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Abstract: The human microbiota interacts with the host immune system in multiple ways to influence the devel-
opment of diseases, including cancers; however, a detailed understanding of their relationship is unavailable. 
Accumulating evidence has only revealed an association rather than a causal link between microbial alterations 
and carcinogenesis. The regulatory loops among the microbiome, human cells and the immune system are far more 
complicated and require further studies to be revealed. In this review, we discuss the impact of the microbiota on 
cancer initiation, development and progression in different types of human cells, mainly focusing on the clinical 
translation from microbiome research to an accurate diagnosis, subtype classification and precision medicine.
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Introduction

In the early 1990s, the Human Genome Project 
(HGP), a global scientific research program, 
was formally launched in the United States with 
major goals of mapping, sequencing and identi-
fying genes that constitute the human genome. 
After completing the first human genome 
sequence by the end of 2003, scientists sought 
to determine the future of the HGP, since 
genome-wide sequencing seems insufficient to 
interpret human diseases in terms of the com-
plex interactions between genes, proteins and 
cells, as well as environmental factors. In fact, 
the completion of the HGP, to some extent, is 
not the end but the beginning of an immense 
number of scientific explorations that will direct 
biological studies in the near future [1]. Indeed, 
in addition to the direct contribution of genomic 
alterations in diseases, the microenvironment 
within a tissue and crosstalk among different 
tissues employ essential mechanisms that may 
even determine the development of human dis-
ease [2]. Among these mechanisms, microbial 
changes have emerged as a new field to eluci-
date human disease, particularly cancer. 

Historically, the early scientific skepticism, as 
postulated by Koch 200 years ago, has focused 
on isolating and featuring a single pathogen in 
certain diseases [3]. However, these skepti-
cisms were overturned by solid experimental 
evidence that human diseases are attributed 
not only to a single pathogenic microorganism 
but also to a global alteration in the human 
microbiome [4]. In 2008, a five-year project 
termed the Human Microbiome Project (HMP) 
was initiated by the United States National 
Institutes of Health (NIH) with the goal of identi-
fying and shaping the microorganisms associ-
ated with both healthy and ill humans [5]. Phase 
two of the HMP began in 2014 and is ongoing 
[6]. Supported by the HMP, many ground-break-
ing discoveries have substantially expanded 
our knowledge of microbiome-associated disor-
ders. These findings have prompted research-
ers to reassess the pathogenesis of human dis-
ease and exploit the novel potential of the 
microbiome for designing novel diagnostics and 
more precise therapies.

Very recently, the Cell Editorial Team presented 
a special issue that highlights the complexity of 
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the microbial world, beginning with an introduc-
tory remark titled “Living in their world” [7]. As 
the writer of the remark commented, “They’re 
just bacteria. They don’t think or plan. They 
just…exist”; however, “Millions strong, all work-
ing together perfectly”, and “If we could even 
get close, we would have all our problems 
solved”. Therefore, researchers must move 
beyond sequencing to learn about our broader 
ecosystem and to understand these microbes 
that have quietly resided in human beings for 
millions of years. In this review, we discuss the 
latest advances in studies of microbiome-medi-
ated carcinogenesis in different types of hu- 
man cells, with a particular focus on its possi-
ble clinical translation in the future. Here the 
microbiota is exclusively defined as bacterial 
microbes unless specified otherwise to main-
tain a well-defined subject matter.

Microbiome-mediated carcinogenesis in the 
gut

Gastric cells

Helicobacter pylori (H. pylori, Hp) is a gram-neg-
ative microaerophilic bacterium that is com-
monly found in the stomach. Hp specifically 
colonizes the gastric mucosal epithelium and 
induces active chronic gastritis, gastric ulcers 
and atrophy, which can further induce gastric 
carcinoma. Although Hp plays a role in the early 
stage of carcinogenesis [8], and only a small 
proportion of infected individuals (1%-5%) 
develop gastric cancer [9, 10], Hp remains the 
strongest well-known risk factor for gastric car-
cinoma [9]. Among multiple mechanisms of 
Hp-mediated carcinogenesis, the secreted pro-
tein VacA, a vacuolating cytotoxin, is a specific 
protein linked to gastric malignancy. In addition 
to inducing vacuolation in gastric epithelial 
cells, VacA inhibits host immune responses  
by suppressing IL-2-mediated signaling and T 
cell activation, thus allowing Hp to evade 
immune surveillance [11, 12]. Another mole-
cule that substantially contributes to carcino-
genesis is the cytotoxin-associated gene A 
(CagA). Transgenic expression of Hp-CagA in 
mice can lead to gastrointestinal (GI) carcino-
ma and hematological malignancies in the 
absence of co-existing gastritis, highlighting 
the oncogenic role of CagA in the development 
of Hp-associated neoplasms [13]. Upon Hp 
infection, CagA is delivered into gastric epithe-
lial cells via the type IV secretory system [14], 

