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Abstract

The microbiome has been hypothesized to play a role in cancer development. Due to the diversity
of published data, an overview of available epidemiological evidence linking the microbiome with
cancer is now needed. We conducted a systematic review using a tailored search strategy in
Medline and EMBASE databases to identify and summarize the current epidemiologic literature
on the relationship between the microbiome and different cancer outcomes published until
December 2019. One hundred and twenty-four eligible articles were identified. The large diversity
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of parameters used to describe microbial composition made it impossible to harmonize the
different studies in a way that would allow meta-analysis, therefore only a qualitative description
of results could be performed. Fifty studies reported differences in the gut microbiome between
colorectal cancer patients and various control groups. The most consistent findings were for
Fusobacterium, Porphyromonas and Peptostreptococcus being significantly enriched in fecal and
mucosal samples from colorectal cancer patients. For the oral microbiome, significantly increased
and decreased abundance was reported for Fusobacterium and Streptococcus, respectively, in oral
cancer patients compared to controls. Overall, although there was a large amount of evidence for
some of these alterations, most require validation in high quality, preferably prospective,
epidemiological studies.
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Introduction

The human microbiome defines either the microorganisms (bacteria, archaea, lower and
higher eukaryotes, and viruses) found in and on the human body or their collective genomes
(i.e. genetic material) (1-3). Since the development of high-throughput approaches using
next-generation sequencing, our understanding of the human microbiome, even the non-
cultivable microorganisms, has increased enormously, shedding light on its complexity
(1,4,5). Although the gut microbiome has been most extensively studied, microorganisms
also inhabit all of the barrier surfaces of the human body including the skin, the oral cavity,
the nasopharynx, the esophagus and stomach, and also the vagina, the urinary tract, the lungs
and others (4,6). The composition of the microbiome varies depending on the anatomical
site and it also differs between individuals (4). The microbiota, the ensemble of
microorganisms living in a specific environment, form a dynamic entity and can change
within an individual in response to diet and other external factors such as medication,
environment, and lifestyle (1,7,8).

In addition to the role that microbial imbalance (9) may play in infectious and autoimmune
conditions; there is a growing appreciation of potential influences on cancer development
(3,6). For example, the microbiota and its metabolic products influence the development and
maintenance of inflammation, which has been broadly recognised to be one of the hallmarks
of cancer (10-12). Inflammation has been demonstrated to promote cancer by promoting
genetic instability and, once the tumour has been established, through the creation of a
tumour-promoting microenvironment. In addition, the microbiota may also influence the
development of cancer-promoting conditions, such as adiposity and insulin resistance (13—
15). Due to these effects on host metabolism, cellular proliferation, inflammation, and
immunity, the microbiome may influence cancer risk at different levels, including cancer
initiation, promotion, dissemination, and response to therapy (6,16). The effects of the
microbiota on cancer risk can be local, situated at the interface where the organism interacts
with the host tissue in which the cancer originates, or systemic, via the physiological
communication of the host organism and the microbiota through intact membranes or
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following alteration of barrier permeability in pathological situations. This potential link
between the microbiome and cancer development might offer new opportunities for cancer
prevention by understanding etiologic pathways for screening, diagnosis, and treatment
(2,3,17).

A large number of individual studies on the association of the microbiome with cancer have
been published in the past decade, and an in-depth review of the literature is now needed.
While some published reviews and meta-analyses focusing on microbiome profiles for
single cancer sites were recently published (18-20), no systematic overview of the most
significant associations between microbiome composition (e.g. taxa and diversity) and
different cancer sites has been published to date. Therefore, the objective of this systematic
review was not only to summarise the published data, but also to evaluate the strengths and
weaknesses of the current evidence on the relationship between the human microbiome and
cancer in epidemiologic studies.

Materials and methods

A systematic review was conducted to identify peer-reviewed publications related to the
human microbiome and cancer. The review considered the recommendations of the Meta-
analysis of Observational Studies in Epidemiology (MOOSE) group (21) and followed the
Preferred Reporting Items for Systematic Reviews and Metaanalyses (PRISMA) (22). A
protocol (Prospero registration number; CRD42018105860) was prepared following these
guidelines (22).

Eligibility (Inclusion and exclusion) criteria considered in this review

Type of studies—Studies that utilized the following designs were considered for

inclusion:
1 Observational studies: case-control, including case-crossover design or cohort
studies.
2. Interventional studies: Randomized Controlled Trials (RCT).

Reviews, case reports and other studies without a comparison group, cross-sectional studies,
reports from conferences or annual meetings, editorials, opinions, /n vitro studies and studies
of animals were excluded from this review. Studies not written in English were also
excluded from this review.

Type of participants—This review focused on adult humans with or without any type of
cancer. Studies focusing on children (< 18 years) were excluded.

Type of outcome and exposure measurements—Studies investigating the
prevalence or incidence of cancer and its association with the human microbiome were
considered for inclusion. Our primary interest was cancer development and not cancer
survival/mortality. Studies investigating only pre-cancerous lesions/conditions (no malignant
conditions) were excluded.
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Studies that target specific microbes (e.q. Helicobacter pylori) instead of studying a
microbiome (community of microorganisms) were also excluded. Next-generation
sequencing approaches, including 16S ribosomal RNA gene amplicons and genome shotgun
metagenomics, are the most common methods for investigating communities of
microorganisms. However other methods such as aerobic and anaerobic subculturing onto
selective agar media were also considered in this review, provided that communities of
microorganisms were investigated. Exposures of interest were relative abundancy of taxa
and diversity measures (alpha- & beta diversity) in cancer cases versus controls.

