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Abstract: Esophageal squamous cell carcinoma (ESCC) is the main type of esophageal cancer (EC) worldwide, 
causing half a million deaths each year. Recent evidence has demonstrated the role of the gut microbiota in health 
and disease. However, our current understanding of the gut microbiome in EC remains scarce. Here, we charac-
terized the gut and esophageal microbiome in a metastatic mouse model of ESCC and examined the functional 
roles of the gut microbiota in EC development in fecal microbiota transplantation (FMT) experiments. Nude mice 
intraperitoneally xenografted with human EC-109 cells showed significant alterations in the overall structure, but 
not alpha diversity, of the gut and esophageal microbiome as compared to naïve control mice. Xenograft of EC cells 
depleted the order Pasteurellales in the gut microbiome, and enriched multiple predicted metabolic pathways, 
including those involved in carbohydrate and lipid metabolism, in the esophageal microbiome. FMT of stool from 
healthy mice to antibiotic-treated xenograft-bearing mice significantly attenuated liver metastasis, suggesting a 
protective role of the commensal gut microbiota in EC. Moreover, we showed that combination chemotherapy with 
cisplatin and 5-fluorouracil, and the anti-EC medicinal herb Andrographis paniculata (AP) differentially affected the 
gut and esophageal microbiome in EC. FMT experiment revealed a reduced anti-metastatic efficacy of AP on liver 
metastasis in antibiotic-treated xenograft-bearing mice, suggesting a role of the commensal gut microbiota in the 
anti-metastatic efficacy of the herb. In conclusion, our findings reveal for the first time an interplay between the gut 
microbiota and EC and provide insights into the treatment strategies for EC.
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Introduction

Esophageal cancer (EC) is the seventh most 
common and sixth most deadly cancer world-
wide, accounting for 572,000 new cases and 
509,000 deaths in 2018 [1]. In China, EC repre-
sents the fourth most common cause of cancer 
deaths [2]. Esophageal squamous cell carcino-
ma (ESCC) is the most common histological 
subtype of EC worldwide and comprises more 
than 90% of all EC cases in China [2, 3]. Distant 
metastasis is the major cause of treatment fail-
ure and death in EC [4]. In fact, over 50% of EC 
patients have either unresectable tumors or 
radiographically visible metastases at the time 

of initial diagnosis [5]. Liver and lung are the 
most common sites of metastasis in EC [6].

The communities of microbes living in and on 
the human body - the human microbiota - can 
affect cancer initiation, progression, and res- 
ponse to therapy [7]. In EC, human microbiome 
studies conducted to date are on mucosa or 
tumor samples from the esophagus [8-12], or 
adjacent stomach or oral samples [13-15]. It is 
now known that the gut (intestinal) microbiota 
plays important roles in health and disease, 
including cancers [16]. These microbes can 
exert indirect effects on the progression of tu- 
mors at distant sites or their response to thera-
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py by altering the circulating metabolites, which 
in turn affects the general host physiology [7]. 
Until now, there is only one study of the gut 
microbiome in EC, which was conducted in mi- 
ce [17]. Therefore, it remains largely unknown 
how EC affects the gut microbiome and wheth-
er the effects are similar to those on the esoph-
ageal microbiome. Besides, a previous popula-
tion-based case-control study demonstrates a 
dose-dependent positive association between 
penicillin exposure and the risk of EC [18], sug-
gesting a protective role of the commensal gut 
microbiota in EC development. However, no de- 
finitive functional studies have been performed 
to examine the causality.

Combination chemotherapy with cisplatin and 
5-fluorouracil (5-FU) (CF therapy) is commonly 
used for patients with unresectable locally 
advanced or metastatic EC [19]. Cisplatin and 
5-FU have been separately shown to alter the 
gut microbiome in cancers [17, 20]. The effects 
of their combined use with docetaxel in DCF 
therapy on the gut microbiome have also been 
reported [21]. However, the effects of CF thera-
py on the gut microbiome remain to be explored.

Traditional Chinese medicines therapy is re 
garded as an important adjuvant approach in 
treatment of EC in China [2]. Andrographis pan-
iculata (Burm. f.) Nees (AP) is a medicinal herb 
commonly used in China and south/southeast 
Asia [22]. Our previous studies have demon-
strated the anti-tumor and anti-metastatic effi-
cacies of AP water extract (APW), CF therapy, 
and their combined use in multiple EC xeno-
graft-bearing mouse models [23-25]. However, 
it remains unclear whether these treatments 
affect the microbiome of the host. Besides, 
growing evidence has demonstrated that the 
gut microbiota can modulate the efficacy of 
anti-cancer drugs [26]. Therefore, we are also 
interested to examine if the observed anti-EC 
efficacy of AP is related to the gut microbiota.

Hence, in this study, we characterised the gut 
(stool) and esophageal microbiome in healthy 
and ESCC xenograft-bearing mice using high-
throughput sequencing of the 16S rRNA gene. 
Independent and combined effects of CF thera-
py and AP on the gut and esophageal microbi-
ome of xenograft-bearing mice were also eluci-
dated. We further examined the possible func-
tional roles of the gut microbiota in the deve- 
lopment and metastasis of EC, as well as in the 

anti-EC efficacy of AP in fecal microbiota trans-
plantation (FMT) experiments with antibiotic-
induced microbiota-depleted mice. Here, we 
hypothesised that (1) intraperitoneal xenograft 
of ESCC cells would have distinct effects on  
the gut and esophageal microbiome, and (2)  
CF therapy, AP or their combined use would 
alter the gut and/or esophageal microbiome. 
We also anticipated that (1) FMT of stool from 
healthy mice would reduce the development 
and metastasis of EC in antibiotic-induced mi- 
crobiota-depleted mice, and that (2) depletion 
of the commensal gut microbiota would reduce 
the anti-EC efficacy of AP.