followed by the successive tyrosine phosphory-
lation of CagA by SRC and ABL kinases [15-17], 
leading to the morphological transformation of 
cells [18, 19]. Nonphosphorylated CagA also 
promotes carcinogenesis by activating seve- 
ral signaling cascades, including the Ras/Erk, 
NF-κB, E-cadherin/β-catenin and PI3K/Akt  
signaling pathways [20-23]. Chronic inflamma-
tion also contributes to the development of 
Hp-induced gastric cancer. The release of large 
amounts of chemokines and cytokines, such as 
IL-8, IL-1β, TNF-α, IL-6, IL-18, etc. [21, 24-28], 
leads to a marked infiltration of neutrophils, 
macrophages and bone marrow-derived cells 
(BMDCs) into the gastric mucosa [21, 29, 30]. 
These persistent inflammatory responses fur-
ther promote gastric mucosal damage and epi-
thelial cell hyper-proliferation, thereby increas-
ing the risk for transformation. Despite its 
effect on promoting gastric carcinogenesis, Hp 
infection is inversely correlated with the esoph-
ageal adenocarcinoma (EAC) risk, which not 
only explains the rapid increase in EAC inci-
dence since Hp infection has prominently 
declined over the past several decades but 
also highlights a tissue-specific mechanism of 
carcinogenesis [31, 32].

Colorectal cells

Given the large number of microorganisms 
residing in colorectal (CR) cells, potential infec-
tious agents are, not surprisingly, associated 
with colorectal cancer (CRC). Barrier dysfunc-
tion is one of the etiological factors that lead to 
CRC. A defective mucus barrier allows bacteria 
to access the epithelium and increases the per-
meability of bacterial toxins. Each of these 
components induces chronic intestinal inflam-
mation by altering the microbial composition 
and microenvironment, thus contributing to 
carcinogenesis [33, 34]. For example, accord-
ing to a whole-genome analysis of pairs of CRC/
normal tissues, Fusobacterium nucleatum (F. 
nucleatum) are predominantly enriched in car-
cinomas compared with their abundance in the 
adjacent normal mucosa, while Bacteroidetes 
and Firmicutes are depleted in tumors [35]. 
Using shotgun sequencing, a similar result was 
reported in CRC samples, and high abundance 
of F. nucleatum is associated with lymph node 
metastasis [36]. Despite the discovery of an 
infectious cause of CRC, the causal link 
between F. nucleatum and CRC remains ambig-
uous. Soon afterwards, the Garrett group uti-
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lized mice with a genetic susceptibility for 
developing intestinal tumors (ApcMin/+) and 
introduced human isolates of F. nucleatum. F. 
nucleatum selectively recruited myeloid-de- 
rived immune cells and generated a pro-inflam-
matory microenvironment that potentiated 
tumor progression [37]. Meanwhile, another 
group found that FadA, an adhesion molecule 
encoded by F. nucleatum, promotes inflamma-
tory and pro-oncogenic responses by activating 
E-cadherin/β-catenin signaling and by increas-
ing other signals, including transcription fac-
tors, oncogenes and inflammatory genes, pro-
viding further evidence of F. nucleatum-induced 
CRC [38]. 

In addition to FadA, Fap2, a surface protein of 
F. nucleatum, was reported to bind and activate 
human Ig and ITIM domains (TIGIT), an inhibi-
tory receptor present on all human natural killer 
(NK) cells and on various T cells; the Fap2-TIGIT 
interaction is able to protect tumors from 
immune cell attack by inhibiting NK cell cytotox-
icity [39]. Later that year, Fap2 was further 
proven to be a mediator that facilitated the 
binding of F. nucleatum to host epithelial Gal-
GalNAc residues, revealing a novel homing 
mechanism for F. nucleatum localization and 
enrichment [40]. All the findings described 
above provide mechanistic insights into a 
potential contribution of F. nucleatum to CRC.

In addition to F. nucleatum, long-term exposure 
to microbial toxins produced by Escherichia coli 
(E. coli) [41], Bacteroides fragilis (B. fragilis) 
[42] or other gram-negative bacteria [43], as 
well as reactive oxygen and nitrogen species 
produced by inflammatory myeloid cells, also 
leads to genomic instability, DNA damage and 
oncogenic mutations [44, 45]. These events 
allow cells to overcome the tumorigenesis bar-
rier by activating many survival signals, includ-
ing the p38 MAPK, NF-κB and IL-6/STAT3 axes, 
ultimately enabling malignant transformation 
and tumor progression [43]. Collectively, the 
interplay between the microbiota and inflam-
mation that regulates the development of CRC 
is complex and requires further in-depth 
investigations.

Esophageal cells

Like other parts of the human GI and colorectal 
systems, the esophagus has a distinct and 
diverse microbiome, which is not well studied 