Data collection and analysis

Tailored search strings (see Supplementary material Table S1) were used to search relevant
articles up from database conception until December 2019 via the PubMed and EMBASE
databases. Also, references in the selected publications were checked for further studies.

Selection of studies—Four investigators (A.L. & Z.V. for first search; I.H. & N.M. for
2"d search) independently reviewed titles and abstracts. In case no consensus was reached,
the article was maintained for the next selection phase (e.g. selection by full text article).
When the disagreement was still present at full-text selection (n=6), the opinion of the
remaining co-authors involved in this review was requested.

Data extraction—Data were extracted by three researchers independently (I.H., N.M. and
S.Z.). Considering the important differences in outcome measures reported in the different
publications, it was decided to report the significant differences in relative abundancy of taxa
and/or diversity measures (alpha- & beta diversity) between cancer cases and controls. If
multiple analyses were run with different levels of adjustment, then the one with maximal
adjustment for confounders was chosen.

Methodological quality and strength of association—Two reviewers (I.H. & N.M.)
independently assessed the methodological quality of the included articles via the Newcastle
— Ottawa quality assessment scale (23) (See Supplementary Table S2). Each study was
evaluated using three broad criteria: 1) appropriate selection of the study population (up to
four stars); 2) comparability of the study groups (up to two stars); and 3) ascertainment of
the exposure or outcome of interest (up to three stars). The full score was 9, and a high-
quality study in our analysis was defined as a study with at least 7 points. The performance
of a meta-analysis to calculate adjusted pooled estimates was ruled out because of the large
variation in the definition of outcome variables and exposures. We performed instead a
qualitative synthesis of results and reported them in categories according to microbiome and
study design. An association was considered as “strong” when three or more publications
reported a statistically significant association in the same direction and none were in the
opposite direction. The association was deemed “suggestive” when two publications
reported a statistically significant association in the same direction and none in the opposite
direction. All analyses (e.g. counts of cases and controls and articles) were performed in
Excel.
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Results

Study design and population characteristics of the included studies

A total of 124 articles (including 15,764 subjects in total; 7,652 cancer cases versus 8,112
controls) were included and used for this review (see Methods and Figure 1: Flowchart). An
in depth overview of the different studies and their study design and methods is given in
Supplementary table S3. One hundred nineteen studies were case-control studies, including
three nested case-control studies (24-26), and five were cohort studies (19,27-30). No RCTs
were identified. The gut microbiome was the microbiome most frequently studied (n=50),
followed by the oral microbiome (n=16) and then some studies of the bile duct, cervical and
intrauterine, oesophagus and gastric, laryngeal, lung, skin, breast, urinary and prostate
microbiome (see Table 1).

Thirty-nine of the studies were conducted in North America (n subjects=5,999), five in
South America (n subjects=300), fifty-three in Asia (n subjects=6,783), twenty-seven in
Europe (n subjects=2,485), two in Africa (n subjects=124) and one in Australia (n=83). The
year of publication ranged from 1983 to 2019. The sample size of the studied populations
showed large variation. Four articles had a sample size smaller than 10, seventeen articles
had a sample size ranging from 10 to 29, twenty-seven articles had a population size from 30
to 49, thirty-two articles included a population size from 50 to 99, and forty-six articles
studied over 100 subjects. The largest number of subjects was included for the gut
microbiome in relation to colorectal cancer (CRC) risk (n=5,761), followed by the oral
microbiome-oral cancer associations (n=1,912), and the oral microbiome-pancreatic cancer
associations (n=1,729). All studies included a population with an overall age ranging from
18 to 96 years old. In most of the studies, the cases tended to be slightly older than the
healthy controls.

Quiality of the studies

The methodological quality assessments are presented in Supplementary table S4. Eighty-
eight articles had a good quality score of 7/9 or more of which 51 articles with a total quality
score above 8 and two articles reaching the maximum score of 9 stars. For selection, 70
articles received the maximum score, (31), while the most frequent problem was lack of
information about the selection of cases and controls and thus their representativeness for
the community. For compar ability, 82 articles scored the maximum score, while other
articles often did not perform any correction for confounders between cases and controls of
any kind. This decreases the comparability between the patient group and the healthy
controls. For exposure, 20 articles received the maximum score, while low scores were
mostly because the studies used another method of ascertainment between cases and
controls (e.g. resection for cases while biopsy for controls).

Overall significant findings

As demonstrated in table 1 and supplementary table S4, a large number of samples from
different anatomical sites have been investigated in relation to different cancer types.
Supplementary table S5 gives an overview of the different bacteria described in these
studies. Some of the alterations in the site-specific microbiota were consistent between
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studies while others were only significant in one study or conflicting between studies (see
also overview of strong significant and suggestive findings for each study included in this
review in Supplementary Table S4).