Materials and methods

Experimental mice

Male BALB/c nude mice (4-6 weeks old) were 
provided by Laboratory Animal Services Centre 
of The Chinese University of Hong Kong. The 
mice were bred and maintained in specific-
pathogen free conditions with a 12-hr light/
dark cycle and fed with a radiation-sterilized 
chow diet and autoclaved drinking water ad libi-
tum. Each cage contained 3-5 mice. All experi-
ments described in the present study were 
approved by the Animal Experimentation Eth- 
ics Committee of The Chinese University of 
Hong Kong (Ref. No. 19-131-MIS).

Cell line and reagents

Human esophageal squamous cell carcinoma 
(ESCC) EC-109 cells were purchased from Cell 
Bank of Type Culture Collection of Chinese 
Academy of Sciences (Beijing, China). The cells 
were cultured as in our previous study [24]. Cell 
culture medium and reagents were purchas- 
ed from Life Technologies (Thermo Fisher Sci- 
entific, Waltham, MA, USA). Chemotherapeu- 
tics cisplatin and 5-fluorouracil (5-FU), and an- 
tibiotics ampicillin, neomycin, metronidazole, 
and vancomycin were purchased from Sigma 
(Sigma-Aldrich, St. Louis, MO, USA).

Herbal materials

Dried powder of AP water extract (APW) was 
provided by PuraPharm (Nanning) Pharmaceu- 
ticals Co. Ltd. (Batch number: CKL-20181011-
Rf(H2O)-). Chemical markers of APW were de- 
termined by using ultra performance liquid 
chromatography as follows. Dried APW sample 
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was dissolved in methanol, filtered through a 
0.2 µm filter and then analyzed with an Agilent 
1290 ultra high performance liquid chromatog-
raphy system (CA, USA). The column used was 
Agilent ZORBAX Eclipse Plus C18 RRHD, 2.1 × 
150 mm, 1.8 µm, accompanied with a guard 
column (Agilent ZORBAX Eclipse Plus C18 
UHPLC Guard, 2.1 × 5 mm, 1.8 µm). Chroma- 
tographic separation was conducted at 40°C 
under gradient conditions at a flow rate of 0.5 
mL/min. The LC profile is as follows: Mobile 
phase: (A) 0.1% formic acid in deionized water 
and (B) 0.1% formic acid in acetonitrile; Gra- 
dient: 0-2 min, 5% B; 2-17 min, 5-40% B; 17-18 
min, 40-44% B; 18-21 min, 44% B; 21-25 min, 
44-54% B; 25-27min 54-100% B. The column 
was flushed with 100% B for 3 min and re-equil-
ibrated for another 4 min after each injection. 
The injection volume was 5 µL. APW powder 
was dissolved in distilled water before adminis-
tration to experimental mice. 

Intraperitoneal esophageal tumor xenograft-
bearing mouse model

Male BALB/c nude mice were randomly swi- 
tched among cages every 4-5 days for two 

weeks before start of the experiment to homog-
enize the gut microbiota of the cohort [27]. On 
day 0, four-fifths of mice were inoculated with 5 
× 106 EC-109 cells in 200 μl phosphate-buff-
ered saline (PBS) intraperitoneally, with the 
remaining mice acting as naïve controls (NC). 
On day 1, tumor-inoculated mice were random-
ized into four groups: 1) tumor control (TC), 2) 
1600 mg/kg APW alone (AP), 3) combination  
of 3.0 mg/kg cisplatin and 85.0 mg/kg 5-FU 
(Chemo), and 4) combination of 1600 mg/kg 
APW, 3.0 mg/kg cisplatin and 85.0 mg/kg 5-FU 
(AP.Chemo) (Figure 1A). Mice from each group 
(n = 7-9) were housed in two cages to reduce 
the cage effect. The dosage of APW (1600 mg/
kg) used here was previously shown to be effec-
tive in inhibiting metastasis in human esopha-
geal xenograft-bearing mice without obvious 
toxicity [23, 24]. APW was orally administered 
daily starting from day 1 for 21 days. On days 
13 and 19, cisplatin and 5-FU were dissolved in 
saline and injected intraperitoneally into the 
mice of respective groups. In the morning of 
day 22, stool samples were collected from the 
mice, which were then anesthetized, weighed 
and sacrificed by cervical dislocation. Whole 

Figure 1. Cisplatin plus 5-fluorouracil (5-FU), Andrographis paniculata water extract (APW) and their combined use 
attenuate metastasis in intraperitoneal EC-109 xenograft-bearing mice. (A) Experimental design of the microbiome 
study. Effects of different treatments on the body weight of mice (B), and metastasis in lungs (C) and livers (D) as 
assessed by histology. Data represent means + SEM combined from two independent experiments (n = 8-14); ana-
lyzed by one-way ANOVA followed by post-hoc Tukey’s multiple comparison test, **P < 0.01.
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esophagus, liver and lung were excised from 
the mice for microbiome and histological stud-
ies, respectively. Stool and esophageal sam-
ples were frozen immediately in liquid nitrogen 
and then stored at -80°C until DNA extraction. 
Liver and lung samples were fixed in 10% buff-
ered formalin. The whole set of experiment was 
performed twice.

An additional set of stool samples was collect-
ed on day 22 from group TC and NC mice for 
fecal microbiota transplantation (FMT) experi-
ments. For each group, two samples, each con-
taining vortex-homogenized fecal pellets from 
the same 3-4 mice co-housed in a single cage 
and 4 mL autoclaved PBS/10% glycerol, were 
prepared and stored at -80°C until FMT.

