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ABSTRACT
Background The significance of the relationship 
between the microbiota and diseases is increasingly 
being recognized. However, the characterization of tumor 
microbiome and their precise molecular mechanisms 
through which microbiota promotes hepatocellular 
carcinoma (HCC) development are still unclear.
Methods The intrahepatic microbiota was investigated 
from tumor, normal adjacent tissues in 46 patients with 
HCC and normal hepatic tissues in 33 patients with 
hemangioma by 16S rRNA gene sequencing. Taxonomic 
composition differences in patients were evaluated 
using Linear discriminant analysis Effect Size (LefSe) 
and Phylogenetic Investigation of Communities by 
Reconstruction of Unobserved States (PICRUSt) to predict 
microbial functional pathways. Associations between the 
most relevant taxa and clinical characteristics of HCC 
patients were analyzed by Spearman rank correlations. 
The effects of microbe on hepatic stellate cells (HSCs) 
activation and HCC progression were examined.
Results We observed intrahepatic microbiota 
disturbances by reduced microbial diversity in HCC. 
The tumor microbiota of the HCC patients with cirrhosis 
showed higher abundance of Stenotrophomonas 
maltophilia (S. maltophilia). S. maltophilia provoked 
senescence- associated secretory phenotype (SASP) in 
HSCs by activating TLR- 4- mediated NF-κB signaling 
pathway, which in turn induced NLRP3 inflammasome 
complex formation and secreted various inflammatory 
factors in the liver, thus facilitating HCC progression in 
mice. Moreover, signs of SASP were also observed in 
the HSCs in the area of HCC with higher S. maltophilia 
enrichment arising in patients with cirrhosis.
Conclusions Our analysis of the hepatic microbiota 
revealed for the first time that patients with HCC exhibited 
a dysbiotic microbial community with higher S. maltophilia 
abundance, which induced the expression SASP factors of 
HSCs and cirrhosis in the liver, concurring in the process of 
hepatocarcinogenesis.

INTRODUCTION
More than 2 million estimated new cancer 
cases were attributed to infectious agents 

including viruses, bacteria and parasites, 
among which HBV or HCV infection- 
induced inflammation was one of the most 
important risk factor in hepatocellular carci-
noma (HCC).1 While chronic liver inflam-
mation has been proposed to play a key role 
in contributing to the progression of HCC, 
potential pathogenic stimuli that either 
induce or maintain tissue inflammation and 
fibrosis, still remain poorly understood.2 3

Microbial host factors that are indepen-
dent of tumor genome composition has 
been shown to have multiple effects on 
tumor behavior and the response to anti-
cancer therapies including immunotherapy 
targeting PD- L1 or cytotoxic T lymphocyte- 
associated protein 4 (CTLA- 4).4–6 Accumu-
lating evidences have suggested that the 
cancer- associated proinflammatory network 
triggered by gut microbiota dysbiosis involves 
liver- resident IgA- producing (IgA+) cells and 
NKT cells that are known to regulate HCC 
progression.7 8 In addition to the well- studied 
impacts of gut microbiota, the existence of 
microbiota in many tumor tissues initially 
considered ‘sterile,’ such as lung, pancreas, 
prostate and breast, displayed a distinct micro-
biome composition in each tumor type.9 10 
Recent work has highlighted the importance 
of intratumor bacteria in influencing lung 
cancer development and pancreatic cancer 
outcomes.10–12 In HCC, probiotics such as 
Lactobacillus and Bifidobacterium species have 
been found to reduce mortality in patients.13 
However, little is known about the human 
HCC microbiome composition and the roles 
in contributing favorably or adversely to liver 
cancer requires further investigation.

About 80% of cases of HCC are associated 
with the presence of liver cirrhosis,14 the final 
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stage in which the contribution of the senescence associ-
ated secretory phenotype (SASP) in hepatic stellate cells 
(HSCs) in the development and evolution of liver disease 
to HCC could be relevant.15 16 Cellular senescence is a 
stress response that develop a secretory profile composed 
mainly of inflammatory cytokines, chemokines matrix- 
remodeling factors, and growth factors, hereafter referred 
to as SASP. Recently, it was reported that microbial metab-
olite deoxycholic acid has the ability to induce the SASP 
in HSCs in the tumor microenvironment, suggesting that 
the microbiota or their derived metabolite plays a pivotal 
role in HCC development.17

Here, we characterized the composition of the human 
HCC microbiome and identified the distinct alterations in 
bacterial species enriched in HCC tissues, demonstrating 
the higher abundance of Stenotrophomonas maltophilia 
(S. maltophilia), one of the common multidrug- resistant 
opportunistic pathogens,18 in the tumor microbiome of 
patients with liver cirrhosis in contrast to those without 
cirrhosis and healthy subjects. We newly investigated the 
effects of S. maltophilia on liver carcinogenesis by activating 
HSCs and inducing HSC SASP to secrete IL- 1β through 
the TLR4/NF-κB/NLRP3 pathway, thereby offering new 
insights and an opportunity to evaluate future therapeutic 
strategy from the perspective of intratumor bacteria.

MATERIALS AND METHODS
Patient selection and specimen processing
We initially used a discovery cohort of a total of 107 
samples from 46 HCC patients who underwent hepa-
tectomy (HCC) and 33 patients of hepatic hemangioma 
who underwent partial hepatectomy at the First Affiliated 
Hospital with Nanjing Medical University (FAHNMU) 
between March 2019 and November 2019. A second vali-
dation cohort with 74 qualified samples including tumor 
tissues (n=33), normal adjacent tissues (n=27) from 
HCC patients and normal tissues (n=14) from heman-
gioma patients were analyzed from Drum Tower Hospital 
(DTH). Patients did not receive anticancer therapy prior 
to tumor sampling and those with concurrent autoim-
mune disease, HIV, syphilis, alcohol use/abuse or recent 
antibiotic treatment were excluded. Fresh or archived 
formalin- fixed paraffin- embedded (FFPE) specimens 
obtained from these patients who underwent surgical 
resection with curative intent were collected from 
FAHNMU and DTH. Data collection followed the prin-
ciples outlined in the Declaration of Helsinki. Detailed 
clinical and pathological information on the patients are 
presented in online supplemental table S1.

For further details regarding the materials and methods, 
please refer to online supplemental information.

RESULTS
Bacteria are present in human HCC and normal liver tissues
The final diagnoses on the resected distinct areas of liver 
specimens indicated Tumor (T, n=46) and paired normal 

adjacent tissue (NA, n=28) were included. Normal 
liver tissue (N, n=33) around the hepatic hemangioma 
matched for age and gender as controls were also enrolled 
in order to assess whether any differences of liver micro-
biota related to the presence of HCC could be detected 
(figure 1A). None of the patients had received anticancer 
therapy before sampling. The characteristics of the popu-
lation under study are shown in online supplemental 
table S1.

Given the relatively low microbial biomass nature of 
tumors, it is critical to take multiple measures to avoid, 
or at least detect, any possible contamination (dust, 
air, human commensals, reagents, etc) in the process 
of profiling the intratumor microbiome. Considering 
contamination that might have occurred in handling and 
processing of the samples from the hospital, we included 
samples in solutions taken from the centrifuge tubes that 
precontaining tumor mass (without tissue). To address 
laboratory- borne contaminants, we also introduced 
negative controls including DNA extraction controls 
and no- template controls in PCR that were processed 
in parallel (figure 1B). To quantify bacterial DNA, we 
applied a SYBR Green- based real- time quantitative PCR 
assay with the universal primers 515F and 806R, which are 
specific for the V4 region of bacterial ribosomal 16S gene 
(16S rDNA (ribosomal DNA)). Levels of bacterial DNA 
in tissue samples were significantly higher compared with 
those found in the DNA extraction, PCR amplification 
and sample solution controls (figure 1C). To visualize and 
validate the presence of live bacteria in human tumors, 
we next used samples to isolate and culture bacteria 
from liver tissues (figure 1D). These colony bacteria 
were selected and DNA was extracted for subsequent 16S 
rRNA sequencing, with the results showing high abun-
dance of bacteria within the phyla (ie, Stenotrophomonas, 
Kroppenstedtla, Streptomyces, Staphylococcus, Acinetobacter, 
Brevundlmonas, Micrococcus, Bacilus) from liver tissue 
samples (figure 1E). Overall, the results obtained from all 
of these liver samples in patients confirmed the existence 
of bacteria in tumor, tumor adjacent tissues and normal 
tissues with diverse microbiome.