In addition, study results were not always comparable due to high heterogeneity in outcome
definitions. Many of the articles used different parameters to describe and compare the
microbiome including: alpha diversity, beta diversity, relative abundance, absolute
abundance, presence/absence of taxa, and some articles clustered microbiota into
communities or calculated ratios for the abundance of two microbiota taxonomic groups.
Furthermore, the taxonomic level reported differed between articles (mainly the phyla, the
families and genera were studied) and some of the articles showed no significant differences
in presence and relative abundance of certain phyla while they did show differences at lower
taxonomic levels. For example, one study (32) found the same five most abundant phyla
within the cases with esophageal cancer or dysplasia and the healthy controls, but different
abundances of the orders Clostridiales and Erysipelotrichales. Finally, there are also many
different measures and statistical methods used to analyze alpha- and beta- diversity what
often limits the comparability of studies reporting these diversity measures.

Due to the large amount of data presented in the different studies included in this review, we
have focused on results for which at least two studies reported findings (e.g. diversity
measures or taxa) in the same direction in the description below (and visualized in Table 2).
A full overview of the results found in the different studies is given in the supplementary
Table S4 and the study design of the included studies is presented in supplementary Table
S3.

Cholangiocarcinoma has been investigated in relation to the bile duct microbiome in two
articles (33,34), although one article only focused on the extrahepatic variant. Both studies
reported microbiome differences between cases and controls, though not for the same
operational taxonomic units (OTU) and a clear separation between cases and controls when
analyzing beta diversity.

Two studies investigated the breast tissue microbiome in relation to invasive breast cancer
(using benign breast disease as controls), reporting increased relative abundance of certain
genera, though these differed between the two studies. Increased abundance was reported in
the following low-abundant family and genera in the breast tissue of women with invasive
breast cancer: Unclassified Bacteroidetes, Comomonadaceae Enterobacteriaceae, Bacillus
and Staphylococcus (35), Fusobacterium, Atopobium, Hydrogenophaga, Gluconacetobacter
and Lactobacillus (unadjusted P < 0.05) (36).In both studies, microbial diversity was not
considered.

Three studies investigated associations between the cervical microbiomeand cervical
cancer risk. Conflicting results were found for Lactobacillus iners, however, all studies
reported a decrease in abundance of the beneficial Lactobacillus crispatusin cervical cancer
cases (37) (38). All three studies also suggested higher alpha-diversity (Shannon index
and/or OTU number) among cervical cancer cases compared to controls (37,39) (38).
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One study investigated esophageal cancer risk in relation to the esophageal microbiome
(40) while another study investigated its association with the gastric microbiome (32). No
significant differences were found between the esophageal microbiome of the patients with
esophageal cancer and the healthy controls with no evidence of esophageal disease (40).
Differences were found in the gastric microbiome composition between controls and cases
with esophageal cancer on the order, family, and genus level, though the abundances were
different and not always in the same direction in the two studies (32,41). Microbial diversity
was considered in one study, in which the number of bacteria between cases and controls
was not significant (40).

Ten studies investigated associations between the gastric microbiome and gastric cancer
risk (42-51). The gastric microbiome of the cases with gastric cancer showed a significant
difference compared to control subjects and in the cancer tissues compared to the adjacent
normal tissue in the same cancer patient. Three studies showed an increased abundancy of
Fusobacteria among gastric cancer patients or cancer tissue samples (44,47,52) and two
studies an increased abundancy of Neisseria among gastric cancer patients when compared
to control subjects (46,47). In two of these studies, the analysis of microbial diversity was
included, showing a trend to diminish going from non-atrophic gastritis to intestinal type of
gastric cancer (42,47).

Seven studies evaluated associations between the airway-lung microbiome and lung cancer
risk, using different methodologies (e.g. sputum samples (53,54) versus exhaled breath
condensate and bronchial brushing (29,30,55-57). All studies demonstrated clear differences
between the microbiome samples of lung cancer patients in comparison with healthy
controls, though different taxa were studied (Carpagnano only focused on Aspergillus
species). Streptococcus were increased among lung cancer patients in three studies
(30,54,56).

Thirty-four studies investigated associations between the oral microbiome and several
cancers, of which sixteen considered the association with oral cancer (27,31,58-71) and five
with pancreatic cancer (24,72-74). The sixteen studies considering the associations between
the oral microbiome and oral cancer risk obtained inconsistent results. Consistent results
have been visually presented as strong or suggestive positive/negative associations in Table
2. From the 19 studies that reported results on the phylum Bacteroidetes, three studies
confirmed a significant positive association between Bacteroidetes abundance and oral
cancer risk. Similarly, four studies confirmed a positive association between the abundance
of the genus Fusobacterium and oral cancer risk. Several studies also observed an altered
abundance of Streptococcus in oral cancer patients versus controls (27,31,58-60,67,69) with
four studies confirming a significant negative association between Streptococcus abundance
and oral cancer risk. Furthermore, six studies reported an altered abundance of Prevotella,
but results differed in the direction of the association. Two of the five studies investigating
associations between the oral microbiome and pancreatic cancer risk reported consistently a
lower abundance of Neisseriain the oral microbiome of pancreatic cancer cases compared to
controls (72,73). Two studies found a lower abundance of Neisseriaand Haemophilus when
investigating the tongue coating samples of patients with colorectal, lung and gastric cancer
compared to controls (75,76). Among the thirty-four studies analysing the oral microbiome,
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thirteen studies presented results on the microbial diversity and most of them showed a
significant lower bacterial diversity than the healthy controls.

Two studies investigated associations between the urinary microbiome and bladder cancer
risk (77,78). Both studies reported a decreased abundancy of Streptococcus and Bucevic
reported also increased abundancy of Fusobacterium among bladder cancer patients. Bi et al.
also reported a higher alpha diversity among bladder cancer patients.