Antibiotic treatment and FMT experiments

Male BALB/c nude mice were administered ad 
libitum a cocktail of antibiotics containing 0.2 
g/L ampicillin, 0.2 g/L neomycin, 0.2 g/L met-
ronidazole, and 0.1 g/L vancomycin in drinking 
water for two weeks before the start of the 
experiment to deplete the commensal gut mi- 
crobiota of the cohort (Figure 2A) [28]. Antibio- 
tic-containing water was freshly prepared every 
3-4 days. On day 0, all mice were inoculated 
with 5 × 106 EC-109 cells in 200 μl PBS intra-
peritoneally. On day 1, the mice were random-
ized into six groups (n = 7-9 per group): 1) tu- 
mor control (TC), 2) FMT with stool of healthy 
mice (TCH), 3) FMT with stool of EC mice (TCE), 
4) 1600 mg/kg APW alone (A), 5) 1600 mg/kg 
APW and FMT with stool of healthy mice (AH), 
and 6) 1600 mg/kg APW and FMT with stool of 
EC mice (AE) (Figure 2A). APW was orally admin-
istered daily starting from day 1 for 21 days. 
Frozen stool samples of healthy (NC group) and 
EC (TC group) mice from the previous experi-
ment were thawed in a 37°C water bath, filtered 
through a Falcon 40 µm cell strainer (Corning, 
NY, USA), and gavaged to mice (200 μl each) on 
days 8 and 14. On day 22, the mice were anes-
thetized, weighed and sacrificed by cervical dis-
location. Livers and lungs were excised from 
the mice and fixed in 10% buffered formalin  
for histological assessment. Tumor nodules in 
peritoneal cavity were collected, counted and 
weighed. The whole set of experiment was per-
formed twice.

Histological assessment

Liver and lung samples of mice were embed-
ded in paraffin and sectioned longitudinally at 

5 μm thickness using a Thermo Scientific Sh- 
andon Finesse 325 manual microtome (Ther- 
mo Fisher Scientific, Waltham, MA, USA). Two 
levels of section 100 μm apart were obtained 
for each liver tissue blocks whereas one level  
of section was obtained for the lung samples. 
The sections were collected onto gelatin-coat-
ed slides, stained with hematoxylin & eosin for 
liver samples and with cytokeratin 8 for lung 
samples, and then photographed under an 
Olympus IX71 inverted research microscope 
(Japan) equipped with a Nikon DS-Fi3 micro-
scope camera (Japan). The area of tumor in 
each slide was measured using ImageJ [29]. 
The degree of metastasis in each sample was 
evaluated by dividing the total area of tumor by 
the total area of organ in the slides assessed.  
A total of eight random microscopic fields were 
assessed blindly by 3-4 individuals for each 
sample.

Microbial DNA extraction and sequencing

Microbial DNA was extracted from about 100 
mg of stool and whole esophagus of 37 mice 
from one out of two independent experiments 
using QIAamp Fast DNA Stool Mini Kit (QIAGEN, 
Valencia, CA, USA) following the manufacturer’s 
instructions. For esophagus, samples were cut 
into tiny pieces in InhibitEX Buffer before incu-
bation at 95°C. Extracted DNA was quantified 
using Invitrogen Quant-iT PicoGreen dsDNA As- 
say Kit (Thermo Fisher Scientific, Waltham, MA, 
USA). The V4 region of 16S rRNA genes was 
amplified with PCR using universal primers 
515F (5’-GTGCCAGCMGCCGCGGTAA-3’) and 
806R (5’-GGACTACHVGGGTWTCTAAT-3’) and 
Herculase II fusion DNA polymerase (Agilent 
Technologies, Santa Clara, CA, USA) [30]. The 
quality and quantity of PCR libraries were ch- 
ecked using an Agilent 2100 Bioanalyzer (Agi- 
lent Technologies, Santa Clara, CA, USA) and 
quantitative PCR according to the Illumina 
quantification guide, respectively. Sequencing 
was commercially performed by Macrogen (Se- 
oul, Korea) on an Illumina MiSeq platform (Illu- 
mina, San Diego, CA, USA) following the 2 × 
300 bp paired-end sequencing protocol. The 
sequencing data are available on NCBI Sequ 
ence Read Archive under BioProject accession 
PRJNA628535.

16S rRNA gene sequence analysis

Microbiome bioinformatics were performed 
with QIIME2 2020.2 [31]. Primers were first 
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Figure 2. The commensal gut microbiota plays a role in EC metastasis and the anti-metastatic efficacy of AP. (A) Design of the fecal microbiota transplantation (FMT) 
experiment. Phylum-level bar chart (B) and PCoA plot (C) of the healthy and EC donor stools used in FMT (healthy vs EC, PERMANOVA pseudo-F = 3.95, P = 0.032). 
Effects of FMT on the body weight of mouse (D, I), tumor weight (E, J), number of tumors > 2 mm (F, K), and metastasis in lung (G, L) and liver (H, M) as assessed by 
histology. Data represent means + SEM combined from two independent experiments, n = 8-15 (D-F, I-K), 6-13 (G, H), and 4-10 (L, M); analyzed by one-way ANOVA 
followed by post-hoc Tukey’s multiple comparison test, *P < 0.05.
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removed from demultiplexed raw sequence 
data using the q2-cutadapt plugin [32]. No 
insertions or deletions of bases were allowed 
when matching primers, and reads with no pri- 
mer found were discarded. Paired-end reads 
were then joined using q2-vsearch [33], qua- 
lity-filtered using q2-quality-filter, and denoised 
with Deblur using q2-deblur [34]. Taxonomy 
was assigned to amplicon sequence variants 
(ASVs) using a pre-trained Naïve Bayes classifi-
er using q2-feature-classifier against the SILVA 
132 99% operational taxonomic units (OTUs) 
from the 515F/806R sequence dataset [35, 
36]. ASVs with a total read count < 10 or pres-
ent in only one sample were removed using 
q2-feature-table. Mitochondrial, chloroplast and 
phylum-unclassified reads were also filtered 
out using q2-taxa. All ASVs were aligned with 
mafft and used to construct a phylogenetic tree 
with fasttree2 using q2-phylogeny, with the 
align-to-tree-mafft-fasttree pipeline [37, 38]. Al- 
pha and beta diversity metrics as well as princi-
pal coordinate analysis (PCoA) plots were gen-
erated using the q2-diversity plugin with the 
core-metrics-phylogenetic pipeline after sam-
ples were rarefied to the smallest number of 
sequences. Alpha diversity metrics computed 
included the number of observed OTUs, Faith’s 
phylogenetic diversity, Pielou’s evenness, and 
Shannon’s diversity, whereas Bray-Curtis dis-
similarity was computed for beta diversity esti-
mation. Alpha rarefaction curves were also  
generated using the same plugin. Associations 
between categorical metadata and alpha diver-
sity metrics and sample composition were test-
ed using q2-diversity with the alpha-group-sig-
nificance and beta-group-significance functi- 
ons, respectively. Pairwise comparisons of di- 
fferentially abundant taxa at different taxono- 
mic levels among experimental groups were 
performed using analysis of composition of 
microbiomes (ANCOM), which accounts for 
compositionality using log-ratios [39]. Venn  
diagrams of shared ASVs were drawn using 
jvenn [40].