[46]. EAC develops from the precursor lesion 
caused by Barrett’s esophagus (BE), a typical 
intestinal metaplasia of the distal esophagus 
[47]. In addition to many identified modifiable 
risk factors for BE and EAC (cigarette smoking, 
obesity, etc.) [47], the upper GI microbiome has 
been regarded as a novel potential co-factor 
that promotes Barrett’s neoplasia and esopha-
geal cancer [46]. Using biopsy samples of the 
distal esophagus in 34 patients with BE, reflux 
esophagitis and normal controls, researchers 
identified distinct microbiomes by performing a 
bacterial 16S ribosomal RNA gene survey and 
found two major clusters, a Streptococcus-
predominant cluster I and a gram-negative 
anaerobe-predominant cluster II, among which, 
cluster II is primarily linked to reflux esopha- 
gitis and BE [48]. Interestingly, another study 
showed a similar diverse bacterial composition 
in Japanese patients with a normal esophagus, 
reflux esophagitis and BE, but no significant dif-
ferences in the amount of bacteria were 
observed between groups. The authors attrib-
uted this result to the use of a small dataset, 
younger subjects, and the method for defining 
species, implying a potential multi-factor effect 
on bacterial populations [49]. In addition to 
biopsy samples, mucosal brush samples from 
the upper GI tract were also used to analyze 
bacterial communities in a BE cohort. Strep- 
tococcus and Prevotella species were highly 
abundant in the upper GI tract, and the ratios of 
these two species were associated with two 
known risk factors for BE. More importantly, 
this study noted the advantages of brush sam-
pling over tissue biopsies, such as less contam-
ination and a higher yield of bacterial DNA [50]. 

Unfortunately, the microbiome in patients with 
EAC is poorly characterized compared to that in 
patients with BE. An early study was aimed at 
identifying the leading roles of Treponema den-
ticola (T. denticola), Streptococcus mitis (S. 
mitis), and Streptococcus anginosus (S. angi-
nosus) in the carcinogenic process of esopha-
geal cancer and found that eradication of these 
bacteria may decrease the risk of recurrence 
[51]. In particular, using a large group of 
patients, Campylobacter concisus (C. concisus) 
emerged as a new contributor to reflux esopha-
gitis and BE, but not EAC; the presence of C. 
concisus induces cytokine production coupled 
with DNA damage-triggered nitrosative and oxi-
dative stress, thus potentiating carcinogenesis 
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[52]. This study highlights a shift in the esop- 
hageal microbiota with disease progression, 
implying that the evolution from a benign condi-
tion to cancer might be attributed to the host’s 
microbiota rather than the changes in the epi-
thelia. However, additional studies are needed 
to clarify whether the host’s microbiota is a 
cause or a consequence of disease progres-
sion. A modified rat model undergoing surgical 
esophagojejunostomy was used to study the 
potential mechanistic links between the micro-
biota and EAC. Using this model, Toll-like recep-
tors (TLRs) 1-3, 6, 7 and 9 were significantly 
upregulated in EAC compared to their expres-
sion in normal epithelium [53]. High expression 
of TLR4 correlates with an advanced stage and 
poor prognosis of EAC [54], indicating that TLR 
signaling mediated carcinogenesis in patients 
with EAC. Recently, Peters and his colleagues 
assessed the association of the oral microbi-
ome with two main types of esophageal cancer, 
EAC and esophageal squamous cell carcinoma 
(ESCC). They emphasized the essential influ-
ence of the oral microbiota on shaping the 
esophageal microbiome. For example, Tanne- 
rella forsythia (T. forsythia) is associated with a 
higher EAC risk, and Porphyromonas gingivalis 
(P. gingivalis) is associated with the ESCC risk. 
These two species are periodontal pathogens 
and the greatest contributors to severe peri-
odontitis [55]. In addition, depletion of the com-
mensal genus Neisseria and the species 
Streptococcus pneumonia is linked to a lower 
EAC risk [55]. This study provides an insight 
into the early detection and prevention of highly 
fatal esophageal cancer, although more con-
vincing data are warranted and many crucial 
issues remain unaddressed [46].

Microbiome-mediated tumorigenesis in extra-
gut systems

Despite the overwhelming number of studies of 
microbiome-mediated cancers in the human 
gut, studies in germ-free animals and human 
samples have offered solid experimental evi-
dence for distant effects of microbial changes 
on extra-gut organs.

Lung cells

The lungs were once thought to be a sterile 
organ in healthy populations until multiple lines 
of experiments identified distinct microbial 
communities in the healthy respiratory tract 

[56] and in diseased lungs, including lungs 
from patients with chronic obstructive pulmo-
nary disease (COPD) [57-59], asthma [60], idio-
pathic pulmonary fibrosis [61] and lung cancer 
[62, 63]. Although total bacterial populations 
within lungs are quite small compared to  
the gut microbiota [59], an imbalanced lung 
microbiome may cause respiratory infections 
and pulmonary inflammation, thus driving lung 
tumorigenesis [64-66]. An intact commensal 
bacterial community in the lungs is required for 
host antitumor defenses in addition to its roles 
in infection and inflammation. In mice, an anti-
biotic treatment (Abt) has been shown to 
enhance lung tumor development [67]. Further 
mechanistic investigations revealed a defective 
induction of the γδT17 cell response in the Abt 
mice, whereas the reintroduction of normal γδT 
cells or IL-17 was able to restore the impaired 
immune surveillance. These findings not only 
highlight the contribution of the lung microbi-
ome in maintaining host immune homeostasis 
but also a likely tumor-initiating effect of antibi-
otic exposure. Indeed, recurrent use of antibiot-
ics, particularly penicillin, increases the risk of 
multiple human cancers, including lung cancer 
[68]. 

Interestingly, using a deep sequencing analysis 
of salivary microbiota from 20 lung cancer 
patients, researchers identified two potential 
bacterial biomarkers in saliva, Capnocytophaga 
and Veillonella, providing a possible noninva-
sive method for the detection and classification 
of lung cancer [69]. In contrast, a distinct group 
of bacterial species were screened and shown 
to be present at a high abundance in spontane-
ously collected sputum samples from patients 
with lung cancer, establishing an alternative 
noninvasive screening method for lung cancer 
progression [70].