Fifty studies linked differences in the gut microbiome with CRC, three with breast cancer
risk (79-81) and two with gastric cancer risk (82,83). Thirty-three articles used fecal
samples as a proxy for the gut microbiome, while twenty-two articles used mucosal biopsies.
Three articles investigated both feces and mucosal biopsies (84-86). To compare within
consistent specimen types, use of fecal samples or mucosal samples is clearly specified in
the description of the results regarding associations between the gut microbiome and CRC
risk here below. A summary of the strong and suggestive associations reported for the gut
microbiome in relation to CRC risk has been visualized in Table 2.

The phylum Fusobacteria was more often detected in CRC tumor biopsies compared to
adjacent normal tissue (25,87-89). Seven studies also found significantly higher levels of the
genus Fusobacterium in mucosal samples of CRC cases in comparison with controls
(25,84,86,88-92). In five studies, the species Fusobacterium nucleatum was enriched in
mucosal samples in CRC cases (85,87,93-95). Thirteen studies also detected a significant
enrichment of the genus Fusobacterium in fecal samples of CRC patients (19,52,96-106).

Eight studies found that the genus Porphyromonas was significantly enriched in fecal
samples of CRC patients compared with controls (96,99-102,104-107).

Two studies showed that Lactobacillus was significantly more present in fecal samples from
CRC cases compared to controls, while the studies of Mira-Pascual et al. and Ohigashi et al.
found non-significantly higher abundance of Lactobacillus in controls (85,108-110).

The genus Prevotellawas more commonly detected in fecal samples of CRC cases compared
to controls in the study of Amiot et al. and two other studies reported the same trend
(85,108,109). Peptostreptococcus had significantly higher abundance in fecal samples from
CRC cases compared to controls in five studies (52,84,100,101,104,110). Two studies also
found a significant increase of Peptostreptococcusin CRC tissue compared to healthy
controls (84,88).

Six studies demonstrated an increased abundance of Parvimonasin CRC cases
(52,95,97,100,101,105) and three studies a significantly higher presence of Gemellaand
Leptotrichiain fecal samples of CRC cases compared to controls (25,84,91,100,101).

In the Spanish cohort of Allali et al. Blautia was significantly more abundant in adjacent
normal tissue compared to CRC tumor biopsies and Chen et al. also observed higher Blautia
levels in healthy controls compared to CRC cases (25,84).
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At the family level, Ruminococceae and Lachnospiraceae were significantly more abundant
in controls and/or adjacent/’off-tumor” mucosae compared with CRC tumor samples in four
and six studies respectively (84,90,91,95,104,106,111,112).

In summary, the most consistent findings for the gut microbiome were for Fusobacterium
(most important species Fusobacterium nucleatum), Parvimonas, Porphyromonas and
Peptostreptococcus being significantly enriched in fecal and mucosal samples from CRC
patients compared to controls or adjacent normal tissue.

Among the fifty studies investing associations between cancer risk and gut microbiome
composition, results on microbial diversity were often reported. While findings on alpha
diversity were inconsistent (2,25,52,84,85,87,89,90,92,96,97,100,101,108,110,113,114), five
studies on CRC cancer found significant results for beta diversity (84-86,98,100).

Three articles had investigated associations between the gut microbiome and breast cancer
risk using a case-control design. All three studies reported microbiome differences between
breast cancer cases and controls, though not for the same operational taxonomic units
(OTU). The Shannon index was significantly lower in breast cancer cases and the beta-
diversity was significantly different between cases and controls (79,80).

Discussion

In total, 124 studies have been included in this systematic review to evaluate the relation
between the human microbiome and cancer. The gut microbiome was the microbiome most
frequently studied, followed by the oral microbiome and then studies of the bile duct,
cervical and intrauterine, oesophagus and gastric, laryngeal, lung, skin, breast, urinary and
prostate microbiome. The quality assessment demonstrated rather low quality for the
“ascertainment of the exposure of interest” because studies often used different methods of
ascertainment for cases and controls e.g. resection for cases while biopsy for controls. The
large diversity of parameters used to describe the microbial composition made it impossible
to harmonize the different studies in a way that would allow meta-analysis. All articles, apart
from one, showed specific differences in microbiome distribution between cases and
controls. Some findings were consistent between studies while others were conflicting or
only reported in one single study

Concerning the esophageal microbiome, two studies investigated different populations with
other sample types, and reported different results, though both found positive associations
between Corynebacterium and Peptococcus in the mouth and esophageal cancer risk.
Bacteria from the Corynebacterium and Peptococcus genera represent an important
component of skin and mucosal membranes, being part of the oral and upper respiratory
tract microbiome and exist through commensal interactions with their hosts (115,116).
However, some species from the Corynebacterium genus can act as opportunistic pathogens
and secrete exotoxins associated with a number of diseases such as diphtheria,
pleuropneumonia and sepsis (115). Similarly, Peptococcus, a Gram-positive anaerobic
coccus, has been observed to be enriched in different infections such as periodontitis and in
wounds such as chronic ulcers (116). Immunocompromised cancer patients might be
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privileged targets for these opportunistic pathogens. More research and standardized
protocols for sample collection are needed to clarify this potential link between the
esophageal microbiome and cancer risk.