Prediction of functional potential

Microbial functional potential was predicted 
using PICRUSt v1.1.1 on the online Galaxy  
server (http://galaxy.morganlangille.com/) [41]. 
PICRUSt-compatible OTU tables were prepared 
by filtering de novo chimeras from quality-fil-
tered joined reads, followed by closed-refer-

ence OTU picking at 97% identity against the 
Greengenes 13_5 97% OTUs sequence data- 
set [42], both using the q2-vsearch plugin of 
QIIME2 2020.2. Pairwise comparisons of dif-
ferentially abundant Kyoto Encyclopedia of Ge- 
nes and Genomes (KEGG) pathways among 
treatment groups were performed on the pre-
dicted metagenomes using STAMP v2.1.3 [43]. 
The accuracy of prediction was quantified with 
the nearest sequenced taxon index.

Statistical analysis

All measurements are shown as mean + SEM 
and statistically compared among groups us- 
ing one-way analysis of variance (ANOVA) fol-
lowed by post-hoc Tukey’s multiple comparison 
tests. Differences in alpha diversity among 
groups were tested using Kruskal-Wallis tests 
with P values corrected by the Benjamini-Ho- 
chberg method, whereas differences in beta 
diversity among groups in PCoA were tested 
using permutational multivariate analysis of 
variance (PERMANOVA) with 999 permutations 
in QIIME2. Pairwise differences in predicted 
KEGG pathways between groups were tested 
using Welch’s t-tests with P values corrected by 
the Storey’s FDR multiple test correction meth-
od in STAMP. Differences were considered to 
be statistically significant when P < 0.05.

Results

The gut and esophageal microbiome in nude 
mice are distinct

Athymic nude mice remain one of the most 
widely used animal models in cancer research, 
particularly as a tool for preclinical testing of 
drugs [44]. In this study, we characterised the 
gut and esophageal microbiome in a cohort of 
BALB/c nude mice (n = 37) via 16S rRNA gene 
sequencing. Mice were either untreated (n = 7), 
xenografted with human EC-109 cells (n = 7), 
treated with commonly used chemotherapeu-
tics cisplatin and 5-FU (n = 8), treated with the 
medicinal herb A. paniculata water extract (n = 
9), or received a combined treatment (chemo-
therapeutics plus herbal extract) (n = 6) (Figure 
1A). Stool and esophagus samples were col-
lected from each mouse in the cohort. As a 
result, a total of 74 samples (37 stool and 37 
esophagus samples) were sequenced and ana-
lyzed in this study.
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Rarefaction curves of all 74 samples reached 
plateaus at 33,000 reads per sample, show- 
ing that the depth of sequencing was high en- 
ough to capture the full diversity of the microbi-
ome (Figure 3A). Principal coordinate analysis 
(PCoA) based on Bray-Curtis dissimilarity of all 
samples revealed a significant difference in the 
overall structure of the gut and esophageal 
microbiome (PERMANOVA, P = 0.001) (Figure 
3B). The gut microbiome was dominated by the 
bacterial phyla Bacteroidetes (67.9% on aver-
age) and Firmicutes (27.8%) (Figure 4A), and 
the families Muribaculaceae (30.0%), Bacter- 
oidaceae (17.7%), Rikenellaceae (17.0%), and 
Lachnospiraceae (16.6%) (Figure 4B). By con-
trast, the esophageal microbiome was domi-
nated by the phyla Firmicutes (79.8%) and 
Proteobacteria (15.1%) (Figure 5A), and the 
families Lactobacillaceae (70.4%) and Paste- 
urellaceae (13.9%) (Figure 5B).

We then focused on the comparison of the gut 
and esophageal microbiome in naïve control 
and tumor control mice. In naïve control mice, 
the number of observed operational taxonomic 
units (OTUs) and evenness were significantly 
higher in the stool than the esophagus sampl- 
es (P < 0.05) (Figures 4C-F, 5C-F). Analysis of 
composition of microbiomes (ANCOM) revealed 
significant enrichments of the order Bacteroi- 
dales (W = 28) and the families Bacteroidace- 
ae (W = 46) and Tannerellaceae (W = 43) in the 
stool samples (P < 0.05) (Figure 3C). By con-
trast, the families Lactobacillaceae (W = 56), 
Pasteurellaceae (W = 56), Pseudomonadaceae 
(W = 47), Moraxellaceae (W = 42), and Strep- 
tococcaceae (W = 42) were enriched in the 
esophagus samples (P < 0.05). While at the 
amplicon sequence variant (ASV) level, a taxon 
belonging to Lactobacillus murinus (W = 413) 
and another belonging to the family Pasteure- 
llaceae (W = 413) were enriched in the esopha-
gus samples (P < 0.05). In tumor control mice, 
the number of observed OTUs, Faith’s phyloge-
netic diversity, evenness, and Shannon diver- 
sity were all significantly higher in the stool th- 
an the esophagus samples (P < 0.01) (Figures 
4C-F, 5C-F). ANCOM revealed significant enri- 
chments of the phyla Bacteroidetes (W = 5)  
and Patescibacteria (W = 4) in the stool sam-
ples, and enrichments of Actinobacteria (W = 
5), Firmicutes (W = 5) and Proteobacteria (W = 
5) in the esophagus samples (P < 0.05) (Figure 
3D). While at the ASV level, four taxa belonging 

to Lactobacillus murinus (W = 354), the genera 
Lactococcus (W = 353) and Streptococcus (W 
= 346), and the family Pasteurellaceae (W = 
344) were enriched in the esophagus samples 
(P < 0.05). Besides, we attempted to examine 
the potential correlation of the dominant phyla 
(Firmicutes, Bacteroidetes and Proteobacteria) 
between the gut and esophageal microbiome in 
naïve control and tumor control mice; however, 
no significant correlation was found (Spear- 
man’s correlation test, P > 0.05).