Tumor microbiome dysbiosis in HCC
To better understand the composition of tumor micro-
biome associated with HCC, the taxonomic profiling via 
16S rRNA gene sequencing was performed on all avail-
able liver samples. Rarefaction curves were constructed 
for each individual sample showing the number of 
observed taxonomic units. After low- quality and chimeric 
sequences were removed, 7,294,057 (43,051–80,221) 
high- quality reads were obtained, which were clustered 
into 26,087 operational taxonomic units (OTUs) at 97% 
sequence similarity (online supplemental figure S1A). 
Relative abundance curve showed the richness and even-
ness of species across the samples (online supplemental 
figure S1B). We used different metrics to calculate micro-
bial α-diversity, including OTU species count, and the 
Shannon index for biodiversity. Remarkably dissimilar 
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Figure 1 Microbiota are detected and validated in liver cancer tissues. (A) Representative H&E images to identify and confirm 
the three different regions (Tumor, Normal adjacent and Normal regions) in HCC patients' liver. Scale bar, 50 µm. (B) Schematic 
representation of the analysis pipeline applied to 16S rDNA sequencing data. (C) The presence of bacterial DNA in human 
tumors was assessed by bacterial 16S rDNA by qPCR. The bacterial DNA expression levels of the media exposed to the liver 
tissue during DNA extraction were also detected at the same time. (D) Culture- based assay from fresh liver samples. (E) 16S 
rRNA sequencing from colonies selected on agar plate. Data are presented as means±SEM. **P<0.01, and ***p<0.001. One- way 
ANOVA test for (C). ANOVA, analysis of variance; HCC, hepatocellular carcinoma; rDNA, ribosomal DNA; qPCR, quantitative 
PCR.
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shapes of the OTU rarefaction curves and relative abun-
dance were observed when comparing T, NA and N groups 
(online supplemental figure S1C,D). All measures indi-
cate that microbiome α-diversity, defined as the number 
of species present within each sample, was significantly 
lower in patients with HCC compared with the normal 
liver from hemangioma patients (T vs N, p<0.001; T vs 
NA, p<0.001 and N vs NA, p<0.001 for observed species, 
figure 2A; T vs N, p=0.0035; T vs NA, p<0.001 and N vs NA, 
p<0.001 for the Shannon index, respectively, figure 2B). 
Furthermore, normal adjacent tissues revealed a relatively 
higher diverse compared with matched tumor samples of 
HCC patients (n=28) (online supplemental figure S1E). 
The majority of the tumorous samples saturated around 
1300–2500 species and around 800–2000 species for the 
paired normal adjacent samples (online supplemental 
figure S1F).

Moreover, a Venn diagram displays the distribution 
and overlaps of the differentially OTUs between groups. 
There are 8920 of the total 26,087 OTUs were shared 
among the three groups. A total of 11,216 of 16,834 OTUs 
were shared between the T and NA in HCC, while 4571 of 
20,292 OTUs were unique for tumor tissues (figure 2C). 
Beta diversity was calculated using weighted UniFrac 
phylogenetic distance matrices, and visualized in prin-
cipal coordinate analysis plots. While the tumor microbial 
communities exhibit phylogenetic closeness within each 
group of T and NA in HCC, our findings also confirm the 
major compositional distinction between tumor and non- 
tumor communities (figure 2D).

In addition, we found that levels of bacterial DNA in 
tumors with cirrhosis were significantly higher than 
those without cirrhosis in HCC patients (online supple-
mental figure S2A). However, the decreased trend for 
bacterial DNA was observed along with the progression 
of HCC, indicating that the tumor grade may be associ-
ated to a different microbiome microenvironment and 
in particular, higher- grade HCC may represent unfavor-
able ecological niche due to the increased necrosis and 
inflammation (online supplemental figure S2B). Since 
HBV infection or obesity are established risk factors for 
HCC, we next addressed whether the microbial profile 
was different between with and without these factors in 
HCC patients. α and β diversity analysis showed no statis-
tically significant differences in the microbiota profiles of 
HCC cases were observed for these potential contributors 
(online supplemental figure S2C,D).

Our results collectively indicate that there is a signif-
icant reduction in tumor microbial diversity in HCC. 
Furthermore, highly diverse microbiota suggested that 
alterations in the relative abundance of taxa are a major 
contributor for bacteria differences between tumor and 
non- tumor liver tissues.

Stenotrophomonas were increased in the tumor microbiota of 
patients with HCC
Taxonomic classification of bacterial were analyzed 
using the common approach of assigning sequences to 

OTUs clustered by sequence similarity to existing rRNA 
databases.19 20 We next compared enrichment of OTUs 
among T, NA and N groups, which revealed notable 
differences in microbiota relative abundance, as a per 
cent of reads assigned, at the various taxonomic level 
Proteobacteria, Firmicutes, Bacteroidetes, together accounting 
for up to 90% of sequences on average, were the domi-
nant phyla in three groups (figure 2E). Tumorous micro-
bial composition from three groups at the class, order, 
family, and species levels are presented in online supple-
mental figure S3A- D. The most represented genera in 
tumors are Stenotrophomonas, Acinetobacter, Phyllobacterium, 
and Enterococcus (figure 2F). In particular, HCC subjects 
had enrichment for specific microbes within the genus 
Stenotrophomonas, belonging to the Proteobacteria phylum, 
which are extremely rare in normal controls. Stenotro-
phomonas maltophilia was the only species of Stenotro-
phomonas genus that was consistently detected in HCC 
patients from T and NA tissue samples even though the 
relative abundances between the two groups were not 
significantly changed.

S. maltophilia is an emerging global opportunistic 
pathogen and associated with high fatality in immuno-
compromised and debilitated individuals.21 Importantly, 
S. maltophilia is also a significant pathogen in patients 
with cancer, with the Infections including respiratory 
tract infections, bacteremia from bloodstream and biliary 
sepsis.18 It has been reported that supernatants of clin-
ical S. maltophilia isolates recovered from liver exhibited 
hemolytic and enzymatic activities, resulting in endocy-
tosis, cell aggregation, and cytotoxicity effects on cells.22 
Therefore, dysbiosis may worsen with the progression of 
primary HCC since the presence of S. maltophilia by the 
sequencing results of our culture colonies has also been 
identified (figure 1D,E).

To definitively observe the presence and the location 
of tumorous bacteria, we performed fluorescence in situ 
hybridization (FISH) with specific probes to target 16S 
rRNA region in a subset of archival FFPE HCC cases. 
Additionally, in the same set of FFPE samples, we detected 
the immune cells by immunostaining using a CD45 anti-
body. The results showed that normal control liver tissues 
were harboring few bacteria, which were mostly within 
CD45+ immune cells, although it is unclear if these were 
liver- resident bacteria or were migrated from elsewhere. 
However, in the tumor tissues of HCC patients, bacteria 
were found in the parenchyma, outside immune cells, 
suggesting their free translocation to the liver (figure 2G). 
Furthermore, considering the presence of S. maltophilia, 
one of the top species enriched in HCC versus normal 
controls, we used primers designed for this species and 
confirmed the presence of this bacterial DNA in HCC 
samples analyzed (online supplemental figure S3E).

Taken together, the results obtained from all of these 
approaches confirmed the presence of bacteria including 
S. maltophilia species enriched in the HCC samples, 
suspecting an expansion and migratory with enhanced 
invasion potential on tumor microenvironment.
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Figure 2 Phylogenetic profiles of microbes among HCC tumor tissue (n=46), normal adjacent tissue (n=28) and normal 
tissue (n=33). (A, B) Compared with the N group, alpha diversity boxplot indicated as (A) Observed species and (B) Shannon 
index of T and NA significantly decreased. (C) A Venn diagram displaying the overlaps between groups showed that 8920 of 
the total richness of 26,087 OTUs were shared among the three groups, while 13,425 of 25,040 OTUs were shared between 
T and N. (D) Principal coordinate analysis (PCoA) using weighted- UniFrad of beta diversity, indicating a different distribution 
of liver microbial community among T (red dots), NA (blue dots), and N (green dots). (E, F) Bar plots displaying taxonomic 
composition at the major phyla (E) and genera (F) of each sample (left) and average abundance in the T, NA and N groups 
(right). (G) Representative Immunofluorescence images (up) and statistical analyses (down) of normal (left) and tumor (right) 
liver sections stained with eub338 FISH probe (red), CD45 (green) and DAPI (blue). Side images show merged and individual 
staining of enlarged areas demarcated by squares in the main picture, the scale bar indicates 50 µm. Data are presented as 
means±SEM. ns, no statistical significance, **P<0.01, ***p<0.001. One- way ANOVA test for (A, B). ANOVA, analysis of variance; 
DAPI, 4,6- diamidino- 2- phenylindole; FISH, fluorescence in situ hybridization; HCC, hepatocellular carcinoma; OTUs, operational 
taxonomic units.

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jitc.bm

j.com
/

J Im
m

unother C
ancer: first published as 10.1136/jitc-2021-003069 on 7 January 2022. D

ow
nloaded from

 

http://jitc.bmj.com/


6 Liu B, et al. J Immunother Cancer 2022;10:e003069. doi:10.1136/jitc-2021-003069

Open access 

Identification of specific microbial taxa changes in HCC
To confirm the most relevant taxa responsible for the differ-
ences between the tumorous bacterial communities of 
patients with HCC and that of controls, the Linear discrimi-
nant analysis of Effect Size algorithm with a logarithmic LDA 
score cut- off＞4.0 was then performed. We identified 10 
genera for T versus N and T versus NA, which were differen-
tially abundant in both sets of compared groups (figure 3A,B). 
The HCC tumors exhibited a predominance of Firmicutes 
taxa, including the genus Enterococcus as well as Phyllobacterium 
and the family Enterococcaceae. In contrast, the normal liver 
tissues were dominated by Pseudomonadales and Rhodobacte-
rales at the order level and family Rhodobacteraceae (figure 3A). 
When compared with normal adjacent tissues, microbiomes 
of HCC also had an enrichment in Firmicutes taxa, in which 
the genus Lactobacillus and family Lactobacillaceae were identi-
fied as being significantly enriched. Additionally, the genus 
Enterococcus and Kosakonia, the family Enterococcus_durans and 
Kosakonia_oryzae were the most abundant in the mocrobiota 
of tumor adjacent liver tissues (figure 3B). Since the most 
abundant and dominant species within a particular tissue 
are often crucial in regulating the microenvironment and 
even the response to immunotherapy,9 we next compared 
HCC cases (T and NA group) and normal control subjects 
(N group) for the prevalence of specific taxa by maximum 
sorting method (figure 3C- E, online supplemental figure 
S4A- D, table S4). The abundances of 35 bacterial genera were 
found to be significantly different among three groups based 
on their median relative abundance of these taxa (top ten 
are shown) (figure 3C). To further investigate these findings, 
we focused on tumor microbial communities and conducted 
species comparisons that detected marked differences in 
the predominance of bacterial communities between T and 
other groups (p<0.05). The tumor microbiota of the HCC 
patients was enriched with the genus Stenotrophomonas, Phyl-
lobacterium and Enterococcus, the species Enterococcus_durans 
and Sphingomonas_leidy compared with the normal controls 
in which Acinetobacter was abundant (figure 3D). When 
HCC tissues were compared with tumor adjacent samples, 
increased abundance of the genus Lactobacillus in tumors and 
Enterococcus in NA group were observed, but no differential 
species were detected (figure 3E). Although no significant 
difference (p=0.149) was observed in the abundance of S. 
maltophilia between T and NA, HCC patients was identified as 
having significantly higher prevalence rates of S. maltophilia. 
Taxa representing high abundance (top 10) among samples 
at the phylum, class, order, and family levels are shown in the 
online supplemental table S4A- D. We have additionally used 
a validation cohort, and although Acinetobacter and Lactoba-
cillus has no significant difference, we were able to confirm 
the alterations of the S. maltophilia species which was also 
significantly more abundant in HCC versus normal controls 
(online supplemental figure S4E). Interestingly, despite the 
relatively low abundance, S. maltophilia is also present from 
the gut microbiome of HCC patients and healthy controls 
based on the previously published study (online supple-
mental figure S4F).23 24 However, no significant difference 
was observed between these two groups in S. maltophilia from 