In addition to the oral-lung axis, communication 
between the gut and lung microbiota has been 
recently discovered, illustrating a remote effect 
of alterations in the microbiota in one compart-
ment on the microbiota in another tissue. This 
remote effect may be a direct effect caused by 
aspiration of the GI microbiota [71] or by trans-
mitting immunological information via bacterial 
metabolites or immune cells [72]. For example, 
an enrichment of gut-associated bacteria in the 
lungs is responsible for sepsis and acute respi-
ratory distress syndrome [73]. In turn, the lung 
microbiota also influences the gut microbiota 
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through the circulation. An instillation of lipo-
polysaccharide (LPS) into murine lungs leads to 
changes in the cecal microbiota [74]. Although 
few studies have examined the contribution of 
the gut-lung axis to lung tumorigenesis and 
many technical constraints still exist [75], new 
findings and improvements are predicted in the 
near future.

Liver cells

The crosstalk between the liver and gut micro-
biota was described in 1992 when a novel  
species of Helicobacter, namely, Helicobacter 
hepaticus (H. hepaticus), was first identified in 
mice. H. hepaticus selectively and persistently 
colonizes the murine hepatic bile canaliculi and 
results in chronic active hepatitis and hepato-
cellular neoplasms [76]. Although the inflam-
matory responses of H. hepaticus infection 
were later observed in primary human hepato-
cytes [77], no clear epidemiological report has 
linked H. hepaticus to human carcinogenesis 
[4]. 

Accumulating evidence has identified a strong 
association between hepatic fibrosis or cirrho-
sis with hepatocellular carcinoma (HCC) [78]. 
Intriguingly, the translocation of enteric bacte-
ria is a hallmark of chronic liver disease and 
subsequently results in severe complications, 
including advanced cirrhosis [79]. In mice, gut 
sterilization and genetic TLR4 inactivation sup-
press hepatic proliferation and fibrogenesis; 
conversely, prolonged treatment with low-dose 
LPS, a TLR4 agonist, promotes HCC develop-
ment by inducing the activation of NF-κB and 
subsequent production of several inflammatory 
cytokines and growth factors [80]. Based on 
these data, the intestinal microbiota and LPS-
TLR4 signaling exert profound effects on fibro-
sis-associated HCC progression; however, the 
translation of these findings into clinical medi-
cine has yet to be evaluated. 

Another connection between the liver and gut 
microbiota is bile acids (BAs), which are biosyn-
thesized in hepatocytes. As well as being regu-
lated by intestinal bacteria, BAs themselves 
modulate the gut microbiota composition via 
the enterohepatic circulation, building a unique 
liver-bile acid-microbiota axis [81]. Therefore, 
disruption of BAs is a common etiological factor 
contributing to liver diseases. In this respect, 
one elegant study pinpointed a sequential 

effect of an obesity-induced microbial metabo-
lite on HCC in mice: obesity induces changes in 
the gut microbiota, subsequently inducing 
changes in the levels of its metabolite deoxy-
cholic acid (DCA), a secondary bile acid. Ele- 
vated DCA levels then elicit the senescence-
associated secretory phenotype (SASP) in he- 
patic stellate cells (HSCs), which in turn release 
various inflammatory factors; these events ulti-
mately facilitate HCC development. Notably, 
similar phenotypes were observed in human 
HSCs from patients with nonalcoholic steato-
hepatitis, indicating a favorable extension from 
murine data to human biology [82]. Furthermore, 
DCA has also been implicated in the develop-
ment of colon cancer [83] and EAC [84] in the 
context of obesity, suggesting that an obesity-
BA-mediated mechanism is involved in human 
carcinogenesis. 

As evident from the studies above, the TLR4 
ligand is a crucial component that promotes 
fibrosis-associated HCC in mice [80], whereas 
a TLR4 deficiency fails to protect mice from 
obesity-associated HCC [82]. This discrepancy 
is probably due to the distinct mechanistic 
routes of the gut-liver axis in hepatocarcinogen-
esis triggered by different pathogenic factors. 