Intraperitoneal xenograft of EC-109 cells alters 
the gut and esophageal microbiome

We then examined the effects of intraperitone-
al inoculation of EC-109 cells on the gut and 
esophageal microbiome in BALB/c nude mice 
by comparing results of tumor control mice with 
naïve control mice. EC-109 inoculation did not 
significantly affect the bacterial richness, even-
ness and Shannon diversity of the gut microbi-
ome (P > 0.05) (Figure 4C-F). However, PCoA 
revealed a significantly altered gut microbiome 
structure in tumor control mice (PERMANOVA,  
P = 0.005) (Figure 4G). ANCOM also revealed a 
significant depletion of the order Pasteurellales 
in the gut microbiome of tumor control mice  
(W = 3, P < 0.05) (Figure 4H). A previous study 
has demonstrated an extensive transmission 
of microbes along the gastrointestinal tract of 
healthy persons, and that the level of transmis-
sion is increased in colorectal cancer (CRC) 
patients [45]. Here, a higher proportion of es- 
ophageal ASVs was also found in the stool sam-
ples of tumor control mice (74.6%) as compar- 
ed to that in naïve control mice (67.5%) (Figure 
3E). Besides, the ratio of Firmicutes to Bac- 
teroidetes (F/B ratio) of the gut microbiome has 
been regarded as an indicator of health status 
[46]. However, in this study, no significant dif-
ference in the F/B ratio of the gut microbiome 
was observed between tumor control and naïve 
control mice, and in fact among all experimen-
tal groups (P > 0.05) (Figure 4I). Finally, we 
attempted to predict the functional potential  
of the gut microbiome from the 16S rRNA se- 
quences using PICRUSt [41]. However, a high 
average nearest sequenced taxon index of 
0.226 indicates a low prediction accuracy and 
precluded further analysis [41].

In the case of esophageal microbiome, the bac-
terial richness, evenness and Shannon diversi-
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Figure 3. The gut and esophageal microbiome in nude mice are distinct. (A) Rarefaction curves of the number of observed operational taxonomic units (OTUs) at 
100% similarity for all 74 samples in this study. (B) Principal coordinate analysis (PCoA) plot based on Bray-Curtis dissimilarity of 37 stool and 37 esophagus samples 
(stool vs esophagus, PERMANOVA pseudo-F = 127.36, P = 0.001). Differentially abundant taxa (P < 0.05) at all taxonomic levels between the gut and esophageal 
microbiome in naïve control (C) and tumor control mice (D) as detected by ANCOM. For each amplicon sequence variant (ASV), identity at the lowest possible taxo-
nomic level is given in brackets; W value equals to the number of ANCOM sub-hypotheses that have passed for a given taxon. (E) Venn diagrams of shared and 
unique ASVs between the stool (green) and esophagus (blue) samples in each group.



Interplay between gut microbiota and esophageal cancer

2418 Am J Cancer Res 2020;10(8):2409-2427

Figure 4. Effects of intraperitoneal EC-109 xenograft, cisplatin plus 5-FU combination chemotherapy (CF therapy), AP water extract, and CF therapy plus AP com-
bined treatment on the murine gut microbiome. Taxonomic composition of the gut microbiome at the phylum (A) and family level (B) for each sample. Comparison of 
alpha diversity among groups based on the number of observed OTUs (C), Faith’s phylogenetic diversity (D), evenness (E), and Shannon diversity (F). (G) PCoA plot of 
all 37 stool samples (naïve control vs tumor control, PERMANOVA pseudo-F = 3.17, P = 0.005; AP vs tumor control, PERMANOVA pseudo-F = 1.95, P = 0.045). (H) Dif-
ferentially abundant taxa (P < 0.05) at all taxonomic levels in the gut microbiome among all groups as detected by ANCOM. (I) Ratio of Firmicutes to Bacteroidetes.
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ty tended to be lower in tumor control mice, 
although the effects were not statistically sig-
nificant (Figure 5C-F). PCoA revealed a signifi-
cantly altered esophageal microbiome struc-
ture in tumor control mice (PERMANOVA, P = 
0.007) (Figure 5G). However, ANCOM did not 
reveal any significant enrichment/depletion of 
taxa in the esophageal microbiome of tumor 
control mice. We then predicted the functional 
potential of the esophageal microbiome using 
PICRUSt. An average nearest sequenced taxon 
index of 0.047 indicates a high prediction accu-
racy [41]. Significantly differentially abundant  
(q < 0.05) Kyoto Encyclopedia of Genes and 
Genomes (KEGG) pathways were only detected 
between tumor control and naïve control mice. 
Level 2 KEGG pathways related to carbohydra- 
te metabolism, replication and repair, xenobiot-
ics biodegradation and metabolism, transla-
tion, nucleotide metabolism, lipid metabolism, 
and replication, recombination and repair pro-
teins were significantly enriched in the esopha-
geal microbiome of tumor control mice (P < 
0.05) (Figure 5H).