gut microbiota, possibly indicating that nosocomial and 
community- acquired S. maltophilia infections occur in liver 
tissues preferentially for immunocompromised patients with 
HCC (online supplemental figure S4G).

Collectively, these results show that there is a signifi-
cant alteration in tumor microbial diversity in HCC, with 
significantly higher abundance of S. maltophilia.

Prediction and identification of tumor microbiome functional 
capacity changes in HCC
To investigate how the functional activities of intratumor 
bacterial community developed in HCC, we used the Phylo-
genetic Investigation of Communities by Reconstruction of 
Unobserved States (PICRUSt) approach25 to map the 16S 
sequences to the genes and pathways that these bacterial 
populations may harbor. The PICRUSt analyses revealed 
the distinct metagenome functional content and identified 
8 core predicted categories present across all liver tissue 
samples (figure 4A). Because the microbial communities 
present in patients with HCC and normal controls could be 
distinguished based on their functions, we next compared 
enrichment of differential pathways between T and NA or 
N groups. The functional changes in the tumor microbi-
omes possessed significantly increased KEGG pathways of 
human disease of cancer compared with N group (p=0.0027) 
(figure 4B). In addition, tumor microbiomes exhibited the 
decreased pathways related to metabolism of terpenoids and 
polyketides compared with that from normal tissues (online 
supplemental table S5). It has been proved that the terpenoids 
and polyketides have the potential anti- cancer activity against 
refractory ovarian, breast and other cancers.26 27 In contrast, 
NA samples exhibited enrichment in predicted functional 
categories associated with diverse metabolic processes of 
energy, xenobiotics biodegradation and other amino acids 
compared with tumor microbiomes (online supplemental 
table S6).

The changes in predicted capability may suggest that 
composition of the intratumoral microbiome may influ-
ence HCC progression. Interestingly, we found a strong 
significant correlation between microbial function and 
cirrhosis that could potentially increase the occurrence 
and progression of HCC. Of note, TGF-β, a key molecule 
in liver fibrosis, was found to be highly unregulated in 
HCC patients with cirrhosis from both T and NA tissues 
based on the microbial function prediction (figure 4C,D).

Together, taxonomic profile encoded by intratumoral 
bacteria represents differential enrichment of predicted 
functional pathways, which are associated with clinical 
features of cirrhosis in HCC.

HCC-associated Stenotrophomonas maltophilia species as 
potential biomarkers for cirrhosis
We next evaluated whether the eight relevant taxa signifi-
cantly enriched in HCC as indicated in figure 3D,E could 
be used to discriminate between normal controls and 
HCC. Receiver Operating Curve (ROC) analysis showed 
that S. maltophilia combined with Phyllobacterium and 
Romboutsia had the best performance in identifying HCC, 
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Figure 3 Tumor microbiome communities are statistically significant differences. (A) LDA score computed from features 
differentially abundant between N versus T and NA versus T.*Features with LDA score >4. (B) Taxonomic cladogram from LEfSe, 
depicting taxonomic association from between microbiome communities among N, NA and T groups. Each node represents 
a specific taxonomic type. Yellow nodes denote the taxonomic features that are not significantly differentiated between N 
versus T and NA versus T. Red nodes denote the taxonomic types with more abundance in N, NA groups than in T group, while 
the green nodes represent the taxonomic types more abundant in T group. (C) Heatmap of the selected differential bacterial 
abundance at the genus level in the T, NA and N groups. The red box identifies the top ten most abundant genera. (D, E) Mann- 
Whitney U- test of different bacteria between T versus N (D) and T versus NA (E). LEfSe, linear discriminant analysis effect size.
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Figure 4 Prediction and identification of tumor microbiome functional capacity changes in HCC. (A) PICRUSt analysis 
revealing the distinct metagenome functional content and identifing eight core predicted categories present across all liver 
tissue samples. (B) Functional changes in the tumor microbiomes possessed significantly increased the KEGG pathways 
of human disease of cancer (p=0.005). (C, D) Volcano plots of differences in microbiota functions in HCC with or without 
cirrhosis samples in T (C) and NA (D). A two- sample proportion z test was used to calculate the p values. The function of 
TGF-β upregulation is indicated by blue dots. (E) ROC curves analysis of Stenotrophomonas maltophilia combined with 
Phyllobacterium and Romboutsia as predictive of HCC, yielding an area under the curve (AUC) of 0.8. (p<0.0001). (F) Perason 
correlation analysis between eight microbiota and clinical indexes in HCC. Positive correlations are represented in red, 
and negative correlations are blue. The color intensity represents the strength of the correlation. (G, H) The abundance of 
Stenotrophomonas (G) or Lactobacillus (H) in patients with cirrhosis (n=20) compared with those without cirrhosis (n=26). (I) The 
ROC curve of S. maltophilia in the diagnosis of cirrhosis. Single S. maltophilia strains reaches an AUC value of 0.739 (p=0.006). 
The maximum AUC value of 0.78 (p=0.001) is achieved when Romboutsia was included. Data are presented as means±SEM 
*p<0.05,**p<0.01. Unpaired Student’s t- test was performed for (B, G, H). HCC, hepatocellular carcinoma; PICRUSt, 
Phylogenetic Investigation of Communities by Reconstruction of Unobserved States; ROC, receiver operating curve.
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yielding an area under the curve (AUC) of 0.8 (figure 4E, 
online supplemental figure S5A- G).

We also performed a more detailed analysis of the 
eight relevant taxa in relation to clinical laboratory 
parameters. Several correlations were found between the 
enriched bacterial communities and clinical features of 
HCC. Notably, the enrichment of S. maltophilia and Lacto-
bacillus in tumor tissues were positively associated with 
liver cirrhosis of HCC patients (figure 4F). We further 
stratified patients into high versus low categories based 
on their median relative abundance of the two taxa (S. 
maltophilia and Lactobacillus). We observed that patients 
with liver cirrhosis presented with higher abundance of 
S. maltophilia and Lactobacillus (figure 4G,H). Moreover, 
significantly liver cirrhosis was predicted for HCC patients 
with an enrichment of S. maltophilia as a biomarker 
using multiple logistic regression, with an AUC of 0.73 
and improved to 0.78 in combination with Romboutsia 
(figure 4I).

Overall, our analysis of the tumor microbiome suggests 
a connection between the functions of S. maltophilia 
present in the tumor and liver cirrhosis. Considering 
that S. maltophilia were the most differentially dominant 
species of intratumor bacteria and these HCC patients 
with higher abundance had more severe disease, the 
pathogenicity of S. maltophilia possibly involved in hepa-
tocarcinogenesis needed to be investigated.

Stenotrophomonas maltophiliaa colonization of liver mediated 
hepatic fibrosis by inducing the HSC activation in HCC
Activation of HSCs is now well established as the primary 
driver of hepatic fibrosis in human liver injury, along 
with the enhanced risk of HCC.28 Identification of the 
intratumor microbiome variation by our 16S rRNA 
gene sequence analyses combined with our findings of 
a correlation between S. maltophilia and cirrhosis led us 
to test the hypothesis that S. maltophilia contributes to 
hepatic fibrosis and oncogenesis. To explore this possi-
bility, we initially separate patients into high versus low 
categories based on their median relative abundance of S. 
maltophilia species. Immunohistochemistry was performed 
on liver biopsy samples and HCC patients with higher 
abundance of S. maltophilia showed overt HSC activation 
and hepatic fibrosis, as indicated by elevating the expres-
sion of α-smooth muscle actin (α-SMA) and Collagen 
I, as well as proinflammatory cytokine TGF-β and IL- 1β 
(figure 5A). Sirius red staining were also performed to 
assess the pathological change and showed a remarkable 
increase in liver fibrosis correlated with the enrichment 
of S. maltophilia (figure 5B). Furthermore, western blot 
analysis indicated a progressive increase in the expression 
of α-SMA in the high category (figure 5C). Similar results 
were obtained from real- time PCR and showed consis-
tently high expression of the HSC activation markers 
Acta2, Col1a1, Tgfb1 and Timp1 in patients with high abun-
dance of S. maltophilia (figure 5D).

