and tumor tissues in HCC patients. 
a. Venn diagram of ASVs abundance was performed (n = 8 tissues per group). b-d. The alpha diversity indices of ACE (b), CHAO 1 (c) and Shannon index (d). e. 
Relative abundance of top 10 genera. f. Heatmap of top 20 genera. g-i. Correlation network of top 30 genera in normal tissues (g), peritumoral tissue (h) and tumor 
tissues (i). The correlation coefficient was calculated with Spearman’s rank test (correlation coefficient cut-off = 0.5, P < 0.05). j. Discriminating genus between the 
normal and tumor tissues by LEfSe analysis. Genus with LDA scores > 3 is shown. *FDR < 0.05, Wilcoxon rank-sum test.
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CFS powders (Fig. 3A). Treated cells exhibited significantly enhanced 
migration and invasion capabilities compared to controls (Fig. 3A). 
Given the established involvement of angiogenesis in HCC pathogenesis, 
we further assessed the pro-angiogenic potential of Rhodococcus CFS. 
Treatment markedly stimulated tube formation in HUVECs (Fig. 3B).

To validate these findings in vivo, we established a DEN/CCl4- 
induced HCC model (Fig. 4A). Mice were treated with Rhodococcus sp. 
B513 (Rho group) developed significantly more hepatic tumor nodules 
than controls, particularly those >5 mm in diameter (Fig. 4B, C). Next, 
we applied antibiotics to remove bacteria (ABX group). The antibiotic- 

treated mice exhibited cecal enlargement (Fig. S2A), consistent with 
prior observations (Yoshimoto et al., 2013). And the ABX-treatment 
alleviated the Rhodococcus sp. B513-driven tumor progression (Fig. 4B, 
C, D), supporting a causal role for Rhodococcus sp. B513. The Rho group 
also exhibited increased liver-to-body weight ratios (Fig. 4D) and severe 
intestinal inflammation (Fig. 4E). In addition, species-specific PCR 
confirmed bacterial translocation to the liver (Fig. S2B).

Then, we investigated whether gut barrier disruption mediated 
Rhodococcus sp. B513’s pro-tumorigenic effects. Tight junction proteins 
are critical for intestinal barrier integrity (Xing et al., 2020). Strikingly, 

Fig. 2. Effect of Rhodococcus sp. B513 administration on the tail vein injection model. a. Schematic representation of the experiment design. Eight-week-old male 
mice were injected with Rhodococcus sp. B513 (Rho, n = 8 mice) or PBS (Con, n = 5 mice) via tail vein. b. Body weight was measured. c. Organ weight relative to 
body weight. *p< 0.05, **p <0.01, unpaired two-tailed Student’s t-tests with Mann-Whitney test. d. Representative macroscopic photographs of livers. White arrow 
indicates the hepatic abscess. e. Representative HE staining of liver sections.

Fig. 3. Effect of Rhodococcus sp. B513 on the viability of cells in vitro. a. Transwell assay analysis of HepG2 cell migration and invasion were treated with cell-free 
supernatant of Rhodococcus sp. B513 (Rho) or TSB medium (Medium) treatment, and PBS as the blank, n = 4–5 biological replicates/group. **p< 0.01, one-way 
ANOVA test with Kruskal-Wallis test. b. HUVECs cultures were treated with supernatants from HepG2 (Blank), supernatants from HepG2 infected with cell-free 
supernatant of Rhodococcus sp. B513 (Rho), TSB treatment (Medium) for 8 h and then subjected to tube formation assay, respectively, n = 4–5 biological repli
cates/group. *p< 0.05, one-way ANOVA test.