The commensal gut microbiota of healthy mice 
protects against liver metastasis of EC

To examine the possible functional roles of the 
gut microbiota in the development and metas-
tasis of EC, we depleted the commensal gut 
microbiota of BALB/c nude mice (n = 21 or 23, 
in two independent experiments) by adding in 
their drinking water a cocktail of broad-spec-
trum antibiotics for 14 days before intraperito-
neal inoculation of EC-109 cells, followed by 
two rounds of FMT of stools from either naïve 
control mice (healthy mice) or EC-109 xeno-
graft-bearing mice (EC mice) on the 8th and 14th 
days (Figure 2A). Each of the three experimen-
tal groups contained 7 to 8 mice in each inde-
pendent experiment.

The taxonomic composition of individual donor 
stools is shown in a phylum-level bar chart 
(Figure 2B). PCoA confirmed that the healthy 
and EC donor stools were significantly different 
in the overall microbiome structure (PERM- 
ANOVA, P = 0.030) (Figure 2C). FMT of healthy 
or EC mouse stools did not significantly affect 
the body weight of mice, total tumor weight or 
the number of tumors > 2 mm in size (P > 0.05) 
(Figure 2D-F), suggesting that the gut microbio-
ta of healthy and EC mice do not promote the 
growth of EC tumors. Besides, FMT of healthy 
or EC mouse stools did not significantly affect 
the area of lung metastasis as assessed by his-
tology (P > 0.05) (Figure 2G). However, interest-
ingly, FMT of healthy mouse stools significantly 
reduced the area of liver metastasis in microbi-
ota-depleted mice (P < 0.05) (Figure 2H), to an 
extent comparable to that in microbiota-intact 
tumor control mice (Figure 1D). By contrast, 
FMT of EC mouse stools did not significantly 
affect the area of liver metastasis, although 
there was a trend of increase (Figure 2H). 
Collectively, these findings suggest a T cell-in- 
dependent protective role of the commensal 
gut microbiota and/or their metabolites of he- 
althy mice in liver metastasis of EC.

Combination chemotherapy with cisplatin and 
5-FU (CF therapy) differentially affects the gut 
and esophageal microbiome in EC-109 xeno-
graft-bearing mice

We then proceeded to examine the effects of 
CF therapy on the gut and esophageal microbi-
ome in EC-109 xenograft-bearing mice by com-
paring results of CF therapy-treated mice with 
tumor control mice. CF therapy did not signifi-
cantly affect the body weight of mice (P > 0.05) 
(Figure 1B) but tended to reduce the area of 
lung and liver metastasis, albeit the effects 
were not statistically significant (Figure 1C, 1D).

Figure 5. Effects of intraperitoneal EC-109 xenograft, CF therapy, AP water extract, and CF therapy plus AP combined 
treatment on the murine esophageal microbiome. Taxonomic composition of the esophageal microbiome at the phy-
lum (A) and family level (B) for each sample. Comparison of alpha diversity among groups based on the number of 
observed OTUs (C), Faith’s phylogenetic diversity (D), evenness (E), and Shannon diversity (F). Statistical difference 
among groups was tested using Kruskal-Wallis tests with P values corrected by the Benjamini-Hochberg method, *P 
< 0.05. (G) PCoA plot of all 37 esophagus samples (naïve control vs tumor control, PERMANOVA pseudo-F = 5.34, P 
= 0.007). (H) Differentially abundant level 2 KEGG pathways in the esophageal microbiome between naïve control 
and tumor control mice. Statistical difference between groups was tested using Welch’s t-tests with P values cor-
rected by the Storey’s FDR multiple test correction method. Only significantly different (q < 0.05) pathways with an 
effect size of > 0.2% difference in mean proportions are shown; pathways enriched in tumor control are indicated 
with a red arrow. (I) The only differentially abundant taxon (P < 0.05) across all taxonomic levels in the esophageal 
microbiome among groups as detected by ANCOM. Identity of the ASV at the lowest possible taxonomic level is given 
in brackets; W value equals to the number of ANCOM sub-hypotheses that have passed.
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CF therapy did not significantly affect the ba- 
cterial richness, evenness and Shannon diver-
sity of the gut microbiome (P > 0.05) (Figure 
4C-F). PCoA revealed that CF therapy did not 
significantly alter the structure of the gut micro-
biome either (PERMANOVA, P = 0.355) (Figure 
4G). However, ANCOM revealed a significant 
enrichment of the order Betaproteobacteriales 
in the gut microbiome of CF therapy-treated 
mice (W = 2, P < 0.05) (Figure 4H).

In the case of esophageal microbiome, CF ther-
apy significantly increased the bacterial rich-
ness (P < 0.05) but did not affect evenness and 
Shannon diversity (Figure 5C-F). A higher pro-
portion of stool ASVs was found in the esopha-
gus samples of CF therapy-treated mice (75.6%) 
as compared to that in tumor control mice 
(52.1%) (Figure 3E). Besides, PCoA revealed 
that CF therapy did not significantly alter the 
structure of the esophageal microbiome (PER- 
MANOVA, P = 0.142) (Figure 5G). However, 
ANCOM revealed a significant enrichment of  
an ASV belonging to the genus Blautia in the 
esophageal microbiome of CF therapy-treated 
mice (W = 99, P < 0.05) (Figure 5I).

Treatment with AP alone or combined with CF 
therapy only affects the microbiome of the gut, 
but not the esophagus, in EC-109 xenograft-
bearing mice

We continued to examine the effects of AP and 
its combined use with CF therapy on the gut 
and esophageal microbiome in EC-109 xeno-
graft-bearing mice by comparing results of mice 
treated with AP alone or together with CF thera-
py with tumor control mice. Ultra performance 
liquid chromatography analysis revealed that 
the main chemical component of AP was andro-
grapholide (Figure 6). AP or its combined use 
with CF therapy did not significantly affect the 
body weight of mice (P > 0.05) (Figure 1B). 
Although statistically insignificant, both treat-
ments tended to reduce the area of lung me- 
tastasis as assessed by histology (Figure 1C). 
Besides, AP administration significantly redu- 
ced the area of liver metastasis (P < 0.01), 
whereas its combined use with CF therapy 
tended to reduce it (Figure 1D).