Pancreatic cells

Pancreatic cancer remains a major challenge to 
humans due to its delayed diagnosis, pain, che-
moresistance and poor outcome [85]. Hp infec-
tion has primarily been implicated in the devel-
opment of pancreatic cancer; however, the 
results are variable and paradoxical [86-88]. In 
contrast, the salivary microbiota has attracted 
considerable attention as a risk factor, and 
more importantly, a noninvasive biomarker for 
distinguishing patients with pancreatic cancer 
from healthy individuals [89]. High levels of 
antibodies against the periodontal bacterium P. 
gingivalis (strain ATCC 53978) have been 
reported to increase the risk of pancreatic can-
cer, while elevated levels of antibodies against 
commensal oral bacteria are inversely corre-
lated with pancreatic cancer risk [90]. Another 
oral bacteria group, Fusobacterium species, 
has also been identified in pancreatic ab- 
scesses. Although only 8.8% of surgical speci-
mens of pancreatic cancer are colonized by 
Fusobacterium, the presence of Fusobacterium 
in pancreatic tumors is associated with a wor- 
se prognosis [91]. Recently, a prospective study 
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nested in two large US cohorts was conducted 
to determine the association between the oral 
microbiome and subsequent risk of pancreatic 
cancer. As reported by Ahn and coworkers [90], 
a link between the periodontal pathogens P. 
gingivalis and Aggregatibacter actinomycetem-
comitans (A. actinomycetemcomitans) and a 
higher risk of pancreatic cancer is observed, 
independent of smoking or other potential con-
founders, supporting the evidence showing 
that the oral microbiota may play a potential 
role in the etiology of pancreatic cancer [92]. 
Although a consistent landscape has been 
painted in previous studies, many key ques-
tions remain unanswered regarding the mech- 
anical crosslinks between pancreatic cancer 
and poor oral hygiene. For example, do oral 
pathogens drive or participate in pancreatic 
carcinogenesis? Do oral bacteria populate dis-
tant disease sites? The mechanism by which 
the oral microbiota determine the termination 
of its action remains to be determined, since 
elevated levels of oral P. gingivalis increase the 
risks of both ESCC and pancreatic cancer, 
according to the two aforementioned studies 
[55, 92]. 

Blood cells

Bacterial invasion and colonization were pre- 
viously linked with leukemia in patients as a 
consequence of myelosuppressive therapies, 
which increase the risk of advanced perio- 
dontal lesions and abscesses, particularly dur-
ing pronounced granulocytopenia; these oral 
pathogens are most likely to seed the blood cir-
culation and hence lead to life-threatening sep-
ticemia [93]. Additionally, intestinal toxicity and 
infections caused by the diminished gut micro-
bial diversity are also very common in immuno-
compromised patients with leukemia, and pro-
phylactic antibiotics are unable to restore the 
balance between aerobic and anaerobic bacte-
ria, suggesting a deteriorating progression of 
secondary infections upon treatment with che-
motherapies [94]. Although a close interaction 
has been identified between the microbiota 
and host immune system, scientists have only 
recently begun to bring public attention to the 
distinct microbiota signature caused by leuke-
mia. The oral microbiota of patients with leuke-
mia is characterized by a lower richness and 
reduced diversity compared with that of healthy 
controls. Using high-throughput sequencing, 
the leukemia status is associated with certain 

taxa, including the Firmicutes, Bacilli, Lacto- 
bacillales, Aerococcaceae and Carnobacteria- 
ceae, as well as the genera Abiotrophia and 
Granulicatella [95]. Regarding the changes in 
the structure of the gut microbiota in pediatric 
patients with acute lymphoblastic leukemia 
(ALL), the alpha diversity rather than beta diver-
sity is significantly reduced by a short-term 
treatment with antibiotics [96]. In contrast, 
adult survivors of pediatric ALL exhibit in- 
creased T cell activation and systemic inflam-
mation, which are associated with a reduced 
microbial diversity and indicate persistent 
microbial dysbiosis [97]. Research on the link 
between the microbiome and leukemia remains 
in its early stages; therefore, unsurprisingly, 
only association studies between them are 
ongoing, and the causative mechanisms of 
these links have rarely been reported and are 
poorly understood. 

Unlike leukemia, lymphoma caused by expo-
sure to certain microbes has been the subject 
of in-depth investigation. Mouse models hou- 
sed under specific pathogen-free (SPF) condi-
tions and provided with sterile (SPF-S) food, 
water and bedding exhibited a longer lifespan 
and B cell lymphoma latency than mice hous- 
ed under nonsterile (SPF-N) conditions. The 
bacterial communities are distinct in mice  
harboring restricted microbiota (RM) and con-
ventional microbiota (CM): a higher abundance 
of Lactobacillus johnsonii (L. johnsonii) is 
observed in RM mice than in CM mice, implying 
a possible beneficial role. Notably, an enrich-
ment of L. johnsonii in RM mice in oral inocula-
tion experiments revealed its ability to decrease 
systemic inflammation and micronucleus for-
mation. This effect may be due to i) decreased 
systemic genotoxicity by the inhibition of basal 
intestinal inflammation and its systemic sequel-
ae; ii) reduced immune-mediated ROS produc-
tion and systemic genotoxicity by decreasing 
NF-κB activation; or iii) a superior colonizing 
capacity in the intestinal mucosa, and thus out-
competing pathogens and other pro-inflamma-
tory organisms [98]. In addition to the potential 
favorable role of the gut microbiota in protect-
ing against lymphoma development, mucosal-
associated lymphoid tissue (MALT) lymphoma 
is strongly associated with the presence of H. 
pylori, because the stomach is the most com-
mon site of MALT lymphoma [99]. In a long-term 
study of H. felis infection in mice, 38% of in- 
fected mice had lymphoid follicles and 25% of 
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infected mice developed MALToma-like lesions, 
whereas these lesions were not observed in 
noninfected controls [100]. Other microbial 
pathogens, such as H. helmanii, Campylobacter 
jejuni (C. jejuni), Borrelia burgdorferi (B. burg-
dorferi) and Chlamydia psitacci (C. psitacci), 
have also been identified as contributors to the 
development of MALT lymphoma in either ani-
mal models or humans [101-103], defining a 
distinct category of infection-associated lym-
phoid malignant transformation. The mecha-
nisms of microbiota-induced lymphomagenesis 
have been extensively reviewed [104]; however, 
a thorough understanding of the exact roles of 
bacteria in hematological malignancies has yet 
to be achieved.