S. maltophilia is a Gram- negative multiple- drug- resistant 
organisms that can cause a wide range of infections and 

invade multiple organs and tissues in humans.18 Notably, 
S. maltophilia infection is of concern in patients with 
cancer, but little is known about their impact on cancer 
development.29 Hence, we queried whether infection 
with S. maltophilia is capable of inducing HSC activa-
tion. HSCs LX- 2 were infected with S. maltophilia at a 
multiplicity of infection of 20 for 12 hours or stimulated 
with the supernatant of cultured bacteria. We observed 
the presence of S. maltophilia were able to significantly 
induce the activation of LX- 2 cells by the elevated levels 
of α-SMA, Collagen I, TGF-β and IL- 1β, in contrast to 
untreated or mock treated with BHI medium (figure 5E). 
Consistently, real- time PCR results showed an elevation of 
pro- fibrotic factor Acta2, Col1a1, Tgfb1 and Timp1 in cells 
harboring S. maltophilia infection (figure 5F). In contrast, 
when LX- 2 cells were infected with probiotic Lactobacillus 
reuteri, a negative correlation with cirrhosis, no activation 
was observed (figure 5E).

Thus, these results demonstrated that increased coloni-
zation with S. maltophilia was associated with HSC activa-
tion and fibrosis in HCC.

Stenotrophomonas maltophilia promotes liver cancer by 
inducing the expression of SASP factors in senescent HSCs
Recent studies reveal that SASP factors secreted by HSCs 
senescence may contribute positively cancer develop-
ment.17 To ascertain the role of S. maltophilia in SASP- 
associated HCC development, we first confirm that 
senescent cells might be present in patients with high 
abundance of S. maltophilia species. Tumor biopsy from 
the high categories in patients with HCC showed increased 
senescence- associated β-galactosidase (SA-β-gal) staining 
(figure 6). Furthermore, a number of other senescence 
markers such as p16INK4a and p21CIP1expression, signs 
of DNA damage (53BP1 foci) and proinflammatory 
cytokines (IL- 1β, Groα and IL- 6), were also observed in 
activated HSCs (α-SMA–positive cells) by immunofluores-
cence method (figure 6B,C).

We further investigated whether Gram- positive 
bacteria S. maltophilia infection affects SASP phenotype 
of HSCs with subsequent fibrogenesis, and support of 
tumor development. As expected, primary HSCs from 
mice infected with S. maltophilia become senescent as 
measured by SA-β-gal staining (figure 6D). In addition, 
these infected cells acquired a SASP phenotype char-
acterized by secreting factors of Groα, IL- 6, IL- 1β, p21 
and HMGA1 (figure 6E). Because TLR4 are responsible 
for the recognition of Gram- positive bacteria and SASP 
is characterized by the release of inflammatory cyto-
kines,30–32 we next investigated the involvement of NLRP3 
inflammasome- mediated signaling in SASP activation of 
HSCs and fibrosis in HCC. Indeed, treatment with S. malto-
philia exhibited an elevated expression level of p- IKKαβ 
(Ser180/181), caspase- 1 p20 and IL- 1β than those 
observed in control groups, suggesting that S. maltophilia- 
induced proinflammatory cytokine IL- 1β via activation 
of TLR4/NF-Κb/NLRP3 pathway (figure 6F). However, 
S. maltophilia- induced HSC activation was attenuated by 
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Figure 5 Stenotrophomonas maltophilia mediates hepatic fibrosis by inducing the HSC activation in HCC. (A) 
Immunohistochemistry of Collagen Ⅰ, TGF-β, α-SMA and IL- 1β in tumor tissue. The High group (samples with a higher 
abundance of S. maltophilia, n=12) had higher expression than that in the Low group (samples with a lower abundance of 
S. maltophilia, n=12). Scale bar, 100 μm. (B) Fibrillar collagen deposition was evaluated in tumor tissue by Sirius red staining 
in the Low group (n=12) and the High group (n=12). Scale bar, 50 μm. (C) Expression of α-SMA in low and high groups were 
determined by Western blot analysis. Numbers in (C) indicates individual sample. (D) The levels of hepatic Col1a1, Acta2, Tgfb1 
and Timp1 mRNA were measured by qPCR in the low group (n=12) and High group (n=12). (E) The expressions of Collagen Ⅰ, 
TGF-β, α-SMA and IL- 1β after different stimulations were detected by Western blot in LX- 2 cells. (F) The levels of Col1a1, Acta2, 
Tgfb1 and Timp1 mRNA were measured by qPCR after different stimulation conditions in LX- 2 cells. Data are presented as 
means±SEM of four independent experiments (A, B, D, F). *P<0.05, **p<0.01, ***p<0.001 and ****p<0.0001. Unpaired Student’s 
t- test was performed for (A, B, D), one- way ANOVA test for (F). ANOVA, analysis of variance; α-SMA, α-smooth muscle actin; 
qPCR, quantitative PCR.
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Figure 6 Stenotrophomonas maltophilia induces the senescence of hepatic stellate cells and leads to inflammatory response. 
(A) β-gal staining of tumor tissue in the low (n=12) and high (n=12) group. Arrowheads indicate senescent cells that were 
positive for the indicated markers (cyan). Scale bar, 50 μm. P=0.03 (B, C) Representative of immunofluorescence images (B) 
and quantification (C) of HSCs in liver sections between low (n=12) and high (n=12) group. HSCs were visualized by α-smooth 
muscle actin staining (α-SMA; green), and the cell nuclei were stained with 4,6- diamidino- 2- phenylindole (DAPI; blue). 
Arrowheads indicate α-SMA- expressing cells that were positive for SASPs including p21, 53BP1, IL- 1β, Groα, IL- 6 and p16 
(red). The histograms indicate the percentages of α-SMA- expressing cells that were positive for the indicated markers. The 
data from three to four sections in each group are presented as the mean±SEM. More than 100 cells in total were counted for 
statistical analysis. Scale bar, 50 μm. (D) Senescent cells were identified by β-gal staining after various stimulations in murine 
primary HSCs. Arrowheads indicate senescent cells that were positive for the indicated markers (cyan). Scale bar, 200 μm. (E) 
RT- qPCR analysis of the IL- 6, Groα, IL- 1β, p21 and HMGA1 gene levels in murine primary HSCs after different stimulations. (F) 
Western blot analysis showed that the expression of P- IKKα/β, IL- 1β and caspase- 1 p20 was upregulated in LX- 2 cells after S. 
maltophilia stimulation. (G) Western blot analysis showed that S. maltophilia- induced HSC activation was attenuated by pre- 
treatment with the inhibitors of TLR- 4 (TAK- 242), NF-κB (Bay11- 7082) and NLRP3 (MCC950) in LX- 2 cells. Data are presented 
as means±SEM of four independent experiments (A, C, E). *P<0.05, ***p<0.001. Unpaired Student’s t test was performed for 
(A, C), one- way ANOVA test for (E). ANOVA, analysis of variance; HSCs, hepatic stellate cells; RT- qPCR, hepatic stellate cells; 
SASPs, senescence- associated secretory phenotype.

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jitc.bm

j.com
/

J Im
m

unother C
ancer: first published as 10.1136/jitc-2021-003069 on 7 January 2022. D

ow
nloaded from

 

http://jitc.bmj.com/


12 Liu B, et al. J Immunother Cancer 2022;10:e003069. doi:10.1136/jitc-2021-003069

Open access 

pretreatment with the TLR- 4 inhibitor TAK- 242, NF-κB 
inhibitor PS- 341 or/and the NLRP3 inhibitor MCC950, 
as evident by the decreased level of collagen I, α-SMA and 
IL- 1β levels (figure 6G).

Stenotrophomonas maltophilia-induced aggravation of liver 
fibrosis was dependent on NLRP3 signal Ttransduction in vivo
We next investigated the existence of SASP activation in 
HSC cells induced by S. maltophilia infection in vivo. Mice 
were infected i.p. with S. maltophilia for 3 days and then 
treated with CCl4 for 4 weeks to establish liver fibrosis 
mouse model. The local bacterial distribution of S. malto-
philia in the liver, kidney cortex and spleen of infected 
mice was determined using the specific primers for S. 
maltophilia in 16S rDNA PCR and FISH analysis which 
demonstrated that S. maltophilia infected the liver in vivo 
with higher efficiency but hardly detected in other organs 
(online supplemental figure S6A,B). We next observed 
elevated a number of other senescence markers, such 
as p21CIP1, p16INK4a, 53BP1, IL- 6, Groα and IL- 1β by 
immunohistochemistry in infected mice compared 
with CCl4- treatment alone, but not in the fibrosis- free 
control (figure 7 and online supplemental figure S6C). 
Similar SASP phenotype was also observed in fibrosis 
mice infected with S. maltophilia and displayed increased 
mRNA expression of genes encoding p21, HMGA1, 
IL- 1β, Groα and IL- 6 and α-SMA protein relative to non- 
infected or fibrosis- free mice (figure 7B,C). Interestingly, 
immunostaining with anti-α-SMA antibody (green) and 
S. maltophilia specific probe (red) showed a co- locoliza-
tion of bacteria and HSCs in liver tissues, while α-SMA was 
undetectable in fibrosis- free mice (online supplemental 
figure S6D).

However, in livers from NLRP3- deficient mice, the 
expression of fibrosis markers, such as α-SMA, Collagen 
I, TGF-β and IL- 1β, was significantly reduced even in 
the presence of S. maltophilia infection, which was also 
confirmed by sirius red staining demonstrating decreasing 
liver fibrosis (figure 7D and online supplemental figure 
S7A,B). Accordingly, the mRNA expression of the HSCs 
activation- related genes including Acta 2, Col1a1 and 
Timp1 was decreased or unchanged in NLRP3- deficient 
mice infected with or without S. maltophili, suggesting 
that NLRP3- mediated signaling induced the expression 
of SASP factors and fibrosis (online supplemental figure 
S7C). Furthermore, we also used the NLRP3, IL- 1β and 
TGF-β inhibitors separately to evaluate the effect of these 
SASP- related proinflammatory factors on S. maltophilia- 
inducing liver fibrosis in vivo. Consistent with the results 
from NLRP3- deficient mice, the mice of S. maltophilia 
infection with inhibitors treatment displayed more atten-
uated fibrosis and progression of HCC than those of mice 
infected only or without infection (figure 7 and online 
supplemental figure S8).