Q. Liu et al.                                                                                                                                                                                                                                      Current Research in Microbial Sciences 9 (2025) 100428 

6 



administration of Rhodococcus sp. B513 downregulated key barrier 
proteins (claudin-1, claudin-7, and ZO-1; Fig. 4F, Fig. S2C, S2D), indi
cating compromised gut integrity that permits bacterial translocation to 
the liver, which is consistent with our detection of Rhodococcus DNA in 
hepatic tissue. Within the liver microenvironment, translocated bacteria 
or their components subsequently upregulated hepatic VEGF-A 
(Fig. 4G), a key angiogenesis mediator known to fuel HCC growth. 
Previous studies have reported that Rhodococcus were enriched in in
testinal mucosa in inflammatory bowel disease patients (Wang et al., 
2022). Consistent with this clinical associations between Rhodococcus 
and mucosal inflammation, we also observed that Rhodococcus sp. B513 
exacerbated intestinal pathology in a DSS-induced acute colitis model 
(Fig. S3). Collectively, these data suggested that Rhodococcus sp. B513 
disrupts intestinal barrier integrity, promotes VEGF-driven angiogen
esis, and ultimately accelerates HCC progression.

3.5. Rhodococcus sp. B513 exacerbated gut dysbiosis in DEN-induced 
HCC model

To assess the impact of Rhodococcus sp. B513 on the gut microbiota in 
HCC, we conducted 16S rRNA gene sequencing on fecal samples. No 
unique ASVs were detected between the Control (Con) and Rhodococcus 
(Rho) groups (Fig. 4H). Alpha diversity, measured by the Shannon and 
Simpson indices, was significantly different in the ABX group compared 
to both the Con and Rho groups (Fig. 4I, J). PCoA revealed significant 
compositional differences among the three groups (Fig. 4K, Fig. S4A).

Differential abundance analysis at the phylum and genus levels 
identified significant taxon alteration (Fig. S4B, S4C, S4D). Significant 
alterations in the top 20 genera were observed in the Rho group 
compared to Controls (Fig. 4L, Fig. S4E). Notably, this dysbiosis was 
characterized by a significant depletion of short-chain fatty acids- 

Fig. 4. Effect of Rhodococcus sp. B513 administration on chemical-induced HCC model. a. Schematic representation of the experiment design. Two-week-old male 
mice injected with DEN. Then, mice were received 9 weekly injection of CCl4 (Con), or gavaged with Rhodococcus sp. B513 (Rho). In addition, mice were oral gavage 
by antibiotics cocktail at week 14 until euthanized (ABX). b. Photograph of tumor. c. Quantification of tumor number (n = 8 mice/group), one-way ANOVA test with 
Kruskal–Wallis test. d. Liver weight relative to body weight (n = 8 mice/group), one-way ANOVA test with Kruskal–Wallis test. e. HE staining and histological score 
of colons, n = 7 mice/group, one-way ANOVA test with Kruskal–Wallis test. f. Immunofluorescence staining of claudin-7 protein in colon tissue, n = 4–5 mice/group. 
g. Immunofluorescence staining of VEGF-A protein in liver tissue, arrow indicates the VEGF-A, n = 4–5 mice/group. h. Venn diagram of ASVs abundance was 
performed, n = 9–10 mice/group. i-j. The alpha diversity of Shannon (I) and Simpson (J) index, one-way ANOVA test. k. PCoA of bacterial beta diversity based on the 
unweighted UniFrac distances. l. Heatmap of top 20 genera. 
*p< 0.05, **p< 0.01, ***p< 0.001, ****p< 0.0001.
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producing (SCFA) producing bacteria, including the diminished genera 
Muribaculaceae, Lactobacillus, Akkermansia, and Dubosiella. Additionally, 
the pro-inflammatory bacteria (e.g., Bacteroides, Rikenellaceae RC9, 
Colidextribacter, Turicibacter and Coriobacteriaceae UCG-002) were 
enriched following Rhodococcus sp. B513 administration. Furthermore, 
co-occurrence network analysis revealed substantially simpler microbial 
interactions within the Rho group (Fig. S4F, S4G, S4H), mirroring the 
reduced network complexity observed in tumor tissue from HCC pa
tients (Fig. 1I). This diminished interconnectivity suggests that Rhodo
coccus sp. B513 disrupts the compositional balance and ecological 
complexity of the gut microbiota.

To investigate the biological function of microbiota induced by 
Rhodococcus sp. B513, we used PICRUSt2 to assess the potential function 
of microbiome (Fig. S5). Of note, twelve metabolism pathways related 
with sugar metabolism (green in colour) were increased in the Rho 

group, meanwhile, the antibiotic biosynthesis pathways were also 
enriched (blue in colour). In addition, Rho group also showed an 
enrichment in pathways linked to inflammatory diseases, including 
NOD-like receptor signaling.