Many bacteria can be found in the human oral cavity and these are not only associated with
oral cancers but also with cancers of the lung, the esophagus, the stomach, the pancreas and
the colorectum. While the oral microbiome has been suggested to play a crucial role in
carcinogenesis, the oral microbial community is complex and may be impacted by many
other environmental and genetic factors and potentially due to this complexity, published
research has often shown inconsistent results. However, some potential pathways have been
suggested for the putative role between the oral microbiome and cancer risk. For instance,
the observed decrease of Streptococcus in pre-cancer and oral cancer cases might reflect
early changes of the oral mucosa surface related to tumorigenesis (31,58). Indeed,
Streptococci might lose their ability to adhere to mucosa undergoing tumorigenesis while
other species, such as Fusobacterium, which are often increased in oral cancer cases (58)
might adhere better. Fusobacterium nucleatum is reported to activate the nuclear
translocation of NF-xB leading to a pro-inflammatory environment. However, this
translocation is inhibited by Streptococcus thus attenuating the pro-inflammatory responses
induced by Fusobacterium. This suggests that a decrease of Streptococcus combined with an
increase of Fusobacterium might play a role in oral cancers (117). In the gut, £ nucleatum is
associated with CRC, potentially because it might increase reactive oxygen species (ROS)
and IL-10 production leading to an inhibition of the T-cells and the antitumor immunity
(118). Furthermore, some Streptococci can inhibit the oral colonization of certain bacteria
such as Aggregatibacter actinomycetemcomitans, Prevotella intermedia and Porphyromonas
gingivalis on the oral epithelial surfaces (117). This highlights the importance of interactions
between the bacteria themselves and the human mucosa (117).

The gut microbiome was analyzed in both fecal and colorectal mucosal samples. In general,
fecal samples had a higher microbial diversity when compared with tissue-associated
microbiomes. The results included in this review clearly demonstrate that gut microbiota
composition differ between CRC patients and non-cancer patients. The most consistent
findings were for Fusobacterium (with most important species Fusobacterium nucleatum),
Parvimonas, Porphyromonas and Peptostreptococcus, which were significantly enriched in
both fecal and mucosal samples of CRC patients compared to controls across multiple
studies. Several of our reviewed articles and a recent meta-analysis (119) reported that
Fusobacterium nucleatum -already known as an invasive and pro-inflammatory agent that
can cause acute and chronic oral and gastrointestinal infections- was significantly enriched
in both fecal and biopsy samples of CRC patients. With its unique FadA adhesin,
Fusobacterium nucleatum adheres to, invades and induces inflammatory and oncogenic
responses to stimulate growth of CRC cells. (120). Another study suggested that
Fusobacterium nucleatum induces nuclear factor-xB (NF-xB) to promote CRC (98).
Alternatively, Fusobacterium may act as a “passenger” that multiplies in the more favorable
conditions caused by the malignant tumor rather than itself being a causal factor in CRC
development (103).
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Species of Parvimonas were consistently reported with elevated abundance in CRC tumor
biopsies. Parvimonas micra, the only species described at the genus level, is known to cause
bacteremia, abdominal abscesses, endocarditis, and other infections (95). Its tumor
promoting effect has been suggested to be associated with altered immune responses and
enhanced inflammation in the gut (121).

Previously, it has been shown in malignant and primary human oral epithelial cells that
Porphyromonas gingivalis and its membrane fraction induces up-regulation of a number of
genes involved in inflammation and cell proliferation and control (122), however specific
data for CRC are lacking.

A possible explanation for the higher abundance of Peptostreptococcus species in CRC
patients could be due specifically to the presence of Peptostreptococcus anaerobius. P,

anaerobius has been shown to promote colon dysplasia in a mouse model, specifically

interacting with TLR2 and TLR4 on colon cells to increase levels of reactive oxidative
species, which promotes cholesterol synthesis and cell proliferation (123).

Overall, many other differences in the abundance of certain bacteria were found between
cancer cases and controls, though often not consistent between studies. Differences in results
could partly be due to variation in study design and methods used such as tissue sampling
(different method or different site), techniques used to characterize the microbiome, or
different study populations (e.g. genetic and environmental differences including nutritional
intakes and habits, oral hygiene, air pollution etc.), exclusion criteria, or another
unrecognized factors. Furthermore, the microbiome may differ depending on tumor stage
which could also be a cause of inconsistent results if stage was not considered in the
analysis.

Barriers and challenges in microbiome studies

The number of epidemiologic studies that investigate the association between the human
microbiome with cancer risk is rising; however, it is challenging to obtain definitive and high
quality evidence. First, it remains difficult to establish the causality of the cancer-microbe
associations (2,16). When a bacterium is enriched at a tumor site, there are other possible
reasons for that association besides a causal relation. For example, the microbe can take
advantage of the tumor’s oxygen tension or carbon sources, or find an underused nutritional
niche where they can grow freely (16). It is not clear whether the carcinogenic process
changes the local environment and creates new niches for microbes, or if an alteration of the
microbial composition and its function contribute to carcinogenesis. As such, reverse
causation is an important concern (2). Given that many of the previous studies use a case-
control design, prospective studies are urgently needed to help understand the temporal
nature of the association between the microbiome and cancer development.