Collectively, these in vivo studies indicated that can 
these activated HSCs by S. maltophilia from liver tissues are 
senescencing and may promote inflammatory- associated 

HCC development via SASP, which may provide a new 
strategy for tumor immunotherapy.

DISCUSSION
Intratumor bacteria have been detected in many tumor 
types and displayed tumor type- specific microbiome,9 10 33 
but a detailed and comprehensive analysis of the micro-
bial ecosystem of the pathologic and healthy liver tissues 
remains incompletely studied. In this study, we represent 
for the first report to characterize the microbiota compo-
sition of 107 samples (discovery cohort) and validated 
in another 74 samples (validation set) from human liver 
tissues including HCC. Because of low biomass of bacteria 
in tissues,9 34 we performed 16S rDNA sequencing in two 
independent cohorts from different institutions and took 
measures to control for contamination to confirm the 
presence of a local liver- specific microbiome. Overall, we 
observed significant intratumor microbiome dysbiosis in 
patients with HCC, with significant enrichments of S.malto-
philia. Further, the specific microbial taxa showed excel-
lent capacity to discriminate between HCC patients with 
and without cirrhosis. Notably, we demonstrated for the 
first time that the involvement of the NF-κB and NLRP3 
pathways leads to the SASP activation of HSCs caused by 
S.maltophilia infection, supporting a causal role for the 
process of fibrosis progression and hepatocarcinogenesis.

Accumulating evidence has shown that besides the 
significant role of gut microbiome in a wide range of 
human physiological functions and diseases, tumor 
tissues was also demonstrated the presence of a local type- 
specific microbiome and to be involved in tumor progres-
sion and the response to immunotherapy.22 Recently, 
it was reported that tumor microbiome diversity and 
composition modulated the host immune response that 
ultimately influenced pancreatic cancer outcomes.10 In 
breast cancer, a rich and diverse microbiome was detected 
in which colonization with Bacteroides fragilis strongly 
induced tumor growth and metastatic progression.33 Our 
finding suggests that the HCC tumor microbiome imbal-
ances are associated with specific clinical indicators and 
HSC activation that has profound influences on the HCC 
progression. Importantly, we observed significant differ-
ences in abundance of S.maltophilia, combined with Phyl-
lobacterium and Romboutsia, can distinguish HCC patients 
with or without cirrhosis.

Few studies report the presence of liver microbiota,35 
and we have identified some bacterial taxa as selective 
inhabitants in HCC. In particular, increased abundance 
of Streptococcus, Bacillus, Helicobacter, and Mycoplasma was 
found in tumor tissues from patients with HCC. The 
gut microbiota profile of HCC patients with fibrosis 
have revealed higher abundance of genera Streptococcus 
and Bacillus.36Streptococcus gallolyticus from blood and 
ascitic fluid in patients was significantly associated with 
the occurrence of HCC.37 Consistent with our results, 
previous sutdies have indicated the presence of Helico-
bacter species infection, known for the causative agent of 
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Figure 7 Stenotrophomonas maltophilia- induced liver fibrosis was dependent on NLRP3 signal transduction. (A) The 
histograms of HSCs- positive area in mice liver, which was indicated by p21, 53BP1, IL- 1β, Groα, IL- 6 and p16 detecting by 
Immunofluorescence. Each group had 5 mice. (B) qPCR analysis of p21, HMGA1, IL- 1β, IL- 6 and Groα levels in WT or NLRP3-
/- mice livers after different stimulations. Each group had 5 mice. (C) The expression of α-SMA was determined by Western 
blot in WT and NLRP3-/- mice liver tissues after different stimulations. (D) Quantitative statistical charts of the expression of 
Collagen Ⅰ, TGF-β, α-SMA and IL- 1β which were determined by immunohistochemistry in WT or NLRP3-/- mice liver sections 
after different treatment. Each group had 5 mice. (E) Quantitative statistical charts of the expression of α-SMA, Collagen Ⅰ, IL- 1β, 
p21, 53BP1, Groα, IL6 and p16 in mice livers after treatment with S. maltophilia or together with TLR- 4 inhibitor TAK- 242, NF-
κB inhibitor PS- 341 or/and the NLRP3 inhibitor MCC950, which were determined by immunohistochemistry. Each group had 5 
mice. *P<0.05. Data are presented as means±SEM of four independent experiments (A, B, D, E). ns, no statistical significance, 
*P<0.05, **p<0.01. One- way ANOVA test for (A, B, D and E). ANOVA, analysis of variance; α-SMA, α-smooth muscle actin; 
HSCs, hepatic stellate cells; qPCR, hepatic stellate cells.
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gastric cancer, also exists in liver tissues of HCC patients.35 
However, due to the limited number of cases, there is still 
no systematic evaluation of risk factors or clinic features 
associated to a different microbiome microenvironment.

HCC develops from chronically damaged liver tissue 
that contains sustained inflammation and fibrosis, 
which eventually leads to hepatocarcinogenesis. As HCC 
progression, their disorganized, leaky vasculature and 
bile duct injury may allow bacteria to enter, and the 
tumorous immunosuppressive microenvironment may 
provide a refuge for the infiltrated bacteria.38 39 Moreover, 
gut- liver axis is widely implicated in the pathogenesis of 
liver diseases and most of the gut bacterial communities 
has the capacity to colonize multiple tumorous milieu,40 41 
suggesting that potentially bacterial translocation from 
the gut to the liver might also be occurring. We identified 
differences in microbial diversity and richness among the 
different zones of the liver, especially when comparing 
the tumor versus the peritumoral area, indicating bacteria 
colonization may modify the overall microbiome of the 
tumor. Additionally, FISH and immunofluorescence 
staining clearly demonstrated the intracellular localiza-
tion of bacteria in CD45+ immune cells from normal liver 
tissues. In contrast, the bacteria were mainly found to 
exist extracellularly in HCC tumors, indicating the proba-
bility of these bacteria entering established tumors via the 
route outside the liver. However, it must be recognized 
that bacteria may be colonization in the most favorable 
environment facilitating immune escape, irrespectively 
of the entry route. Future studies are necessary to clarify 
the origin of these specific intrahepatic bacteria and their 
possible pathogenic role in HCC.

Increasing evidence suggested that SASP phenotype 
of HSCs has crucial roles in promoting HCC devel-
opment.16 17 NLRP3, a key component of the inflam-
masome, is important for HCC progression and higher 
expression of NLRP3 is associated with higher grade 
and poor prognosis.42 43 Our results advance the under-
standing about the molecular mechanisms underlying 
S.maltophilia and fibrosis- associated HCC progression. 
S.maltophilia provokes SASP activation in HSCs, which in 
turn secretes a variety of pro- inflammatory factors in the 
liver, thus facilitating fibrosis and HCC development. We 
further showed that S.maltophilia triggers the activation 
of NLRP3 via TLR4/NF-κb pathway in HSCs. Notably, 
blocking NF-κb signaling or NLRP3 activation efficiently 
prevents HSC SASP and fibrosis in HCC, indicating 
that intratumor bacteria S.maltophilia- SASP axis may 
contribute to pathogenic process of fibrosis- associated 
HCC.

In summary, we found that S. maltophilia accelerated 
cirrhosis and HCC development via HSC activation and 
senescence through the TLR4/NF-κb/ NLRP3 pathway. 
Our results may help identify new contributors to the 
pathogenesis of HCC as well as manipulation of the 
tumor microbiome most likely to affect tumor microen-
vironment and the response to immune therapy. Thus, 
better understanding of the organ- specific microbial taxa 

offers the potential for biomarker discovery or develop-
ment of novel therapies for patients.
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Supplementary Files 

Hepatic stellate cell activation and senescence induced by intrahepatic 

microbiota disturbances drive progression of liver cirrhosis towards 

Hepatocellular Carcinoma  

 

Supplementary materials and methods 

DNA extraction and bacterial 16S rRNA sequencing 

Bacterial genomic DNA was extracted using QIAGEN DNA QIAamp DNA Mini 

Kit, according to the manufacturer’s instructions. The 16S rDNA V4 region was 

amplified using the conserved primers 515F (5′-GTG CCA GCMGCC GCG 

GTAA-3′) and 806R (5＇-GGA CTA CHVGGG TWT CTAAT-3′) , and no 

template DNA reaction was used as a negative control. PCR products were 

monitored using the 2% agarose gel. PCR fragments were sequenced in an 

Illumina MiSeq platform (Illumina) using the 2x250 bp paired-end protocol 

yielding pair-end reads that overlap almost completely. 16S (variable region 4 

[v4]) rRNA gene pipeline data incorporated phylogenetic and alignment-based 

approaches to maximize data resolution. The read pairs were demultiplexed 

based on unique molecular barcodes added via PCR during library generation, 

then merged using USEARCH v1.1 pipeline.  