3.6. Rhodococcus sp. B513 accelerated tumor progression in H22 CDX 
tumor model

To evaluate the direct tumorigenic effects of Rhodococcus sp. B513, 
we established a H22 CDX tumor model with oral Rhodococcus sp. B513 
administration (Fig. 5A). The results indicated that Rhodococcus 
enhanced tumor growth and burden compared to controls (Fig. 5B, C). 
Histopathological analysis revealed enhanced epithelial damage in 
treated mice, characterized by extensive colonic gland dysplasia 
(Fig. 5D).

Fig. 5. Effect of Rhodococcus sp. B513 administration on H22 subcutaneous xenograft tumor model. a. Schematic representation of the experiment design. Eight- 
week-old male C57BL/6 mice were subcutaneous injected with H22 cells derived xenograft (CDX). Mice were orally gavage with PBS (CDX) or Rhodococcus sp. 
B513 (CDX-Rho). Mice were gavaged with Rhodococcus sp. B513 throughout the experiment (Rho), while mice were received PBS as the control group (Con), n =
10–11 mice/group. b. The curve of tumor volume. c. Representative images of tumor. d. HE staining and histological score of colons (Con, n = 9; Rho, n = 9; CDX, n =
7; CDX-Rho, n = 9), one-way ANOVA test.e. Identification of CD4+Treg cells in mesenteric lymph nodes (MLN) tissues (Con, n = 7; Rho, n = 8), unpaired 2-tailed t- 
test. 
*p< 0.05, **p <0.01.
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Flow cytometry analysis of immune cells (Th17, Treg, macrophage, 
CD8+ and CD4+) within spleen, liver, MLN, LPLs, and tumor tissues, and 
identified a specific enrichment of CD4+Foxp3+ Treg cells exclusively in 
MLNs of Rhodococcus-treated mice (Fig. 5E). This finding aligns with 
established reports linking Foxp3+Treg dysregulation to inflammatory 
bowel disease (Ramanan et al., 2023), and correlates with our observed 
histopathological alterations (Fig. 5D). Collectively, these results indi
cated that Rhodococcus sp. B513 drive intestinal inflammation through 
modulation of the local immune microenvironment, thereby acceler
ating tumor progression.

4. Discussion

Increasing evidences indicated intratumoral microbe could exert a 
more direct and localized influence on tumor progression than gut mi
crobes. Previous studies with large sample sizes have confirmed the 
presence of intratumor bacteria in tumor and immune cells, demon
strating that the intratumoral bacteria are tumor specific (Nejman et al., 
2020; Galeano Niño et al., 2022). These microbes have been indicated to 
interact with tumor cells in various cancer types, including brain, bone, 
breast, lung, colorectal, and skin cancers (Nejman et al., 2020; Fu et al., 
2022; Goto et al., 2023). Consequently, understanding whether and how 
intratumor bacteria contribute to tumorigenesis, progress, and targeted 
necessitates further investigation.

However, characterization of the intratumor microbiome of HCC 
remains limited. Till now, several intratumor bacteria, including Strep
tococcaceae, Lactococcus, Cutibacterium, Stenotrophomonas maltophilia, 
Staphylococcus capitis, Paraburkholderia fungorum, Klebsiella pneumoniae 
(Losic et al., 2020; Komiyama et al., 2021; Huang et al., 2022; Sun et al., 
2023a; Liu et al., 2024; Wang et al., 2025)., have been suggested as 
markers for cirrhosis or intrahepatic cholangiocarcinoma or HCC. These 
findings indicated heterogeneity in the intratumoral microbiota across 
different hepatic cancer subtypes, mutation states, and invasion degree. 
Thus, a more in-depth analysis of the intratumoral microbiome in a 
larger cohort of HCC patients is warranted.