Skin cells

As the largest organ of the human body, the 
skin is another major component of the human 
microbiome. Many of these microorganisms 
are harmless or even beneficial to their host, 
thus protecting humans against the entry of for-
eign harmful organisms [105]. Therefore, aber-
rations in the skin microbiome may confer a 
greater risk for diseases, including cancer. For 
example, primary cutaneous B-cell lymphoma 
(PCBCL) has been linked to B. burgdorferi, 
which was identified when elevated antibody 
titers against B. burgdorferi were discovered in 
patients with PCBCL [106]. Based on this find-
ing, B. burgdorferi was also shown to plays a 
role in the etiology of a significant proportion of 
PCBCL cases [107, 108], although a minimal 
role of B. burgdorferi was observed in the 
development or pathogenesis of PCBCL in the 
United States, highlighting the geographic vari-
ations in the clinical manifestations of B. burg-
dorferi [109]. In addition, colonization of the 
skin by Staphylococcus aureus (S. aureus) cor-
relates with cutaneous T cell lymphoma (CTCL) 
[110, 111]. Propionibacterium acnes (P. acnes), 
a human skin-resident commensal bacteria, 
immediately responds to ultraviolet (UV) radia-
tion, which has been thought to be the major 
risk factor for most skin cancers [112]. This 
finding, to some extent, facilitates the diagno-
sis of radiation risk, although more research is 
needed to confirm this connection.

Cervical cells

Persistent infection with the human papilloma-
virus (HPV) has been extensively studied and 

linked to cervical carcinogenesis [113]; howev-
er, viral microbes are outside the scope of this 
review. Less is known about the role of the vagi-
nal or cervical bacterial microbiome in cervical 
cancer. In healthy women, premenopausal vag-
inal bacterial communities are dominated by 
Lactobacillus spp. to maintain a low pH value 
and constitute the first line of host defense 
against pathogens [114]. In fact, the vaginal 
microbiome is far more complicated than previ-
ously appreciated, since 282 taxa have been 
identified in the vagina [115]. In one study, the 
vaginal microbiome in women with high-grade 
squamous intraepithelial neoplasia was char-
acterized by higher levels of Sneathia sangui-
negens (S. sanguinegens), Anaerococcus tetra-
dius (A. tetradius) and Peptostreptococcus 
anaerobius (P. anaerobius) and lower levels of 
Lactobacillus jensenii (L. jensenii) compared  
to that in women with low-grade squamous 
intraepithelial neoplasia [116]. Another report 
further identified a risky microbial pattern using 
cervical swabs featured by a predominance of 
Atopobium vaginae (A. vaginae), L. iners and 
Gardnerella vaginalis (G. vaginalis) and a con-
comitant paucity of L. crispatus; this pattern is 
associated with a higher risk of cervical in- 
traepithelial neoplasia (CIN) [117]. Interestingly, 
species belonging to the same Lactobacillus 
genus, L. iners and L. crispatus, play opposite 
roles in cervical carcinogenesis, highlighting 
that not all Lactobacillus species are protec-
tive, as previously recognized. In contrast, a 
subsequent study failed to show a link between 
the cervical microbiome diversity and CIN 
severity, but provided evidence suggesting that 
a cervical microbiome dominated by L. iners 
and Lactobacillus is associated with high-grade 
CIN in women infected with high-risk HPVs 
[118]. The collection of samples from the cervix 
is particularly notable. Most studies examine 
the microbiota from cervical swabs or washes, 
which, on one hand, are very likely to be con-
taminated by samples from the vaginal wall 
and vulva; on the other hand, these samples 
are quite different than biopsy samples.  
These limitations surely deserve further in- 
vestigation.

Breast cells

Little is known about how bacteria potentiate 
breast carcinogenesis or malignancy, although 
abundant and distinct microbiota are present 
in breast cancer tissues [119, 120]. For exam-
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ple, significant differences were observed in 
the microbiome of human breast tissues from 
women with benign and malignant diseases. 
Five low-abundant genera, Fusobacterium, Ato- 
pobium, Hydrogenophaga, Lactobacillus and 
Gluconacterobacter, are enriched in malignant 
breast tissue [119]. An unclassified genus from 
the Sphingomonadacea family is highly abun-
dant in nipple aspirate fluid (NAF) from healthy 
control women, whereas increased activity of 
β-glucuronidase, a pro-carcinogenic enzyme in 
GI cancer, has been identified in the microbes 
associated with breast cancer [121]. 