16S rRNA data analysis 

Raw paired-end 16S rRNA reads (V4 region) were merged into consensus 

fragments by FLASH and subsequently filtered for quality (targeted error rate < 
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0.5%) and length (minimum 200bp). QIIME software 1.9 package was used to 

analyze sequences (Quantitative Insights Into Microbial Ecology, 

http://bio.cug.edu.cn/qiime /). Reads were clustered into operational taxonomic 

units (OTUs) at 97% identity (Vsearch). Alpha- and beta-diversity analysis were 

calculated using the relative abundance of OTUs in each sample. Differential 

abundance analysis of alpha diversity features of interest evaluated differences 

using the nonparametric difference test. Differential abundance analysis of 

taxonomic abundances evaluated differences using the negative binomial test 

(DESeq). The false discovery rate (FDR) was used to correct for multiple 

hypothesis testing. LEfSe was used for linear discriminant analysis. The 16S 

rRNA data were assessed the potential multiple biological pathways of the 

microbiota using PICRUSt, which provides proportional contributions of KEGG 

categories for each sample. Receiver Operator Characteristic (ROC) and Area 

Under Curve (AUC) analysis were performed using R, evaluating variable 

thresholds for relative abundance of taxa individually and in aggregate for 

classification of HCC with cirrhosis versus without cirrhosis status. 

Tissue culture based and 16S rDNA PCR 

Fresh HCC or normal liver tissue samples were homogenized under sterile 

conditions and cell fraction was pelleted. The supernatants were plated on 

Columbia agar plates and maintained under aerobic or anaerobic conditions 

overnight at 37°C. Microbiota colonies were selected and DNA was extracted 

for 16S rRNA sequencing. 
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For 16S rDNA PCR, bacterial DNA was extracted from frozen tissue samples 

in mouse model in sterile conditions using DNA QIAamp DNA Mini Kit (QIAGEN, 

Germany). 16S rDNA PCR was executed using the primers 515F–806R 

targeting the V4 region of bacteria and SM1-SM4 targeting S.maltophilia. The 

primers are listed in supplementary Table S2. 

Fluorescence in situ Hybridization (FISH) and cell staining 

Paraffin-embedded specimens were sectioned and then dewaxed. Proteinase 

K (50 μg/ml, Beyotime) solution was added to the slides and the slides were 

covered and incubated for 30 minutes at 37 °C. Next, the FISH probe EUB338 

(5’-GCTGCCTCCCGTAGGAGT-3’) or Stemal (5’-

GTCGTCCAGTATCCACTGC-3’) was added at 400 nM and incubated 

overnight in a humid environment at 37~45 °C. The samples were washed with 

0.1 M Tris-HCl (pH 7.4) and then blocked with 0.1 M pH 7.4 (2% FBS, 0.3% 

Triton X) for 30 minutes at room temperature. The slides were incubated with 

anti-human CD45 antibodies for an hour followed by fluorophore-conjugated 

secondary antibodies for another hour. The slides were mounted with DAPI-

Antifade Solution in the dark place, incubated for 10 minutes and observed 

under a fluorescence microscope with the proper filter sets. 

Bacterial Strains and Culture Conditions 

Standard strains of S. maltophilia were purchased from BeNa Culture Collection, 

(Beijing, China). The bacteria were cultured on Colombian blood agar plates. 

Single colonies were selected and cultured in brain-hearth infusion broth (BHI) 
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with agitation at 37 °C overnight. Some of the bacteria were frozen in BHI with 

10% glycerin at - 80 °C, and the rest of the bacteria were was stored at 4 °C for 

cell stimulation. 

Cell culture 

The LX-2 cell line was purchased from American Type Culture Collection (ATCC, 

Virginia, USA) and cultured in Dulbecco's modified Eagle’s medium (DMEM) 

supplemented with 10% fetal bovine serum (FBS), 100 U/ml penicillin and 100 

μg/ml streptomycin. 

Western blot 

Liver tissues or cells were lysed in radioImmunoprecipitation Assay (RIPA) 

buffer containing a protease inhibitor cocktail (Thermo Fisher). The lysates 

were centrifuged at 12,000 g for 30 minutes at 4 °C. The supernatants were 

collected for further analysis. The total protein concentration was measured 

using a BCA assay kit (Beyotime). Equal amounts of total proteins were 

separated with a 12% SDS-PAGE gels and then transferred onto polyvinylidene 

fluoride (PVDF) membranes using a wet transfer device. After blocking with 5% 

nonfat milk at room temperature for 1 hour, the membranes were incubated with 

primary antibodies overnight at 4 °C. The membranes were then incubated with 

the appropriate HRP-conjugated secondary antibodies for 1 hour at room 

temperature followed by incubation with an electrochemiluminescence reagent 

(Beyotime). The antibodies are listed in supplementary Table S3. All the values 

were normalized to GAPDH. 
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Immunohistochemistry (IHC) 

Briefly, formalin-fixed paraffin-embedded specimens were processed into 4-µm 

thick sections. The sections were deparaffinized and rehydrated, the 

endogenous peroxidase was blocked and the antigens were retrieved. The 

antibodies are listed in Table S3. After incubation overnight at 4 °C with primary 

antibodies, the sections were then incubated with HRP-conjugated secondary 

antibodies at room temperature for 1 hour, followed by color development with 

the 3,3’-diaminobenzidine (DAB) substrate. The nuclei were counterstained 

with hematoxylin. The percentage of stained cells was calculated by dividing 

the number of stained cells by the total number of hematoxylin-stained nuclei 

which were visualized in ten random high-power fields (400×). All the sections 

were evaluated by two independent observers. 

Immunofluorescence (IF) 

The antibodies are listed in supplementary Table S3 and the nuclei were 

counterstained with DAPI. Images were obtained using an OLYMPUS BX53 

(Olympus, Japan) fluorescence microscope. 

Mouse Primary Hepatic Stellate Cell Culture  

Mouse HSCs were isolated from adult BALB/c mice by retrograde pronase-

collagenase liver perfusion and density centrifugation. Perfusion through 

inferior vena cava was initiated with 15 mL of 190 mg/L EGTA solution. Portal 

vein was cut and vena cava clamped above the diaphragm to ensure correct 

liver perfusion. Then, perfusion continued with 25 ml of 0.4 mg/ml pronase 

BMJ Publishing Group Limited (BMJ) disclaims all liability and responsibility arising from any reliance
Supplemental material placed on this supplemental material which has been supplied by the author(s) J Immunother Cancer

 doi: 10.1136/jitc-2021-003069:e003069. 10 2022;J Immunother Cancer, et al. Liu B



 6 

solution and, finally, 35 ml of 0.1 U/ml collagenase solution. The liver was 

removed, minced, and incubated (10–20 minutes, 40℃ under agitation) in 

pronase/collagenase solution containing 1% (vol/vol) DNase. The resulting 

dispersed cell suspension was filtered through 70-μm cell strainer and 

centrifuged (50g, 5 minutes). HSCs were separated by Histodenz density 

gradient centrifugation (Sigma, St Louis, MO) and culture-activated on 6-well 

Nunc plates (Thermo-Fisher, Waltham, MA) containing 10% fetal bovine serum, 

100 U/mL penicillin, 100 μg/mL streptomycin, and 2 mM l-glutamine. HSCs 

were confirmed by α-SMA staining and quantitative PCR analysis. 

Quantitative PCR 

RNA was detected using qRT-PCR. The relevant primers are listed in 

supplementary Table S2. Briefly, Total RNA was extracted using the TRIzol 

reagent (Takara, Japan). RNA was reverse transcribed with the HiScript®Q 

Select RT SuperMix for qPCR (+gDNA wiper) Kit (Vazyme, Nanjing, China), 

Real-time PCR was performed with the AceQ® qPCR SYBR Green Master Mix 

(High ROX Premixed) Kit (Vazyme, Nanjing, China). The results were 

standardized to control values of glyceraldehyde-3-phosphate dehydrogenase 

(GAPDH). 

Sirius red staining 

A Sirius red staining kit (Cat. G1471; Solarbio) was used for the staining. Briefly, 

after dewatering and embedding, the tissues were cut into 6-μm-thick sections 

and dewaxed to water. The sections were stained with Weigert ferricin staining 
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solution for 20 minutes and then washed with tap water for 5 minutes, followed 

by washed with distilled water. The slides were then stained with a drop of Sirius 

red dye and incubated for 1hour before slightly rinsing with the tap water to 

remove the dye on the surface of the sections. 

β-gal staining 

β-gal staining was performed using a β-gal staining kit (Cat. C0602; Beyotime). 

Briefly, the paraffin sections were dewaxed and hydrated and fixed with the kit 

at room temperature for 15 minutes. After washing with PBS, the dye solution 

was added and incubated overnight at 37 °C. For adherent cells cultured in 6-

well plates, 1 ml staining fixative buffer was added to each well after the medium 

was removed, and the plates were incubated at room temperature for 15 

minutes. After washing with PBS, 1 ml of dyeing solution was added to each 

well and incubated overnight at 37 °C. The next day, the cells were observed 

under a microscope. 

Hepatic Fibrosis in a Mouse Model 

Mouse strains used in this study included NLRP3-deficient mice and C57BL/6 

wildtype (WT) mice (provided by Animal Core Facility of Nanjing Medical 

University). Some mice were injected intraperitoneally with 20% CCl4, 

0.1ml/10g, twice a week for 8 weeks, to make liver fibrosis model. Some six- to 

eight-week-old mice were infected through the intraperitoneal route with 5×105 

CFU of S.maltophilia. Mice were born from breeding pairs that were housed 

under controlled temperature (22±2 °C) and artificial light under a 12-h cycle 
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period. Mice were kept under specific pathogen-free conditions in positive-

pressure cabinets and provided with sterile food and water ad libitum. 

Statistical analysis 

The clinical and sequencing data are presented as medians (first quartile to the 

third quartile). The statistical significance of differences among groups of 

specimens was tested with the one-way analysis of variance of Friedmans test, 

Dunn posthoc test, or Wilcoxon rank-sum test (according to data distribution). 

Weighted UniFrac distance metric and principal component analysis were used 

to perform beta-diversity analysis to observe the overall changes in the species 

compositions of tissues. Statistical tests were performed using R (V.2.15.3). 