Another challenge is that different microbes might contribute to different stages of
carcinogenesis (6,16,17). In the initiation stage, the microbiome may promote specific
genetic mutations and chronic inflammation, but may also be involved in creating other
tumor-promoting environments such as the development of obesity and the metabolic
syndrome (6). After the initiation phase, other microbiota could be responsible for tumor
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growth, angiogenesis and metastasis (6,16). Since cancer development is a process that
continues over many years, it is possible that by the time the cancer is diagnosed, the initial
causal microbes are no longer present due to the later-stage tumor environment (16,17).

It is also unlikely that many of these cancers are due to an undetected ‘one microbe-one
disease’ association (17). It is well established that H. py/oriinfection causes gastric cancer
and there are nine other microorganisms that are designated by the International Agency for
Research on Cancer to be carcinogenic to humans (16,17). However, some microbes might
have modest and subtle contributions to cancer development, which will be harder to detect.
Itis also likely that some of those modest contributions depend on the genetic background of
the host, sex and age; as well as lifestyle and other environmental exposures (2,17).

In addition, the microbiome composition at one specific anatomical site may be related with
cancer development localized elsewhere (e.g. relationship between oral microbiome and
pancreatic cancer risk (24,72,73)), making it complex to investigate causal relationships.
Indeed, symbiotic bacteria, especially in the gut, are able to influence host metabolism
through producing and modifying a plethora of biologically active compounds, including
hormones, carbohydrates, and lipids that reach the systemic circulation. For instance, high
concentrations of secondary bile acids, derived from host-produced primary bile acids, were
associated with increased risk for colorectal, pancreatic, and liver cancer (124-126). Another
example is the important role of indole derivatives, produced by gut bacteria from the
degradation of tryptophan, such as aryl hydrocarbon receptor ligands, to maintain intestinal
homeostasis, limit inflammation and thus, indirectly reduce the risk of colorectal, prostate
and breast cancer (127-129). Lastly, short chain fatty acids are produced by the gut
microbiome through fermentation of non-digestible fiber and starch and help maintain
balance between intestinal immunity and inflammation (130,131). As such microbiota may
influence the risk of many cancers, independent of anatomical location due to effects of
microbial metabolites on inflammation, an important hallmark of cancer, and other
metabolic conditions associated with cancer risk.

Finally, the study design and methods used may limit the validity, generalizability and
comparability of results. Since many exogenous and intrinsic host factors influence the
human microbiome (>125 factors collectively explain 18.7% of the variation in human gut
microbiome composition) (132), a large sample size and an important battery of information
on host factors are needed to investigate potential causal relationships between the human
microbiome and cancer risk with sufficient statistical power. Further, restrained physical
access to certain body sites limits the possibilities for large-scale sample collections. For
example, to avoid invasive procedures such as biopsy, other specimen available for studies of
prostate cells such as expressed prostate secretions or urine samples containing prostatic
cells are often used (133,134). In addition, different sample handling/storage strategies (e.g.
room temperature storage versus immediate freezing, different collection media, etc.)
(135,136), laboratory methods, sterilization procedures, sequencing strategies (e.g. 16S
rRNA gene or shotgun sequencing), and various processing pipelines for the raw sequencing
data, can all impact the comparability of different studies (137). Indeed, the techniques used
to characterize the microbiome composition may also importantly impact the quality of the
results. While bacteriological cultures (in 8 of the 124 included studies) only allow the
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analysis of certain specific communities of microorganisms as (e.g. <30% of gut microbiota
have been cultured to date), most studies were based on sequence analysis of the 16S rRNA
gene, which is sufficiently divergent to provide a phylogenetic signal and identification of
unknown bacteria. More recent culture-independent techniques such as next-generation
sequencing have the advantages that they are high throughput, phylogenetically characterize
the microbiota components, and quantify the relative proportions of organisms present (138).
In addition, for determining alpha- and beta- diversity, there are many different measures
and statistical methods that have been used that may further limit comparability between
studies. Gail and colleagues are currently working on a method to have a reference based
distance for beta-diversity in order to be able to combine beta-diversity analyses across
studies in future (139).

Multi-omics analysis (140) could potentially assist in disentangling complex relationships
between the human microbiome and cancer risk by integrating the microbiome data with
other omics data of interest for investigating causal factors of cancer development. However,
microbiome multi-omics data analysis remains challenging as few tools exist to integrate
these data. Current statistical approaches, such as correlation tests between microbiome taxa
and specific host metabolites, do not necessarily meet the assumptions of the sparse
compositional nature of microbiome data (141,142).

Limitations of our review

A limitation of our review is that tumor stage and grade were not considered due to limited
evidence in the studies included in this systematic review. Different stages of the cancer
might harbor different microbiomes and this could be a cause of non-consistent results
across studies. Tumor severity has been shown to have an impact on microbiome
composition (85). On the other hand, another study reported that the gut microbiome did not
change as the cancer progressed and that any change might have occurred in the early stage
of carcinogenesis (108). Based on these opposing findings, it would be important to further
investigate whether tumor stage has an impact on the composition of the microbiome.

Another limitation is that the location of the CRC tumors was not considered although
differences in microbiome composition between distal and rectal versus proximal cancers
have been shown (86). In addition, microbiome composition in the colorectum can also be
influenced by bowel cleansing which is not considered in every study and which was not
part of our exclusion criteria.