Here we observed that a simper intratumoral bacteria interaction in 
HCC patients, and identified enrichment of Rhodococcus sp. B513 in 
tumor tissues. Rhodococcus sp. B513 aggravated the tumor growth via 
facilitating intestinal inflammation, inducing microbiome dysbiosis, and 
activating VEGF pathway. Genus Rhodococcus belongs to the phylum 
Actinobacteria and is widely distributed in nature. It exhibited remark
able adaptability to environmental stress, including extreme conditions 
such as antibiotics exposure (Mohadeseh et al., 2018). And 
multidrug-resistant R. equi had been widely detected in the United States 
(Mohadeseh et al., 2018). Interestingly, functional prediction in our 
study indicated that Rhodococcus sp. B513 may enhance antibiotic 
accumulation and glycometabolism (Fig. S5). In addition, Rhodococcus 
species are known to form antibiotic-resistant biofilm in polyurethane 
catheters of indwelling central venous catheters (Al Akhrass et al., 
2012). Collectively, these properties suggested that Rhodococcus infec
tion may pose significant challenges for anti-bacterial therapy.

Notably, Rhodococcus was also reported as the most dominant genus 
in tumor tissues of HCC patients (Sun et al., 2023b). Meanwhile, Rho
dococcus was also enriched in bile samples from the liver transplantation 
patients with biliary complication (Ferreira et al., 2018). In addition, 
Rhodococcus species were frequently found residing in the intestinal 
mucosa as commensals in gestational diabetes mellitu, ulcerative colitis, 
and gastric carcinoma patients (Wang et al., 2019; Su et al., 2021; Zhao 
et al., 2021). This evidence supported the hypothesis that translocation 
of Rhodococcus from the intestine to the liver likely contributes to HCC 
progression.

HCC often involves the multi etiopathogenetic factors of participa
tion. Recent evidences emphasized the significant role of intestinal 
dysbiosis in HCC progression. In our HCC model, administration of 
Rhodococcus sp. B513 disrupted microbiota homeostasis and reduced 
bacterial network complexity (Fig. 4, Fig. S4). Notably, the SCFA- 

producing bacteria (e.g., Akkermansia, Dubosiella, Muribaculaceae and 
Lactobacillus) were significantly depleted in the Rho group. Among these 
bacteria, Muribaculaceae was associated with longevity (Sibai et al., 
2020), while probiotics like Lactobacillus and Akkermansia were known 
to restore the intestinal barrier, reduce mucosal inflammation, and 
attenuate liver inflammation and fibrosis (Neyrinck et al., 2019; Zhao 
et al., 2020; Rao et al., 2021). SCFAs serve as the primary energy sources 
for colonic enterocytes and are essential for maintaining the integrity of 
intestinal barrier. Consequently, the reduction in SCFA-producing bac
teria likely impairs intestinal barrier integrity, potentially enabling gut 
microbes translocate to the liver and contributing to HCC progression.

Another significant change was the increases of pro-inflammatory 
bacteria (e.g., Bacteroides, Rikenellaceae RC9, Colidextribacter, Turici
bacter and Coriobacteriaceae UCG-002) following Rhodococcus sp. B513 
administration. Notably, Bacteroides has been identified as intratumoral 
bacteria that strongly promote tumor growth and metastatic progression 
in colorectal cancer (Chung et al., 2018; Cao et al., 2021). Similarly, 
Colidextribacter was also observed enrichment across liver fibrosis se
verities in DEN/CCl4-induced model (Xiang et al., 2022), and showed 
positive correlation with peroxidation marker (e.g., MDA) but negative 
correlation with serum antioxidant capacity (Wang et al., 2021). 
Furthermore, elevated abundance of Colidextribacter, Turicibacter, Rike
nellaceae RC9 and Coriobacteriaceae UCG-002 were documented in 
high-fat diet (HFD) induced hepatitis model (Sun et al., 2022; Yan et al., 
2022). These bacteria were strongly associated with impaired hepatic 
function and disease progression. Collectively, Rhodococcus sp. B513 
administration in the HCC model increased pro-inflammation bacteria 
and decreased SCFA-producing bacteria, consistently linked with HCC 
advancement.