GraphPad Prism 8 (La Jolla, CA, USA) was used to create graphs. P values 

below 0.05 were considered statistically significant. 
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Supplementary figures 

 

Supplementary Figure S1. Tumor microbiome dysbiosis in HCC. (A-B) The 

rarefaction curve (A) and the rank abundance curve (B) for each individual 

specimen are shown. (C) Rarefaction curves were used to estimate the 
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richness (at a 97% level of similarity) of the microbiota among T, NA and N 

groups. The vertical axis shows the number of OTUs expected after sampling 

the number of tags or sequences shown on the horizontal axis. (D) Relative 

abundance curves of the bacterial OTUs derived from T, NA and N groups. (E) 

The rarefaction curve of 28 paired T and NA sequencing datasets. Tumor 

tissues revealed a relatively higher diverse compared to matched normal 

adjacent samples of HCC patients (n=28). (F) α diversity analysis of 28 paired 

T and NA tissues. The majority of the tumoral samples saturated around 1980 

species and around 1254 species for the paired normal adjacent samples (P = 

0.038). Data are presented as means ± SEM. Unpaired Student’s t test was 

performed for (F). 
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Supplementary Figure S2. The influences of cirrhosis, progression of HCC, 

HBV, alcohol over consumption and obesity on intrahepatic microbes in HCC. 

(A-B) The bacterial reads in human livers were assessed by bacterial 16S rDNA 

sequencing. Levels of bacterial DNA in tumors with cirrhosis were significantly 

higher than those without cirrhosis in HCC patients, P < 0.05 (A). With the 

progression of HCC, bacterial DNA was observed decreased, P < 0.05 (B). (C-

D) α (left) and β (right) diversity analysis with or without HBV infection (C), 

obesity (D) in T and NA tissue. None of these data has significant P value. Data 
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are presented as means ± SEM. ns, no statistical significance. *P < 0.05. 

Unpaired Student’s t test was performed for (A, C, and D) and one-way ANOVA 

test for (B). 
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Supplementary Figure S3. Taxonomic composition between T, NA and N 

groups. (A-D) Bar plots displaying taxonomic composition in both cohorts at 

Class (A), Order (B), Family (C) and Species (D), respectively. (E) 

Immunofluorescence with a specific FISH probe for S. maltophilia only (Stemal). 

Liver sections were stained with FISH probe (red) and DAPI (blue). Scale bar 

indicates 50 μm. 
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Supplementary Figure S4. Differences in the classification levels between the 

groups. Mann–Whitney U-test of different bacteria between T vs N and T vs NA 

in the classification levels. From A to D is (A) Phylum, (B) Class, (C) Order, (D) 
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Family. (E) Mann–Whitney U-test of different bacteria in independent cohort. (F) 

Relative abundance of S.maltophilia from gut microbiota in HCC. No significant 

difference was observed between HCC and control groups (G). Data are 

presented as means ± SEM. ns, no statistical significance. Unpaired Student’s 

t test was performed for (G) and one-way ANOVA test for (F). 

  

BMJ Publishing Group Limited (BMJ) disclaims all liability and responsibility arising from any reliance
Supplemental material placed on this supplemental material which has been supplied by the author(s) J Immunother Cancer

 doi: 10.1136/jitc-2021-003069:e003069. 10 2022;J Immunother Cancer, et al. Liu B



 16 

 

Supplementary Figure S5. The ROC curve of significant bacteria. The ROC 

curves of other different microbiota except for S. maltophilia were shown in (A-

G). If S. maltophilia was excluded, the maximum combined AUC value of the 

remaining microbiota was 0.79 (P < 0.0001). 
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Sections were stained with FISH probe (red) and DAPI (blue). Scale bar 

indicates 50 μm. (B) PCR of S. maltophilia on liver, kidney and spleen in mice 

after intraperitoneal injection with CCl4 and S. maltophilia, S. maltophilia and L. 

reuteri as positive and negative controls,respectively. (C) Representative of 

immunofluorescence images of HSCs of liver sections in mice with or without 

treatment with S. maltophilia. HSCs were visualized by α-smooth muscle actin 

staining (α-SMA; green), and the cell nuclei were stained with 4,6-diamidino-2-

phenylindole (DAPI; blue). Arrowheads indicate α-SMA-expressing cells that 

were positive for SASPs including p21, 53BP1, IL-1β, Groα, IL-6 and p16 (red). 

Scale bar indicates 50 μm. (D) Representative of immunofluorescence images 

in mice liver with α-SMA (green) and S. maltophilia specific probe (red). Scale 

bar indicates 50 μm. 
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by qPCR in WT or NLRP3-deficient mice liver with or without treatment with S. 

maltophilia. (Each group had 5 mice.) Data are presented as means ± SEM of 

four independent experiments (B and C). ns, no statistical significance. *P < 

0.05, **P < 0.01, and ***P < 0.001. Two-way ANOVA was performed for (B), and 

one-way ANOVA test for (C). 
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Supplementary Figure S8.  NLRP3, IL-1β and TGF-β inhibitors attenuated 

fibrosis induced by S. maltophilia in mice. (A) The expressions of α-SMA, 

Collagen I and SASPs including p21, 53BP1, IL-1β, Groα, IL-6 and p16 were 

detected by immunohistochemistry in mice liver sections after treatment with S. 

maltophilia or together with TLR-4 inhibitor TAK-242, NF-κB inhibitor PS-341 

or/and the NLRP3 inhibitor MCC950. Scale bar indicates 100 μm. 
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Supplementary Tables 

Table S1-1. Summary of clinical characteristics of HCC patients. 

Characteristics Patients (n = 46) Independent cohort patients 

（n=37） 

Age (means, min, max) 59.84 (40, 80) 61.57(39, 79) 

Gender (Female/Male) 14/32 9/24 

Complications   

  Hypertension 13 9 

  Diabetes 8 4 

  Cirrhosis 20 20 

  Hepatitis B 36 27 

Tumor Stage   

  I 3 1 

  II 12 9 

  III 25 25 

  IV 6 2 

Tumor Volume (means, min, max) 285.20 (6,1800) 262.39(1.5, 2170) 

Tumor Screening Indicators   

  AFP (I/II/III/IV) 23/5/6/12 12/9/6/10 

  CEA (means, min, max) 7.85 (0.58, 254.20) 6.75(1.01, 10.45) 

  CA199 (means, min, max) 34.24 (0.86, 342.20) 27.50(0.91, 79.53) 

Plasma Biochemical Index   

  TB (means, min, max) 26.28 (7.2, 396.1) 13.9(7.1, 26.3) 

  ALT (means, min, max) 79.87 (7.4, 859.3) 103.9(7.6,524.9) 

  AST (means, min, max) 77.53 (14.9, 629.4) 80.6(12.7, 585.5) 

  GGT (means, min, max) 110.58 (16.0, 868.8) 68.8(18.3, 296.2) 

Sample collection   

  Tumor 46 33 

  Tumor stage (I/II/III/IV) 3/12/25/6 1/8/22/2 

  normal adjacent 28 27 

  Tumor stage (I/II/III/IV) 0/5/20/3 0/6/20/1 
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Table S1-2. Summary of clinical characteristics of hepatic hemangioma 

patients. 

Characteristics Patients (n = 33) Independent cohort patients 

（n=14） 

Age (means,min,max) 55.78(37,70) 51.5(38, 63) 

Gender(Female/Male) 14/19 4/10 

Complications   

  Hypertension 5 1 

  Diabetes 2 1 

  Cirrhosis 2 3 

  Hepatitis B 4 1 

Hemangioma / Hepatolith 18/15  

Tumor Screening Indicators   

  AFP(I/II/III/IV) 31/2/0/0 13/1/0/0 

  CEA (means,min,max) 3.43(0.26, 10.88) 2.71(0.74, 6.88) 

  CA199 (means,min,max) 17.81(5.97, 24.50) 18.36(0.60, 29.53) 

Plasma Biochemical Index   

  TB (means,min,max) 21.36(6.9, 125.5) 20.00(9.0, 26.3) 

  ALT (means,min,max) 43.03(10.6, 139.9) 59.94(7.4, 109.3) 

  AST (means,min,max) 43.02(15.7, 154.0) 43.78(19.2, 104.7) 

  GGT (means,min,max) 47.28(14.0, 124.4) 62.07(16.0, 175.6) 

The clinical information of 79 patients in the first sequencing and 51 patients 

in the independent cohort is shown in the table. Age, tumor volumes, tumor 

screening indicators, and plasma biochemical indexes are presented as the 

means, with the minimum and maximum values in parentheses. 
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Supplementary Table S2 

Primer’s list. 

mRNA qPCR primers 

Gene Forward (5′-3′) Reverse (5′-3′) 

GAPDH (mouse) CAACTACATGGTCTACATGTTC CACCAGTAGACTCCACGAC 

IL-1β (mouse) GGACCCATATGAGCTGAAAGCT TGTCGTTGCTTGGTTCTCCTT 

IL-6 (mouse) AGAAGGAGTGGCTAAGGACCAA AACGCACTAGGTTTGCCGAGTA 

Gro-α (mouse) GCTGGGATTCACCTCAAGAA AGGTGCCATCAGAGCAGTCT 

HMGA1 (mouse) GGCACTGAGAAGCGGGGCCG CCCTTGTTTTTTGCTTCCCTT 

Acta2 (human) ACTGAGCGTGGCTATTCCTCCGTT GCAGTGGCCATCTCATTTTCA 

Tgfb1 (human) CGACTACTACGCCAAGGA GAGAGCAACACGGGTTCA 

Timp1 (human) GCACATCACTACCTGCAGTC GAAACAAGCCCACGATTTAG 

Col1a1 (human) GGAACACCTCGCTCTCCA GGGATTCCCTGGACCTAAAG 

GAPDH (human) GCCCAATACGACCAAATCC AGCCACATCGCTCAGACAC 

Bacterial primer 

Name Forward (5′-3′) Reverse (5′-3′) 

16S rRNA primer GTGYCAGCMGCCGCGGTAA GGACTACNVGGGTWTCTAAT 

S.maltophilia primer  CAGCCTGCGAAAAGTA TTAAGCTTGCCACGAACAG 
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Supplementary Table S3 

Antibodies and inhibitors list. 