Similar to other extra-gut organs described 
above, distant effects of gut dysbiosis by either 

host immune modulation or metabolic altera-
tions have been observed in breast tumorigen-
esis and development [122-125]. For instance, 
levels of systemic estrogens and estrogen 
metabolites are modulated by Clostridiales and 
Bacteroides in the intestinal microbiota, there-
by influencing the risk of breast cancer [126]. In 
addition, the percentage and the absolute 
numbers of certain bacterial groups, namely, 
Clostridium coccoides (C. coccoides), Faecali- 
bacterium prausnitzii (F. prausnitzii) and Bl- 
autia, differ in fecal samples from patients with 
different clinical stages and histoprognostic 
grades of breast cancer [127]. In addition to 
results obtained from patient samples, chal-
lenge with enteric bacteria H. hepaticus in 

Figure 1. Microbiome-mediated tumorigenesis in different types of human cells. Microbiome alterations in gut and 
extra-gut systems are associated with cancer initiation and progression. The remote regulation of many axes, in-
cluding oral-lung/pancreas (green dashed lines), bile acid-esophagus (purple dashed line) and gut-liver axes (black 
dashed line) as well as dual-directional regulation of the gut-lung (blue dashed lines) and liver-bile acid (purple 
dashed lines) axes are illustrated.
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ApcMin/+ mice models promotes cancer in the 
mammary gland [128]. Nevertheless, most cur-
rent research reports are focusing on associa-
tions rather than cause-effect analyses be- 
tween breast cancer and the microbiome, simi-
lar to other types of human cancers. 

The impact of the microbiota on tumorigenesis 
in different types of human cells and the cross-
talk between each part are illustrated in Figure 
1.

Translational use of the microbiome in human 
cancer

An accurate diagnosis and stratification are the 
initial steps in the treatment of human cancer. 
Current diagnostic and risk classification meth-
ods incorporate clinical features and the com-
bined evaluation of multiple indexes, including 
endoscopy, pathology, immunology, cytogenet-
ics and molecular biology. However, the early 
diagnosis of cancer is extremely difficult and 
remains a substantial challenge for oncologists 
worldwide. Due to the global alterations in  
the bacterial communities during the process 
of carcinogenesis, as reviewed above, these 
changes may allow researchers to use a nonin-
vasive microbiome analysis as an alternative 
tool for the diagnosis, risk stratification and 
screening of the disease. Indeed, several 
recent enlightening studies have utilized this 
strategy. For example, gut mucosal microbial 
communities show distinct alterations across 
stages of colorectal carcinogenesis [129, 130] 
and in different molecular subtypes of CRC 
[131]; thus, a profile of the gut or oral microbi-
ome may represent a promising method for pre-
dicting CRC [132, 133]. Remarkably, gut micro-
biota profiles have been reported to distinguish 
pediatric and adolescent patients with ALL 
upon diagnosis [134]. These findings highlight 
the potential for developing novel diagnostics 
based only on stool tests and hopefully the 
identification of a certain microbiota composi-
tion that can be used as a cancer biomarker 
(Figure 2). 

Due to the important roles of chronic inflamma-
tion in cancer initiation and development, the 
clinical use of antibiotics has become one of 
the most crucial therapies. One typical example 
is the use of antibiotics to eradicate Hp infec-
tions. During the 1990s, the standard triple 
therapy included a proton pump inhibitor, clar-

ithromycin and amoxicillin or metronidazole 
[135]. Because of high resistance to clarithro-
mycin and metronidazole, many modified strat-
egies, such as bismuth quadruple therapy, 
sequential therapy and hybrid therapy, have 
emerged [136]. In addition to fighting patho-
gens using antibiotics, some beneficial living 
microorganisms themselves have been used 
as a promising therapy to ameliorate inflamma-
tion and rebalance the dysbiosis, based on 
their effects on modulating host immunity. 
Most probiotics are derived from bacteria, 
among which Lactobacillus and Bifidobacterium 
are the most common species used as probiot-
ics [137]. As expected, their use has extensive-
ly proven useful in eradicating certain patho-
gens [136] or combating different types of can-
cer [72, 138-142]. Nevertheless, some impor-
tant issues are worth addressing. First, broad-
spectrum or persistent antibiotic abuse is one 
of the most important factors that disrupt com-
mensal microbial homeostasis, thus increasing 
the susceptibility to certain pathogens, induc-
ing the collapse of the host immune system 
and even impacting on distal organs [143-145]. 
In the context of preserving human microbial 
ecosystems, anti-microbial therapies must be 
carefully evaluated and reconsidered, and new 
strategies are urgently needed [145]. Second, 
despite the effectiveness of probiotics as an 
anti-tumor therapy, probiotics are not recom-
mended as a single agent for standard treat-
ment, mainly due to their inability to perma-
nently colonize the gut and the lack of profound 
mechanisms and large-scale studies [146]. In 
addition to oral administration of probiotics, 
fecal microbiota transplantation might be the 
next big innovation in precision medicine [147] 
(Figure 2). 