AP and its combined use with CF therapy did 
not significantly alter the bacterial richness, 
evenness and Shannon diversity of the gut mi- 
crobiome (P > 0.05) (Figure 4C-F). PCoA re- 

vealed a significantly altered gut microbiome 
structure in AP-treated mice (PERMANOVA, P = 
0.045) (Figure 4G). However, combined treat-
ment with AP and CF therapy did not significant-
ly alter the structure of the gut microbiome 
(PERMANOVA, P = 0.053). ANCOM revealed a 
significant enrichment of the order Oceanospi- 
rillales in the gut microbiome of AP-treated 
mice (W = 2, P < 0.05) (Figure 4H), and deple-
tion of the family Marinifilaceae in the gut 
microbiome of mice receiving a combined tre- 
atment (W = 3, P < 0.05) (Figure 4H).

There was no significant difference in the bac-
terial richness, evenness and Shannon diver- 
sity of the esophageal microbiome between 
AP-treated mice and tumor control mice (P > 
0.05) (Figure 5C-F). Combined treatment with 
AP and CF therapy also insignificantly affected 
the bacterial richness, evenness and Shannon 
diversity of the esophageal microbiome, alth- 
ough there was a trend towards higher valu- 
es in the treatment group (Figure 5C-F). PCoA 
revealed that AP, either combined or not com-
bined with CF therapy, did not significantly alter 
the structure of the esophageal microbiome 
(PERMANOVA, AP: P = 0.382, AP.Chemo: P = 
0.771) (Figure 5G). Besides, no significant en- 
richment/depletion of any taxa was detected 
by ANCOM in the esophageal microbiome of 
mice treated with AP alone or together with CF 
therapy.

The commensal gut microbiota of mice plays a 
role in the anti-metastatic efficacy of AP

To examine the possible functional roles of the 
gut microbiota in the anti-EC efficacy of AP, we 
depleted the commensal gut microbiota of 
BALB/c nude mice (n = 21 or 24, in two inde-
pendent experiments) by a broad-spectrum 
antibiotic cocktail for 14 days before intraperi-
toneal inoculation of EC-109 cells, followed by 
two rounds of FMT of stools from either healthy 
mice or EC mice during a 21-days treatment 
course with AP (Figure 2A). Each of the three 
experimental groups contained 7 to 9 mice in 
each independent experiment.

FMT of healthy or EC mouse stools did not sig-
nificantly affect the body weight of mice or the 
anti-tumor efficacy of AP (Figure 2I-K). FMT of 
healthy or EC mouse stools also did not signifi-
cantly affect the anti-metastatic efficacy of AP 
on lung metastasis (Figure 2L). However, the 
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Figure 6. Ultra performance liquid chromatography profile of APW with chemical markers indicated by arrows. Detection wavelength at 226 nm.
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antibiotic treatment reduced the anti-metastat-
ic efficacy of AP on liver metastasis from 89.5% 
in microbiota-intact mice (Figure 1D) to 46.8% 
in microbiota-depleted mice (Figure 2H, 2M). In 
fact, the reduced efficacy cannot be restored 
by FMT of healthy or EC mouse stools (Figure 
2M). These findings suggest that the anti-meta-
static efficacy of AP on liver metastasis of EC 
relies, at least partly, on the commensal gut 
microbiota.

Discussion

The gut microbiota plays important roles in can-
cer development [16]. Until now, there is only 
one study which examines the gut microbiome 
in EC [17]. Conducted in 8-10 weeks old female 
BALB/c nude mice with EC-109 cells subcuta-
neously injected into the flank, Zhou and col-
leagues show that xenograft-bearing mice and 
normal control mice display a different gut 
microbiota structure, in concordance with our 
results. However, a significant increase in the 
phylum Bacteroidetes and a decrease in Fir- 
micutes in xenograft-bearing mice are reported 
in that study, which are not observed in our 
work. With the strain and age of mice, tumor 
cell line, amount of inoculum, duration of study, 
and the gut microbiota composition of normal 
control mice being the same or similar between 
the two studies, possible reasons for the dis-
crepancy include the sex of mice and the route 
of tumor cell injection [47, 48]. Besides, we 
reveal a significant depletion of the order Pas- 
teurellales in the gut microbiome of EC xeno-
graft-bearing mice. Bacteria belonging to this 
order are mostly harmless commensals of hu- 
mans [49]. In fact, a depletion of Pasteurellales 
is also reported in the gut microbiome in pa- 
tients with CRC and in the oral microbiome in 
those with pancreatic ductal adenocarcinoma 
as compared to healthy subjects [50, 51]. Mo- 
reover, the F/B ratio of the gut microbiome has 
been regarded as an indicator of health status 
[46]. The F/B ratio is reported to be higher in 
rats with gastric cancer [52], lower in patients 
with primary liver cancer or lung cancer [53, 
54], and unchanged in CRC patients as com-
pared to normal controls [55]. Here, we observe 
no significant difference in the F/B ratio of the 
gut microbiome between EC xenograft-bearing 
and naïve control mice, suggesting that the 
ratio cannot be used as an indicator of EC, just 
like in the case of CRC.

Apart from the gut microbiome, our results 
showed that intraperitoneal inoculation of ES- 
CC cells also significantly alters the structure  
of the esophageal microbiome in mice. Indeed, 
a distinct microbiota structure is also reported 
in the esophageal mucosa of patients with 
esophageal adenocarcinoma as compared with 
healthy subjects [12], and in the microbiota of 
paired tumor and non-tumor tissues from pa- 
tients with ESCC [10]. Besides, xenograft-bear-
ing mice tend to have a lower alpha diversity in 
the esophageal microbiome as compared with 
naïve control mice, in agreement with results 
from a previous case-control study [8]. More- 
over, 16S rRNA-based functional potential  
prediction showed that KEGG pathways relat- 
ed to carbohydrate metabolism, replication and 
repair, xenobiotics biodegradation and meta- 
bolism, translation, nucleotide metabolism, li- 
pid metabolism, and replication, recombination 
and repair proteins are significantly enriched in 
the esophageal microbiome of xenograft-bear-
ing mice. Pathways related to carbohydrate 
metabolism, xenobiotics biodegradation and 
metabolism, and lipid metabolism are also en- 
riched in the gastric microbiome of patients 
with gastric carcinoma as compared to those 
with chronic gastritis [56]. Enrichments of the- 
se metabolic pathways in general agree with 
the metabolic reprogramming required for can-
cer progression [57].