Antibodies 

Name Manufacturers Catalog number 

Collagen I Bioworld BS1530 

TGF-β Abcam ab92486 

α-SMA CST 19245 

GAPDH Beyotime AF1186 

IL-1β Abcam ab2105 

CD45 Santa Cruz Biotechnology sc-1178 

α-SMA CST 48938 

Gro-α Proteintech 12335-1-AP 

53BP1 CST 88439 

p21 Abcam 2947 

p16 CST ab51243 

Alexa-Fluor 488-conjugated anti-mouse CST 4408 

Alexa-Fluor 647-conjugated anti-rabbit CST 4414 

P-IKK α/β CST 2697 

Caspase-1 CST 4199 

NF-κB p65 CST 8242T 

TLR4 Abcam ab13556 
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Inhibitors 

Name Manufacturers Catalog number 

MCC950 MCE HY-12815A 

PS-341 MCE HY-10227 

TAK-242 MCE HY-11109 

Diacerein MCE HY-N0283 

SB-431542 MCE HY-10431 
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Table S4. Comparison of differential bacteria in theT, NA, and N groups. 

Taxa Name & Abundance ranking Avg (T) Avg (NA) Avg (N) p. value 

phylum Proteobacteria (1, 2, 1) 0.362 (0.189) 0.529 (0.197) 0.423 (0.157) <0.001 (T vs NA) 

 Bacteroidetes (3, 8, 6) 0.136 (0.090) 0.088 (0.057) 0.150 (0.063) 0.006 (T vs NA) 

 Cyanobacteria (6, 10, 9) 0.021 (0.046) 0.008 (0.007) 0.005 (0.003) 0.025 (T vs N) 

class Gammaproteobacteria (1, 1, 1) 0.222(0.150) 0.349 (0.206) 0.251(0.128) 0.007 (T vs NA) 

 Bacilli (2, 3, 5) 0.145 (0.099) 0.156 (0.115) 0.090 (0.083) 0.008 (T vs N) 

 Bacteroidia (3, 4, 2) 0.135 (0.090) 0.087 (0.057) 0.147 (0.062) 0.007 (T vs NA) 

 Clostridia (4, 5, 4) 0.134 (0.094) 0.070 (0.044) 0.135 (0.142) <0.001 (T vs NA) 

order Clostridiales (1, 5, 1) 0.132 (0.090) 0.070 (0.044) 0.135 (0.142) <0.001 (T vs NA) 

 Lactobacillales (2, 3, 4) 0.113 (0.088) 0.119 (0.080) 0.068 (0.080) 0.020 (T vs N) 

 Xanthomonadales (4, 1, 8) 0.087 (0.164) 0.161 (0.225) 0.018 (0.017) 0.007 (T vs N) 

 Rhizobiales (5, 2, 6) 0.079 (0.141) 0.120 (0.147) 0.034 (0.030) 0.043 (T vs N) 

 Pseudomonadales (8, 7, 5) 0.028 (0.022) 0.052 (0.137) 0.059 (0.050) 0.002 (T vs N) 

family Xanthomonadaceae (1, 1, 6) 0.084 (0164) 0.158 (0.227) 0.014 (0.015) 0.006 (T vs N) 

 Moraxellaceae (9, 5, 4) 0.014 (0.012) 0.044 (0.138) 0.030 (0.017) <0.001 (T vs N) 

 Rhizobiaceae (2, 2, 5) 0.060 (0.034) 0.100 (0.145) 0.019 (0.025) 0.047 (T vs N) 

 Paenibacillaceae (10, 8, 9) 0.005 (0.007) 0.020(0.087) 0.002 (0.002) 0.027 (T vs N) 

 Enterococcaceae (6, 3, 7) 0.037 (0.065) 0.075 (0.079) 0.006 (0.013) 0.003 (T vs N) 

     0.037 (T vs NA) 

 Ruminococcaceae (4,6,2) 0.048 (0.048) 0.025 (0.017) 0.053 (0.080) 0.003 (T vs NA) 

 Lactobacillaceae (3, 7, 3) 0.049 (0.049) 0.023 (0.022) 0.047 (0.072) 0.003 (T vs NA) 
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genus Stenotrophomonas (1, 1, 5) 0.077 (0.166) 0.156 (0.225) 0.009 (0.015) 0.008 (T vs N) 

 Acinetobacter (7, 4, 2) 0.012 (0.010) 0.043 (0.138) 0.019 (0.013) 0.010 (T vs N) 

 Phyllobacterium (2, 2, 9) 0.056 (0.134) 0.100 (0.144) <0.001 (<0.001) 0.008 (T vs N) 

 Enterococcus (4, 3, 6) 0.037 (0.065) 0.074 (0.078) 0.006 (0.013) 0.003 (T vs N) 

     0.037 (T vs NA) 

 Lactobacillus (3, 6, 1) 0.048 (0.049) 0.023 (0.021) 0.047 (0.072) 0.003 (T vs NA) 

 Romboutsia (9, 9, 4) 0.008 (0.013) 0.003 (0.003) 0.012 (0.050) 0.015 (T vs NA) 

species Enterococcus_durans (1, 1, 4) 0.025 (0.039) 0.066 (0.071) 0.005 (0.012) 0.002 (T vs N) 

 Sphingomonas_leidyi (6, 3, 5) 0.006 (0.009) 0.017 (0.025) 0.002 (0.002) 0.003 (T vs N) 

The microbiota in the T, NA, and N groups were compared at the phylum, class, 

order, family, genus, and species levels, as shown in the first column. The 

numbers in brackets in the second column represent the abundance rank in the 

T, NA, and N groups, respectively. The numbers in brackets in the third to fifth 

columns represent standard deviations. All the data were analyzed by Wilcoxon 

rank test. 
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Table S5：Function prediction in T and N 

Taxa avg(Tumor) sd(Tumor) avg(Normal) sd(Normal) p.value q.values interval lower interval upper 

Unclassified; 

Metabolism 

0.025638 0.00099 0.026541 0.001461 0.003306 0.018941 -0.00149126 -0.000314464 

Metabolism; 

Metabolism of 

Terpenoids 

and 

Polyketides 

0.018823 0.001355 0.019791 0.002026 0.020523 0.050397 -0.001781755 -0.000155235 

Metabolism; 

Biosynthesis 

of Other 

Secondary 

Metabolites 

0.009471 0.000684 0.00907 0.000727 0.015778 0.050397 7.79E-05 0.000724089 

Environmental 

Information 

Processing; 

Signaling 

Molecules and 

Interaction 

0.001843 0.000218 0.001738 0.000203 0.032769 0.07041 8.77E-06 0.000199439 

Human 

Diseases; 

Cancers 

0.001573 0.000237 0.001329 0.000437 0.00269 0.023162 -0.000413296 -7.61E-05 

Organismal 

Systems; 

Environmental 

Adaptation 

0.001466 0.000126 0.001405 9.93E-05 0.019198 0.050397 1.02E-05 0.000111228 

Human 

Diseases; 

Metabolic 

Diseases 

0.000877 8.87E-05 0.000819 7.73E-05 0.002691 0.018941 2.09E-05 9.57E-05 

Organismal 

Systems; 

Excretory 

System 

0.000298 8.60E-05 0.000331 5.54E-05 0.042041 0.072266 -6.46E-05 -1.22E-06 

Human 

Diseases; 

Cardiovascular 

Diseases 

0.000161 8.64E-05 0.000217 0.000132 0.037869 0.072266 -0.000108715 -3.26E-06 
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Table S6：Function prediction in T and NA 

Taxa avg(Tumor) sd(Tumor) avg(NA) sd(NA) p.value q.values interval lower interval upper 

Metabolism; 

Energy Metabolism 

0.056624 0.004375 0.054141 0.002495 0.002709 0.020721 0.000889577 0.00407574 

Metabolism; 

Metabolism of 

Cofactors and 

Vitamins 

0.041072 0.002291 0.039982 0.001838 0.027877 0.038023 0.000122111 0.00205677 

Metabolism; 

Nucleotide 

Metabolism 

0.034055 0.00286 0.032382 0.00335 0.032412 0.038023 0.000146015 0.003201465 

Metabolism; 

Xenobiotics 

Biodegradation 

and Metabolism 

0.029681 0.006407 0.033193 0.007055 0.036217 0.038023 -0.006789415 -0.000234184 

Unclassified; 

Genetic 

Information 

Processing 

0.024051 0.00203 0.022925 0.002074 0.026232 0.038023 0.000138043 0.00211358 

Metabolism; 

Metabolism of 

Other Amino Acids 

0.018153 0.001525 0.01914 0.001234 0.003332 0.020721 -0.001633081 -0.000339796 

Human Diseases; 

Neurodegenerative 

Diseases 

0.00273 0.000653 0.003129 0.00058 0.008067 0.033444 -0.000691006 -0.000107724 

Human Diseases; 

Metabolic 

Diseases 

0.000877 8.87E-05 0.000829 9.67E-05 0.036687 0.038023 3.09E-06 9.33E-05 

Organismal 

Systems; Immune 

System 

0.000568 0.000101 0.000525 7.67E-05 0.044433 0.042508 1.09E-06 8.41E-05 
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