Last, but not the least, the gut microbiome also 
ameliorates chemoresistance, which is a major 
cause of disease relapse and a poor prognosis. 
Recently, several cutting-edge papers have 
highlighted the potential of the gut microbiota 
in conferring drug resistance in cancer. In large 
cohorts of patients with CRC, F. nucleatum pro-
moted chemoresistance by activating tumor 
cell autophagy through TLR4- and MYD88-
mediated innate immune signaling and specific 
microRNAs [148], whereas a distinct resistance 
mechanism was revealed in another study 
showing that certain bacteria in human pancre-
atic ductal adenocarcinomas express enzymes 
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capable of metabolizing the cancer chemother-
apeutic drug gemcitabine into an inactive  
form [149]. In contrast, two “good” bacteria, 
Enterococcus hirae (E. hirae) and Barnesiella 
intestinihominis (B. intestinihominis), were 
identified to enhance the anti-tumor effect of 
cyclophosphamide by increasing the intratumor 
CD8+ T/Treg ratio and the infiltration of IFN-γ-
producing γδT cells [150]. Three recent papers 
simultaneously published in Science reported 
that the resident gut bacteria affect patient 
responses to programmed cell death protein  
1 (PD-1)-based immunotherapy, a new FDA-
approved treatment. Profiles obtained from 
patients with lung and kidney cancers indica- 
te that nonresponders have low levels of 

Akkermansia muciniphila (A. muciniphila); in 
antibiotic-treated mice, oral supplementation 
with A. muciniphila restores the efficacy of anti-
PD-1 immunotherapy [151]. In two other stud-
ies, a greater abundance of “good” bacteria 
was identified in the guts from patients with 
melanoma who responded PD-1 blockade, 
while nonresponders have an imbalance in the 
gut microbial composition [152, 153] (Figure 
2). 

Once conceived as potential pathogens, the 
diverse microbial community in the human 
body has currently been appreciated as a major 
contributor to the health of the host. As com-
mented, “The next frontier of medicine is to 

Figure 2. Translational use of the microbiota in human cancer. Global alterations in bacterial communities have the 
potential to serve as a biomarker in human cancer for an accurate diagnosis, molecular subtype classification and 
risk stratification. Microbiota-mediated cancer initiation and development are targeted by different mechanisms, 
including the amelioration of chronic inflammation by antibiotics, the administration of probiotics and fecal micro-
biota transplantation to rebalance dysbiosis, and the administration of anti-toxin drugs to alleviate defective barrier-
induced toxicity. Additional “good” bacteria should be identified and used to prevent chemotherapy resistance.
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understand the interaction between host fac-
tors and the microbiome and to harness this 
knowledge for therapeutic purpose” [154]. 

Challenges and prospects

Scientific advances in high-throughput technol-
ogies and bioinformatics have promoted a 
deeper understanding of the human microbi-
ome in healthy and disease states. However, 
the practical application of this new field is still 
in its infancy, since the role of the human micro-
biome in tumorigenesis and its potential for 
clinical use are only now arousing scientists’ 
attention. Thus, unsurprisingly, many key ques-
tions remain. The main core issue is the com-
plex crosstalk and loops between microbiome 
alterations and cancer. First, identical human 
cancers may correlate with diverse forms of 
dysbiosis, and the same changes in individual 
bacterial species seem to induce different 
types of cancers, implying a microbe- and tis-
sue-specific mechanism of tumorigenesis. Se- 
cond, a specific bacterial pathogen may disrupt 
the microbial composition, facilitating tumor 
initiation or progression, which in turn aggra-
vates the bacterial dysbiosis in the host, lead-
ing to a “chicken-and-egg” debate. Third, the 
remote dual-directional regulation of many 
axes, such as the gut-lung, gut-liver and oral-
pancreas axes, forms an inextricably interwo-
ven network in the human body, and thus regu-
latory loops within the host are far more compli-
cated. More importantly, the precise mecha-
nisms such as which and how bacteria modu-
late the immune cells remain unaddressed. 
These issues have essentially impeded the 
progress of the scientific studies in this field; 
subsequently, a number of reports have super-
ficially examined the associations rather than 
elucidating the casual mechanisms underlying 
the microbiome and tumorigenesis, and longi-
tudinal studies are lacking [155]. In addition, 
many efforts are currently directed at the gut, 
which harbors most of our microbes; however, 
the extra-gut microbiome is poorly understood. 
The translation of many findings from murine 
models to humans seems to the most difficult 
part to accomplish [155]. In particular, the 
greatest challenge regarding the use of gut 
microbes in fighting against human cancer is 
yet to come. For example, fecal microbiota 
transplantation is very likely to change one indi-
vidual’s bacterial composition that might pre-

dispose them to other heath problems, thus 
leading to unexpected effects; furthermore, 
whether a single or several types of bacterial 
species can help patients against cancer is still 
uncertain [156]. Despite these limitations and 
challenges, the modern concept of balancing 
the microbiome in the whole body intriguingly 
resembles the conventional philosophy of “har-
mony” from traditional Chinese medicine in 
terms of preventing or combating diseases. 
This novel perspective adds a new layer to the 
understanding of how microorganisms normal-
ly maintain human health and the mechanisms 
by which the disrupted microbiome supports 
cancer initiation and progression. 

In summary, the HMP is not simply an exten-
sion of the HGP, but rather a summation of 
many inspiring and fundamental questions. 
Many outcomes of the HMP may provide us 
with more individualized strategies, ranging 
from new diagnostic biomarkers of disease to 
potential clinical applications [157]. As a forgot-
ten organ that was once overlooked in the 
human body [158], the microbiome has opened 
a new era in an understanding of the mecha-
nisms underlying cancer and will not be neglect-
ed in future studies. We expect that microbi-
ome modulations will become a potentially 
major translational strategy in future clinical 
therapies. Strategies targeting the crosstalk 
among the microbiome, immune system, host 
metabolism and organ development is most 
likely a new impetus and the next breakthrough 
in precision medicine.
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