The microbiome of patients from different countries was also compared with one another
(see supplementary Tables S3—-S4). The study of Allali et al. showed significantly higher
phylogenetic diversity in tumor and adjacent tissues from patients of the US compared with
a Spanish cohort (25). So it is not certain whether gut micro-organisms linked to cancer are
the same across different countries and populations.

As mentioned above, we compared studies that made use of different techniques to
characterize the gut microbiome. These different techniques may lead to different findings.
Every study has its own exclusion criteria and although many studies matched their cases
and controls for age, sex, body mass index (BMI) and other factors there are some
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differences in potential confounding variables across reviewed articles which may have
impact on our findings (see Supplementary Tables S3—4). Specific study design issues
should be considered when conducting longitudinal studies for microbiome research (143).
Biological sample collection, processing (DNA extraction, amplification, sequencing, and
bioinformatics) and storage as well as quality control standards still require improvement. At
the same time, guidelines need to be elaborated to report results and share data to ensure
replication and reproducibility of these studies (143).

Finally, a limitation of this review is the lack of quantitative results from meta-analysis due
to substantial heterogeneity in the microbiome parameters assessed.

Clinical implications and future perspectives

This review has shown some specific micro-organisms appear to have a different prevalence
in cancer cases than in controls. Tumor stage was not considered so it is not clear if these
specific micro-organisms are present from the initiation of carcinogenesis. Therefore, more
research, in particular via prospective studies, is needed to investigate if the microbiome
could be a potential tool for cancer early detection and/or prevention strategies. Few studies
already indicated that the gut microbiome, with its specific micro-organisms could
potentially be used as an effective tool in early screening for CRC (113).

Knowledge on micro-organisms linked to cancer may also play an important role in cancer
therapy. There is limited evidence suggesting that dyshiosis of the gut microbiome can be
improved using probiotic and prebiotic supplementations in children with cancer (144).
There is limited evidence for cancer prevention, but it is used for many other health
outcomes such as improved digestion (17).

More understanding of the specific roles of the microbiome is required before promoting the
microbiome as an adjuvant therapy that enhances efficacy or attenuates the toxicity of
chemotherapies (6,16). Herein, stronger evidence derived from studies with more optimal
study design and methods and from different geographic regions is needed. To detect strong
associations between microbiome profiles and various types of cancer, adequate power could
be reached by pooling or meta-analysing data across multiple studies. However,
heterogeneity of data hinders meta-analysis. Therefore, standardisation across studies is
needed. Future prospective studies should coordinate and collect fecal samples using at least
one common method in addition to the method of their choice. Recent studies have
evaluated multiple fecal and oral sample collection methods and a variety of methods appear
to be reproducible, stable, and accurate compared to an immediately frozen fecal sample.
(145-147). DNA extraction and sample handling were also reported to contribute to
variability in microbiome data (135,136), it is therefore important for future studies to use
standardised methods including negative and positive controls at all stages of sample
processing and, when possible, use automation when processing samples. In order to have
homogeneity of data, data analysis methods need to be transparent, consistently reported and
reproducible, which still remains a major challenge in current microbiome reports.
Microbiome bioinformatics platforms such as Quantitative Insights Into Microbial Ecology
2 (QIIME 2) (148,149) improve reproducibility of bioinformatics analysis by providing
automated, decentralized data provenance tracking helps. Another bioinformatics challenge
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for future prospective studies is the low access to long-term archives of raw microbiome
sequence data with sample and study metadata in common formats (150). Finally, future
study designs should focus on the assessment of potential confounding factors by collecting
high-quality clinical and nutritional data that are known to influence the microbiome.

Conclusion

Although strong evidence was available for certain taxa of the gut microbiome and CRC
risk, and for the oral microbiome and oral cancer risk, for most of the microbiome taxa/
indicators the evidence was still too weak to draw firm conclusions in relation to their role in
cancer. In addition, based on the state of the field, it is currently not possible to have an
overall ascertainment of cancer risk due to the microbiome since the data generated is
heterogeneous and merging studies for meta-analysis is extremely difficult. Therefore, future
prospective studies with pre-diagnostic specimen collection using standardized methods,
consistent laboratory methodology and bioinformatics, and inclusion of quality control
samples are required to establish causal links. Also “integromics” analysis (integrating
microbiome data with other —omics data e.g. metabolomics, epigenomics) may further assist
in disentangling these complex relationships between the human microbiome and cancer risk
although these will require significantly increased sample sizes and likely pooling across
multiple cohorts.
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Figure 1:
PRISMA Flow Diagram

Adapted from: Moher D, Liberati A, Tetzlaff J, Altman DG, The PRISMA Group (2009).
Preferred Reporting Items for Systematic Reviews and Meta-Analyses: The PRISMA
Statement. PLoS Med 6(7): €1000097. doi:10.1371/journal.pmed1000097.

For more information, visit www.prisma-statement.org.
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Number of articles retrieved by microbiome type and the possible links with cancer.