Alterations in the intestinal microbiota may influence metabolic 
dysregulation in HCC. Functional analysis revealed that Rhodococcus sp. 
B513 modulates multiple metabolic pathways, including glycan degra
dation, lipoic acid metabolism, cyanoamino acid metabolism, especially 
the sugar metabolism and antibiotics biosynthesis (Fig. S5). This finding 
was significant given that most solid tumor cells presented Warburg 
effect, adapting to their hypoxic microenvironment by preferentially 
utilizing aerobic glycolysis for energy production (Icard et al., 2018). 
Current HCC therapies were primarily target angiogenic pathways, 
especially VEGF-mediated tumor angiogenesis (Kuzuya et al., 2011). 
Intriguingly, trehalose 6,6′-dimycolate (TDM), a characteristic cell wall 
component of mycolic acid-containing bacteria including Rhodococcus, 
has been demonstrated to augment VEGF production and promote 
neovascularization in granulomatous tissue (Sakaguchi et al., 2000). 
Given the significant enrichment of Rhodococcus sp. B513 in tumor tis
sues and its distinct metabolic profile, we hypothesized that Rhodococcus 
may exert carcinogenesis through metabolites in the tumor microenvi
ronment. Future studies should identify the specific Rhodococcus-der
ived metabolites involved and elucidate their underlying molecular 
mechanisms in HCC pathogenesis.

The origin of hepatic intratumoral microbiome represents a critical 
research focus. Accumulating evidences have illustrated that periodon
titis pathogenic bacteria including Porphyromonas gingivalis, Aggregati
bacter actinomycetemcomitans, Streptococcus noxia can influence liver 
diseases pathophysiology via blood hematogenous or enteral dissemi
nation (Albuquerque-Souza and Sahingur, 2022). Notably, clinical 
researched have revealed that intratumoral Mycoplasma hyorhinis could 
undergo retrograde hepatic infection via the 
oral-duodenal-hepatopancreatic ampulla route, implying significant 
crosstalk between intratumoral and oral microbiota (Qiao et al., 2023). 
The crosstalk mechanism among oral, intestinal, and intratumoral mi
crobes may facilitate hepatic-intestinal circulation. Specifically, micro
biotal dysregulation increases intestinal permeability and promotes 
bacterial translocation. Furthermore, bacteria and their metabolites can 
accelerate bacterial translocation across the intestinal barrier via the 
mesenteric lymph system (Yu et al., 2022). Moreover, Rhodococcus 
species had a propensity to cause liver abscesses, potentially through 
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intestinal tract (Prescott, 1991). Thus, further comprehensive studies are 
required to elucidate the microbial transport processes and their un
derlying mechanism in HCC.

It was really challenge to precisely modulate intratumor microbiota 
in clinical practice. However, a recent clinical trial in HCC patients 
demonstrated that administration of a bacterial cocktail containing 
Bifidobacterium longum significantly shortened hospital duration and 
improved overall 1-year survival rates (Yu et al., 2024). Recent clinical 
studies have documented that antibiotic use during immune checkpoint 
inhibitor (ICI) therapy with increased mortality in HCC patients (Pinato 
et al., 2019; Cheung et al., 2021). By contrast, preclinical evidence 
demonstrates that antibiotics treatment dramatically reduce secondary 
bile acids accumulation, resulting insignificantly suppressed tumor 
progression in NASH-associated HCC (Yamada et al., 2018). The clinical 
application of antibiotics for targeting intratumoral microbiota remains 
challenging due to variations in dysbiosis effects, drug absorption effi
ciency, cell permeability and bacterial resistance profiles. Consequently, 
researchers have explored personalized phage cocktails as an alternative 
approach for microbiome modulation in cancer therapy (Kabwe et al., 
2021; Hatfull et al., 2022). Nevertheless, bacteriophages are best uti
lized as a complement for antibiotics, or last-line therapy when standard 
treatments fail. Despite the complex crosstalk between microbiota and 
tumour, targeted modification of intratumoral microbiota represents a 
promising therapeutic strategy for cancer treatment.

5. Conclusion

In conclusion, we characterized tumor-associated microbiota of HCC 
using a pilot cohort and identified pro-tumorigenic role of Rhodococcus 
sp. B513 in HCC progression. Based on the current data, the precise 
relationship between Rhodococcus abundance and clinical features re
quires further elucidation. Future investigations are required to focus on 
the Rhodococcus-derived metabolites and molecular mechanisms in 
hepatocarcinogenesis. While, we believe that our findings provide a 
basis and guidance for further research on intratumoral microbiota in 
HCC.
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