The commensal gut microbiota has been shown 
to promote tumorigenesis in multiple cancers, 
including hepatocellular carcinoma and pan-
creatic ductal adenocarcinoma [58, 59]. Here, 
via FMT experiments, we showed that the gut 
microbiota of healthy or EC mice does not pro-
mote growth of EC xenografts in nude mice. By 
contrast, we showed that FMT of healthy mouse 
stool significantly attenuates liver metastasis 
in microbiota-depleted nude mice, suggesting 
a T cell-independent protective role of the  
commensal gut microbiota and/or their metab-
olites of healthy mice in metastasis of EC. This 
finding aligns with the results of a population-
based case-control study that a higher risk of 
EC is observed in individuals with repeated 
exposure to antibiotics [18]. In fact, a protec-
tive role of the commensal gut microbiota has 
also been reported in CRC [60], pneumococ- 
cal pneumonia [61], acute arsenic toxicity [62], 

and polycystic ovary syndrome [63]. Our finding 
provides the first piece of preliminary evidence 
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on the potential use of FMT as a treatment 
strategy to attenuate metastasis in EC. At pre-
sent, FMT is recommended in the treatment of 
recurrent Clostridium difficile infection, with a 
clinical efficacy reaching 90% [64]. Multiple 
case reports and series have also revealed the 
potential of FMT in alleviating various cancers 
[65]; however, randomized controlled trials are 
required to delineate the validity of FMT for can-
cer treatment. In fact, a few clinical trials are 
ongoing to study the use of FMT in the context 
of cancer therapy [16]. 

Here, we showed that CF therapy does not sig-
nificantly affect the alpha or beta diversity of 
the gut microbiome in xenograft-bearing mice. 
Previous studies have reported a reduced al- 
pha diversity and/or an altered beta diversity  
of the gut microbiome in tumor-bearing mice 
treated with 5-FU or cisplatin [17, 20, 66]. 
Possible reasons for the discrepancies obser- 
ved here include the treatment scheme and 
possible interactions of drugs, among others. 
By contrast, CF therapy significantly increases 
the bacterial richness of the esophageal micro-
biome. This, together with the fact that a higher 
proportion of stool ASVs is found in the eso- 
phagus samples of CF therapy-treated mice as 
compared with xenograft-bearing mice, sug-
gests the presence of bacterial translocation 
from the gut to the esophagus [67]. Bacterial 
translocation is a phenomenon commonly as- 
sociated with intestinal mucositis caused by 
chemotherapeutics [68]. Besides, we observe 
a significant enrichment of an ASV belonging  
to the genus Blautia in the esophageal microbi-
ome of CF therapy-treated mice. This genus 
comprises 3.3% of the gut microbiome in CF 
therapy-treated mice; therefore, it is possible 
that the enriched Blautia in the esophageal 
microbiome is also a result of bacterial translo-
cation. However, further experiments, for in- 
stance, with oral administration of fluorescently 
labeled bacterial strains to mice [69], are need-
ed to confirm the presence of gut-to-esophagus 
translocation. 

Our previous in vitro and in vivo studies have 
demonstrated the anti-EC efficacy of APW, es- 
pecially its anti-metastatic efficacy [23-25]. 
Here, we showed that APW administration sig-
nificantly alters the microbiota structure of the 
gut, but not that of the esophagus. In fact, the 
capability of medicinal botanicals and their 
compounds to modulate the gut microbiota in 

cancers has been well documented [70]. How- 
ever, whether the altered microbiome plays a 
direct role in the anti-tumor outcomes remains 
to be elucidated by further functional or me- 
chanistic studies on individual bacterial taxon 
involved. Interestingly, we showed that treat-treat-
ment with broad-spectrum antibiotics reduces 
the anti-metastatic efficacy of AP on liver me- 
tastasis in xenograft-bearing mice by half, sug-
gesting that the anti-metastatic efficacy of AP 
on liver metastasis of EC relies, at least partly, 
on the commensal gut microbiota. In fact, the 
gut microbiota has also been shown to affect 
the efficacy of anti-cancer drugs [26]. For in- 
stance, antibiotics treatment is reported to 
reduce the antitumor efficacy of 5-FU in mice 
[66]. The gut microbiota is in fact metabolically 
active, and can metabolise with its arsenal of 
enzymes those compounds present in tradi-
tional Chinese medicines via reactions such as 
hydrolysis, oxidation and reduction, among oth-
ers [71]. As andrographolide, the main active 
component of AP, has demonstrated anti-meta-
static efficacy [72], we thus postulate that its 
transformation by the commensal gut micro- 
biota is required for the anti-metastatic efficacy 
of AP in EC. Besides, our finding has practical 
implications that AP should not be adminis-
tered together with antibiotics for best efficacy 
in EC treatment. Lastly, it is noteworthy that the 
reduced efficacy after antibiotic treatment can-
not be restored by FMT of stool from healthy 
mice. Although we have followed the guidelines 
on preparing stools for FMT in this study [73], it 
is still possible that the transplanted bacteria 
did not successfully colonise or grow in the gut 
of mice. However, this actually shows that it is 
the active gut microbiota itself, but not its 
metabolites, that affects the anti-metastatic 
efficacy of AP in EC.

In conclusion, this study has revealed for the 
first time an interplay between the gut microbi-
ota and EC, and provided insights into treat-
ment strategies for EC. Further work in immu-
nocompetent mouse models and clinical re- 
search are needed to better understand how 
the gut microbiota affects the development of 
EC, and vice versa.
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