Table 1.
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LINKED WITH THE FOLLOWING

MICROBIOME CANCER(S) #ARTICLES # subjects
Total subjects cases controls
Airway and Lung microbiome  Lung cancer 7 309 189 120
Bile duct microbiome Cholangiocarcinoma 2 260 160 100
Breast microbiome Breast cancer 2 109 73 36
Cervical microbiome Cervical cancer 3 289 143 146
Esophagus microbiome Esophageal cancer 1 101 50 51
Gastric microbiome Gastric cancer 10 999 687 312
Esophageal cancer 1 91 37 54
Gut microbiome Colorectal cancer 50 5,751 2,667 3,084
Gastric cancer 2 204 116 88
Liver cancer 1 321 150 171
Prostate cancer 1 155 90 65
Breast cancer 3 325 158 167
Thyroid cancer 1 65 30 35
Laryngeal microbiome Laryngeal cancer 1 60 29 31
Pharyngeal microbiome Laryngeal cancer 1 96 68 28
Oral microbiome Oral cancer 16 1,912 724 1,188
Head and neck cancer 4 580 301 279
Esophageal cancer 2 551 193 358
Pancreatic cancer 5 1,729 819 910
Gastric cancer 1 51 34 17
Colorectal cancer 3 1,019 377 642
Colorectal, lung and gastric cancer 1 386 286 100
Liver cancer 1 60 35 25
Lung cancer 1 66 51 15
Ovarian microbiome Ovarian cancer 1 119 99 20
Prostate microbiome Prostate cancer 1 16 16 0
Skin microbiome Skin cancer 1 32 15 17
Urinary microbiome Bladder cancer 2 78 41 37
Urinary microbiome Prostate cancer 1 30 14 16
All microbiomes All cancers 124 15,764 7,652 8,112

*
Two articles included several cancers and were as such included twice in the table, namely for each cancer site. As such the sum of the different

articles based upon cancer site is higher (126) than the total number of articles used in this review (124).

Cancer Epidemiol Biomarkers Prev. Author manuscript; available in PMC 2021 April 01.



Page 26

Huybrechts et al.

snoo0d0 jAydeis

E|PIoNeId

seuowoAyd.ioq

SN29020108 41501d8d

seuowinfed

o10eqI10s0

Jareqliopo

elyoLoide]

I EE)

win1eeqosn4

oilela

ouqnojnsea

ebeydoifoouden

Buipuiy tey Joyssipnis (%) N

ehne|g

wniepeqopiiig

wnigodoly

JBeqoruny

sa0Awou oy

SNN3IO

9E30B20000UIWNY

aeaoepeuowoJAydiod

9e80e30000108 11501ded

aeaoe.idsouyoe]

geadel.loeqosnS

ATINVH

©lB1eqoSNS

soInoIWI4

Sslplo.eeg

ANNTAHd

RBoueo elo | ,Bulpul reyy Joysaipnis (%) N

JooUeD [R10910(0D

Aysonlp pexel

(9T=Uu) »su Jaoued JeJ0 pue (0G=SaIpNIS JO Jaquinu) [€19310]09 pue UoIISOdWOd SWOoIqoIdIW Udamlag suoleldosse Bunuasald sjger Arewwing

Author Manuscript

‘¢ dlgeL

Author Manuscript

Author Manuscript

Author Manuscript

Cancer Epidemiol Biomarkers Prev. Author manuscript; available in PMC 2021 April 01.



Page 27

Huybrechts et al.

190URD [210 79 YD UO SBIPNIS 4O JaGUNU [B10) 8Y) JO %ET PUB %0z 0S ‘A[aA110adsal J8ourd [eIo 79 DD 10} BLISI0RAOSNS 10} SBIPNIS Z pue 0T (%) u ajdwex3
P

(o1310ads a11s 1aoued) sajdwes anssi) = ‘sajdwies eAljes =S ‘sajdwes [edar) = :SUOIRIAIQY

(uonoauip ausoddo ui auou ‘uondalIp awes ui suorealgnd g)
uol11e|00sse anlTefau anlsebbng

(uonoalip aysoddo ui suou ‘uonoaiIp swes ul suoneatjgnd £<)
uo|eoosse aAlebau Buo Jis

(uonoauip ansoddo ui suou ‘uondalIp awes ui suonedlgnd z)
uoleioosse aA1lIsod aA1sabbng

(uonoauip aysoddo ul auou ‘uondalIp awes ul suolredljgnd €2)
uolreoosse anlsod Buo 1

wT) L seIpnis / ul"ubis Aysienp erg

ALISY3AIA

BIpAWLRIUI €| RIoAS Id

o0 feyooesse seuowlo JAyd Jod

SI7ewols Sn220201d8 J1s01ded

RI0IL SEUOW A Ted

winjes [oNnu Win1eegosn

S3103dS

1100 1Y 1BYIST

$9P100000 BlINe|g

Buipuiy reuyn Joysaipnis (%) N | jeoues io

si|ibe.y sapioeioeg

SN200001d0 IS

Buipuy reyl Joysaipnis (96) N Jeoued [e199J0j0D KIS JoAIp B exel

Author Manuscript

Author Manuscript Author Manuscript

Author Manuscript

Cancer Epidemiol Biomarkers Prev. Author manuscript; available in PMC 2021 April 01.



	Abstract
	Introduction
	Materials and methods
	Eligibility (Inclusion and exclusion) criteria considered in this review
	Type of studies
	Type of participants
	Type of outcome and exposure measurements

	Data collection and analysis
	Selection of studies
	Data extraction
	Methodological quality and strength of association


	Results
	Study design and population characteristics of the included studies
	Quality of the studies
	Overall significant findings

	Discussion
	Barriers and challenges in microbiome studies
	Limitations of our review
	Clinical implications and future perspectives
	Conclusion

	References
	Figure 1:
	Table 1.
	Table 2:

