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The gut microbiome (GM) has been implicated in a vast number of human pathologies and has become a focus of oncology
research over the past 5 years. The normal gut microbiota imparts specific function in host nutrient metabolism, xenobiotic and
drug metabolism, maintenance of structural integrity of the gut mucosal barrier, immunomodulation and protection against
pathogens. Strong evidence is emerging to support the effects of the GM on the development of some malignancies but also on
responses to cancer therapies, most notably, immune checkpoint inhibition. Tools for manipulating the GM including dietary
modification, probiotics and faecal microbiota transfer (FMT) are in development. Current understandings of the many complex
interrelationships between the GM, cancer, the immune system, nutrition and medication are ultimately based on a combination of
short‐term clinical trials and observational studies, paired with an ever-evolving understanding of cancer biology. The next
generation of personalised cancer therapies focusses on molecular and phenotypic heterogeneity, tumour evolution and immune
status; it is distinctly possible that the GM will become an increasingly central focus amongst them. The aim of this review is to
provide clinicians with an overview of microbiome science and our current understanding of the role the GM plays in cancer.
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THE GUT MICROBIOME
The gut microbiome (GM) refers to the genetic makeup of all
microbes that exist within the human gastrointestinal tract,
including bacteria, viruses, yeast, protozoa, fungi and archaea.
The GM contains ~100 trillion micro-organisms, which encode
over three million genes producing thousands of metabolites,
which replace or modulate many of the functions of the human
host [1]. Constituents of the GM have been shown to interact with
one another and the host immune system in ways that influence
physiological homeostasis and the development of disease. The
normal human GM comprises two major phyla, namely Bacter-
oidetes and Firmicutes. Evidence of early microbial contact
suggests that human intestinal microbiota is seeded in utero.
Maternal microbiota forms the first microbial inoculum, and from
birth, diversity increases and converges toward an adult-like
microbiota by the end of the first 3–5 years of life. Various factors
shape this colonisation, including mode of delivery, maternal and
infant perinatal antibiotic exposure, feeding methods and dietary
factors, amongst others (Fig. 1). Once established, the composition
of the gut microbiota is relatively stable throughout the adult life
but can be altered as a result of bacterial infections, antibiotic
treatment, smoking, disease states, medical and surgical interven-
tions and long-term dietary changes [2].
The GM has been referred to as “the last undiscovered human

organ”; microbes within the human gut have significant effects on

human health and immune function due to their proximity to the
immune environment within the gastrointestinal tract. Complex
interactions allow for the oral tolerance of commensal bacteria
and food antigens, along with enabling the immune system to
recognise and attack opportunistic bacteria. In addition to
influencing localised immune responses, the microbiota also has
broader effects contributing to innate and adaptive immunity by
modulating the regulatory phenotype of gastrointestinal dendritic
cells [3]. This concept is supported in animal models: germ-free
mice lacking intestinal microbiota are noted to have severe
defects in immunity, with an absent mucous layer, altered IgA
secretion and reduced size and functionality of Peyer’s patches
and draining mesenteric lymph nodes [4].
Lower gut bacterial diversity has been reproducibly observed in

patients with a wide range of conditions, including obesity,
cardiovascular disease, autoimmune disease and neurological
disorders, along with vaccine responses, suggesting a direct
relationship between GM diversity and functional outcomes [5–9].
Disruption of the delicate balance of commensal bacteria is seen
in the setting of what is often referred to as dysbiosis, a somewhat
ill-defined state characterised by a less diverse and less stable
microbiota, with potential enrichment of opportunistic pathogenic
bacteria [10]. Such an imbalance can lead to impaired local,
locoregional and systemic immune responses through the break-
down of mucosal barriers, alterations in cytokine signalling,

Received: 15 December 2020 Accepted: 10 June 2021
Published online: 14 July 2021

1Department of Twin Research and Genetic Epidemiology, King’s College London, London, UK. 2Department of Medical Oncology, Mount Vernon Hospital, Northwood, UK.
3Department of Medical Oncology, The Royal Marsden, London, UK. 4Department of Medical Oncology, Guy’s & St Thomas Hospital, London, UK. 5Early Phase Trial Unit,
Department of Medical Oncology, University College London Hospital, London, UK. 6Department of Dermatology, Mount Vernon Hospital, Northwood, UK. 7These authors
contributed equally: K.A. Lee, M.K. Luong. ✉email: karla.lee@kcl.ac.uk

www.nature.com/bjcBritish Journal of Cancer

Published on Behalf of CRUK

http://crossmark.crossref.org/dialog/?doi=10.1038/s41416-021-01467-x&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41416-021-01467-x&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41416-021-01467-x&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41416-021-01467-x&domain=pdf
http://orcid.org/0000-0001-5904-5586
http://orcid.org/0000-0001-5904-5586
http://orcid.org/0000-0001-5904-5586
http://orcid.org/0000-0001-5904-5586
http://orcid.org/0000-0001-5904-5586
mailto:karla.lee@kcl.ac.uk
www.nature.com/bjc


inhibition of probiotic commensal bacterial colonisation and
proliferation of enteropathogens. This results in the translocation
of gut bacteria into the mesenteric lymph nodes and peripheral
circulation, resulting in the activation of Th17 and effector T cells
promoting neutrophil infiltration, and activation of an inflamma-
tory phenotype both locally and systemically [11].

SAMPLING, SEQUENCING AND ANALYSIS
For pragmatic reasons, faecal specimens are frequently used as
proxies for gut microbiota, as they can be collected non-invasively
and repeatedly, and are the preferred method in most GM studies.
However, there is increasing evidence to suggest that there may
be significant variations in microbial composition between the gut
mucosa and faeces [12]. Whilst deemed to be a substitute for
gastrointestinal lumen contents, faecal contents may not accu-
rately reflect the complex interactions that occur directly at the
gut mucosal surface. In fact, it has been shown that faecal and
mucosal-associated microbiotas are two distinct populations [13].
Furthermore, the faecal microbiota is not distributed equally
within faeces and has its own unique biostructure [14].
Ideally, microbial genetic sequencing and analysis should be

performed on fresh, uncontaminated faecal specimens. However,
an ongoing challenge remains in that human faecal sampling
generally cannot be produced on request, and patients would
usually collect samples within their own homes, before being
transported to a laboratory. Therefore, in order to maintain
microbial DNA integrity, specimens should be immediately frozen
at −80 °C without preservatives [15]. When optimal conditions for
immediate storage of specimens at ultra-low temperatures cannot
be met, storage and transportation at 4 °C can minimise further
changes to the microbial composition [16]. Alternative strategies
such as RNAlater® and DNA/RNA Shield™ aim to overcome this
limitation by utilising preservation media to stabilise cellular RNA
and DNA by the inactivation of nucleases, which allows for
samples to be stored at ambient temperatures from the time of

collection, and eliminates the need for samples to be rapidly
transferred to low-temperature environments [17]. The degree of
variability in faecal sampling, therefore, demands the establish-
ment of validated collection procedures to minimise any potential
systemic bias that may be introduced in pre-processing steps [18].
Other GM sampling methods have been described and reviewed
by Tang et al. [19].
Within the past 15 years, advancements in genomic sequencing

techniques have accelerated our understanding of the GM.
Researchers can now sequence entire genomes of microbial
communities with shotgun metagenomics, providing a higher
taxonomic resolution and the ability to extract the functional gene
content of each genome, compared to 16S ribosomal RNA gene
sequencing (phylogenomics) [20]. Analysis of metagenomic data
together with the identification of specific metabolites could be
used to develop predictive microbiome signatures, potentiating
novel therapeutic interventions [21]. However, data obtained from
sequencing is often voluminous, fragmented, noisy and con-
taminated. Bioinformatics analysis allows us to utilise computa-
tional methods to clean and analyse large volumes of biological
data, with the subsequent identification of bacterial taxa. Microbial
analysis may also reveal distinct ecosystems such as α-diversity
(diversity of species within the same individual), β-diversity (inter-
individual species diversity) and relative abundance. Given the
complexity and volume of raw data, metagenomic workflows are
typically employed to ensure quality control, quality assessments
and accurate taxonomic characterisation. Shotgun metagenomics,
however, is limited by a high noise-to-signal ratio generated
between the host and bacteria. Alternative techniques aim to
address this; for example, the development of high-throughput
culture techniques such as culturomics, combined with mass
spectrometric microbial identification techniques such as matrix-
assisted laser desorption/ionisation time-of-flight [22], which have
significantly expanded our knowledge of beneficial and fastidious
bacterial gut strains and species, with hundreds of new taxa
having been identified in recent years [23].
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Fig. 1 Development of the gut microbiome. This figure demonstrates the development of the gut microbiome from birth to old age in
relation to α-diversity (diversity of species within the same individual), β-diversity (inter-individual species diversity) diversity and the
relationship between immunity and senescence, as well as external factors that may affect the GM composition. Created with BioRender.com.
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THE GM AND COLORECTAL CANCER
The GM has been linked to the development of a number of
predominantly gastrointestinal and hepatobiliary malignancies
including oesophageal [24], liver [25], pancreatic [26] and, most
notably, colorectal cancer (CRC). CRC is the third most prevalent
cancer worldwide and is associated with significant morbidity and
mortality, having been the second leading cause of cancer death
globally in 2018 [27]. Incidence rates have been rising in
individuals <50 years old and this has been linked to alcohol,
smoking, obesity, diabetes and physical inactivity [27]. Of
particular interest, the European Prospective Investigation into
Cancer and Nutrition (EPIC) study in 2016 validated findings that a
diet rich in processed foods, animal fats and red meat, coupled
with a low intake of fibre and fruits, was an important risk factor
for developing sporadic CRC [28]. Pathogenesis involves a
multistep process with accumulating genetic alterations in
association with morphological changes and genetic instability.
Of note, distinct metagenomic and metabolomic shifts have been
identified in various stages of CRC pathogenesis, including in
polypoid adenomas, intramucosal carcinomas and more
advanced, metastatic lesions. They found a relative abundance
of Fusobacterium nucleatum, which increased continuously from
intramucosal carcinomas to more advanced stages (p < 0.005).
Furthermore, Atopobium parvulum and Acintomyces ondontolyticus
were significantly increased only in multiple polypoid adenomas
and intramucosal carcinomas, compared to solitary lesions (p <
0.005). This large cohort study (n= 616) suggests that microbial
and metabolomic changes may occur very early in the pathogen-
esis of CRC, which may be of clinical and diagnostic relevance [28].
Figure 2 illustrates the complex pathways putatively identified in
maintaining GM homeostasis by beneficial commensal bacteria
and probiotics, and the potential relationships between colorectal
carcinogenesis and anti-tumour effects [29].
The GM supports a variety of mechanisms aimed to support

probiotic growth and resist enteropathogenic colonisation inde-
pendent of immune function, including the formation of
bactericidal or bacteriostatic small molecules (bacteriocin from
Enterococcus faecalis microcin by Escherichia coli Nissle), antimi-
crobial peptide induction (lugdunin from Staphylococcus lugdu-
nensis) and, crucially, fermentation of dietary fibres into short-
chain fatty acids (SCFAs). Colonocytes use the three major SCFAs,
namely, acetate, propionate and butyrate, as energy sources, while
transformed CRC cells primarily undergo aerobic glycolysis.
Compared to normal colonocytes, CRC cells exhibit an increased
sensitivity to SCFAs, demonstrating that they likely have a vital
role in cell homeostasis [30]. Manipulation of SCFA levels in the
gut, through changes in the GM, has therefore emerged as a
potential preventive/therapeutic strategy for CRC. Several SCFA
transporters like sodium-coupled monocarboxylate transporter-1,
monocarboxylate transporter-1 (MCT-1) and aquaporins have
been identified as the main transmembrane transporters in
intestinal cells [31]. It has recently been shown that MCT-1
promotes tumour metastasis independent of its activity as a
lactate transporter [32].
Gut mucosal dysfunction has also been implicated in colorectal

carcinogenesis by the induction of epithelial-to-mesenchymal
(EMT) transition and subsequent increase in gut permeability
through the loss of tight-junction proteins such as zona occludins
(ZO) 1 and 2, claudin-1 and occludin [33]. This may result in the
translocation of bacteria and pathogenic metabolites, increasing
the risk of local and systemic inflammation and subsequent
carcinogenesis. In recent years, several species of bacteria have
been identified to play a causal role in CRC pathogenesis by
facilitating a detrimental intestinal microbial ecosystem. These
species include, but are not necessarily limited to, F. nucleatum,
Streptococcus gallolyticus (formerly known as Streptococcus bovis
type 1), enterotoxic strains of Bacterioides fragilis (produces B.
fragilis toxin BFT), polyketide synthase-positive (PKS+ve) strains of

E. coli (produces colibactin), E. faecalis and Peptostreptococcus
anaerobius, which have been implicated in tumour proliferation
[34], induction of pro-inflammatory states [35] and evasion of anti-
tumour immunity [34]. In particular, bacteraemia and endocarditis
associated with S. gallolyticus have been linked to an increased risk
of CRC in observational studies. Colibactin, a genotoxic polyketide-
peptide produced in the gut by PKS+ve E. coli, has been shown in
murine models to induce DNA strand breaks, promote tumour
formation, induce chromosomal aberrations, alter cell cycle
behaviour, and increase mutation frequency rates [36, 37].
Bacterioides fragilis, on the other hand, has been linked to early
neoplastic changes through the production of the metalloprotei-
nase enterotoxin BTF, which is thought to induce cleavage of E-
cadherin, a cell adhesion molecule, leading to an increase in
paracellular permeability and activation of β-catenin resulting in
increased cellular proliferation [38, 39]. Moreover, some bacteria,
such as Lachnospiraceae species, Bifidobacterium animalis and
Streptococcus thermophilus, are found to be depleted in CRC
patients [40, 41].
Fusobacterium nucleatum, a well-known peridontal commensal

and opportunistic pathogen, became relevant in the context of
cancer as a result of sequencing-based studies of human CRC
samples [42, 43], and mechanistic data from pre-clinical models
that demonstrated a multitude of roles. In vitro, F. nucleatum
promotes CRC cell proliferation, and in mouse models, promotes
tumour growth in patient-derived CRC xenografts, modulated by
the F. nucleatum adhesin, FadA, which binds to E-cadherin on the
CRC cell surface and activates oncogenic Wnt/β-catenin signalling,
thereby promoting cell proliferation [44, 45]. Fusobacterium
nucleatum can also inhibit immunosurveillance by suppressing
the cytotoxic functions of tumour-infiltrating lymphocytes and
natural killer (NK) cells by binding to the inhibitory immune
receptor TIGIT through another adhesin, Fap2 [46]. Fusobacterium
nucleatum may also play a role to facilitate resistance to
chemotherapy, with a large cohort study associating an abun-
dance of F. nucleatum with reduced overall survival (OS) [47].
Functional investigations later revealed the role of F. nucleatum in
promoting chemoresistance in CRC patients by activating
autophagy through Toll-like receptor 4 (TLR4) expressed on CRC
cells, rendering those tumours more resistant to oxaliplatin-
induced cell death, with consequent treatment failure [46].
An in-depth discussion of the GM and its complex relationship

with CRC pathogenesis and potential modulation is beyond the
scope of this article, but is elegantly reviewed by Fong et al. [29],
while a separate article by Brennan and Garrett undertakes a
critical reappraisal of Fusobacteria with a focus on F. nucleatum as
a mutualist, infectious agent and oncobacterium [46]. Whilst
mechanistic and supportive evidence from human and animal
studies are encouraging, a recent consensus statement published
by the International Cancer Microbiome Consortium in 2019
concluded that there is currently no direct evidence that the
human commensal microbiome is a key determinate in the
aetiopathogenesis of cancer, and data from high-quality long-
itudinal cohort studies are needed to confirm this role [48].

The GM and immune checkpoint inhibition
Therapeutic targeting of immune checkpoints, such as pro-
grammed death-ligand 1 (PD-L1), programmed cell death
protein-1 (PD-1) and cytotoxic T-lymphocyte-associated protein-4
(CTLA4) with an immune checkpoint inhibitor (ICI), has revolutio-
nised the treatment landscape of multiple malignancies, with
several landmark randomised control trials showing significant
survival benefits, resulting in changes to standard of care in
specific patient subtypes [49, 50]. However, the efficacy of ICIs
varies considerably between different cancer types. Several host
genetic and immune factors, in addition to tumour-related
biomarkers, have been elucidated to dictate response [51–54].
Nature deemed the influence of the GM on ICI in cancer to be
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amongst the five greatest discoveries of 2018 [55] following a
number of seminal publications that we will discuss.
In 2015, two studies suggested the potential involvement of the

GM in modulating the efficacy of anti-CTLA4- and anti-PD-1-based
therapies [56, 57]. Vétizou et al. demonstrated that the efficacy of
anti-CTLA4 antibodies in reducing sarcoma tumour growth in
mice is significantly increased when the GM is enriched with B.
fragilis and Burkholderia cepacia [56]. Furthermore, Sivan et al.
found the efficacy of anti-PD-L1 antibodies in melanoma is
improved in the presence of a GM enriched with Bifidobacterium
spp. in murine models [57]. In addition, they demonstrated that
the oral administration of Bifidobacterium spp., combined with
anti-PD-L1 antibodies, specifically boosts T cell responses with
augmented dendritic cell function, leading to enhanced CD8+ T

cell priming and accumulation in the tumour microenvironment,
inhibiting melanoma growth [57].
Multiple translational studies were published in 2018, which

further supported the role of the GM in modulating the response
to ICIs [58–60]. Routy et al. found that melanoma patients treated
with antibiotics, alongside anti-PD-1/anti-PD-L1 ICI, had a lower
survival rate, and metagenomic analyses of patients’ faecal GM
showed a compositional difference [58]. Anti-PD-1 responders
were enriched in two phyla, Akkermansia and Alistipes. Performing
faecal microbiota transplantation (FMT) from patients to germ-free
mice, the authors found that Akkermansia muciniphila increased
intra-tumoral cytotoxic T cell infiltrates, thus increasing PD-1
blockade response in mice [58]. In parallel, Gopalakrishnan et al.
demonstrated, through shotgun metagenomic sequencing of
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faecal samples from melanoma patients, that the anti-PD-1
responders’ GM was different in composition compared to non-
responders [59]. The authors observed an increase in the
abundance of Clostridiales and Ruminococcaceae amongst respon-
ders. Functional studies performed with FMT in germ-free mice
further demonstrated how inoculating mice with the identified
bacteria, along with the anti-PD-1 therapy, enhanced the anti-
cancer effects and inhibited melanoma growth [59]. Matson et al.
performed metagenomic characterisation of stool samples from
melanoma patients treated with ICI, further corroborating the
finding that the stools of responders have a different GM
compared to those of non-responders [60]. They identified and
proved in vivo the functional importance of Bifidobacterium
longum, Enterococcus faecium and Collinsella aerofaciens in
ameliorating anti-PD-L1 efficacy [60]. Gharaibeh and Jobin re-
analysed the sequencing data of the three aforementioned studies
[58–60] with the same pipeline and demonstrated that the
analytical pipeline did not drive heterogeneity in microbial signals
across these studies [61]. In their analysis, microbial gene content
had a greater predictive power and shared signal compared to
microbial composition, suggesting that microbial signals are
intrinsic to each study but may be functionally related. Additional
groups have performed similar studies, identifying further species
associated with a potential response to ICI [62]; a number of these
single small datasets were recently meta-analysed [63] to verify
the partially conflicting biomarkers of response to ICI across
different patient cohorts [59, 60, 62, 64–66]. They identified both
known microbial features enriched in ICI responders, including the
prevailing taxa Faecalibacterium, and additional features including
an over-representation of Barnesiella intestinihominis and vitamin B
metabolites. Crucially, they were able to predict ICI responders in
an independent cohort (n= 27), which was also predictive of
prognosis. It is clear that the role of the GM appears far more
complex than previously thought, extending beyond specific
species and functions present in responders and non-responders,
and suggests the existence of a unique, multi-mechanistic
interplay of biological factors, which may be reflected in the
faecal microbiome signatures, offering the potential for therapeu-
tic and diagnostic exploitation.
Treatment-related toxicity remains a major challenge with ICI,

frequently leading to delay and discontinuation of treatment [67].
Patients receiving combination anti-CTLA4 and anti-PD-1 blockade
are counselled that their risk of high-grade toxicity requiring
hospital admission exceeds 50%, based on relevant studies [50]. In
pre-clinical models, oral gavage of B. fragilis and B. cepacia
demonstrated an amelioration of such immune-related adverse
events (irAEs) [56]. In line with this observation, it has been shown
in patients treated with anti-CTLA4 antibodies that irAEs are
mediated by an increased abundance of Firmicutes and a
decreased abundance of Bacterioides [62, 68]. Altogether, this
suggests a strong association between the composition of the GM
in modulating the effects of both ICI response and irAEs.
However, many important questions remain—the most obvious

of these relating to mechanisms. ICI responses likely occur at least
in part because their microbiota gives patients a pre-existing
immune response that is amplified by ICI, and the microbiota may
potentially prime cells for an effective immune response. For
example, bacterial species B. animalis, Lachnospiraceae spp. and S.
thermophilus were found to be depleted in CRC patients, and are
thought to exert a protective effect against CRC carcinogenesis
[29, 41, 69]. However, it is uncertain whether a favourable
response can be tied to a single bacterium or even a specific
combination of species. Recently, Mager et al. discovered that
Bifidobacterium pseudolongum produced a metabolite called
inosine, which enhanced the effect of ICI in mouse models [70].
The effect of inosine was dependent on T cell expression of the
adenosine A2A receptor and required co-stimulation. Moreover,
Wang et al. have recently demonstrated in elegant pre-clinical

studies that inosine supplementation enhances the anti-tumour
efficacy of ICI and adoptive T cell transfer in solid tumours
defective in metabolising inosine, demonstrating the capability of
inosine to relieve tumour-imposed metabolic restrictions on T cells
[71]. Metabolites such as inosine represent the functional output
of the GM, and conceivably may be shown to be more exploitable
than bacterial taxa in the development of microbial-based
therapies.

The GM and stem cell transplantation
There is mounting evidence for the considerable effect of the
human intestinal microbiome on the clinical course following
haematopoietic stem cell transplantation (HSCT) [72–74]. Microbial
abundances in the intestinal ecosystem may be potential
biomarkers or therapeutic targets for preventing relapse and
improving survival rates after HSCT [75]. Recent work has
demonstrated the potential of the microbiota to be used as a
predictor of mortality in allogeneic HSCT [75]. In addition, studies
have shown that targeted modulation of the GM in HSCT patients
may have potential therapeutic implications [76]. Complications
such as graft-versus-host disease (GVHD) remain a major cause of
illness and death, limiting the broader applicability of allogeneic
haematopoietic cell transplantation; a number of pre-clinical
studies have shown that commensal bacteria influence the
pathophysiology of GVHD [10, 17–20]. Two different strategies
with targeted modulation of the GM, pre-emptive and therapeutic,
have been used for the prevention and treatment of imbalances
of microbial ecosystems in patients with HSCT, succinctly
summarised by Yu et al. [77] and many of these are currently
being investigated in clinical trials.

The GM and other anti-cancer therapies
In the majority of patients with advanced malignancies, cytotoxic
chemotherapy remains the mainstay of treatment. Investigations
into the relationship between the GM and chemotherapy remain
scarce, and the majority of available data is pre-clinical. However,
there is some emerging evidence to suggest a link between the
GM and chemotherapy efficacy, toxicity and failure. In either
germ-free tumour-bearing mice or mice that have had their GM
depleted with antibiotics, responses to oxaliplatin were found to
be inefficient compared to those in which the GM was left intact
[78]. Mechanistically, it has been hypothesised that commensal
microbiota act by regulating TLR agonists, which promote a rise in
reactive oxygen species (ROS) with subsequent tumour cell death
[78]. Consistently, lung-tumour-bearing mice treated with cisplatin
and GM-depleting antibiotics were shown to develop larger
tumours and have poorer survival. Yet, a combination of cisplatin
with probiotics such as Lactobacillus showed an improved
response to therapy. The induction of pro-apoptotic genes and
the enhancement of immunosurveillance may play a key role in
this finding [79]. When combined with oral administration of
Lactobacillus johnsonii and Enterococcus hirae, cyclophosphamide
therapy led to the conversion of naive T cells to pro-inflammatory
Th17, with the final effect of improving cyclophosphamide efficacy
in tumour-bearing mice [80].
Furthermore, the GM has been implicated in chemotherapy-

induced neurological toxicities, including the development of
peripheral neuropathy, cognitive impairment and psychological
sequelae [81, 82]. The development of chemotherapy-induced
neuropathic pain (CINP) is thought to be modulated by systemic
translocation of bacterial metabolites across a compromised
mucosal barrier to modulate the gut–immune axis, resulting in
altered central pain processing, and the potentiation of CINP.
Paclitaxel, in this instance, has been implicated by decreasing
the abundance of favourable A. muciniphila, resulting in the
impairment of mucosal barrier integrity and allowing for pathogno-
monic translocation of pro-inflammatory and neuromodulatory
metabolites [83].
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HOW DO MEDICATIONS AFFECT THE GM?
Antibiotics
A 2019 review on the use of antibiotics in immuno-oncology
described how 11 of 12 included studies demonstrated a negative
impact of antibiotics on clinical outcomes in patients receiving ICIs
for non-small cell lung cancer (NSCLC), renal cell carcinoma (RCC)
and melanoma [84]. Since then, a number of studies have been
performed with the aim of answering deeper questions of
mechanism. One such study by Derosa et al. prospectively
collected stool samples from 69 advanced RCC patients treated
with the ICI nivolumab. Recent antibiotic use reduced objective
response rates (from 28 to 9%, p < 0.03) and markedly affected the
composition of the microbiota via shotgun metagenomic sequen-
cing, facilitating the dominance of distinct species such as
Clostridium hathewayi, which were also over-represented in stools
from RCC patients compared with healthy volunteers [85].
Hakozaki et al. prospectively collected pre-ICI stool samples from
70 Japanese patients with advanced NSCLC and treated them with
anti-PD-1/PD-L1 ICI [86]. Using 16S RNA gene sequencing, bacterial
diversity and differential abundance analysis was performed.
Patients who received pre-ICI antibiotics had lower α-diversity at
baseline and under-representation of Ruminococcaceae UCG 13
and Agathobacter. When analysing antibiotic-free patients, α-
diversity correlated with OS. In addition, Ruminococcaceae UCG
13 and Agathobacter were enriched in patients with favourable
objective response rates and progression-free survival (PFS)
>6 months. While we know that GM reconstitution can take many
months, it remains unknown whether there is an ideal time-point
prior to treatment in which antibiotic exposure adversely affects
outcomes. In a pre-clinical study, a 10-fold decrease in the bacterial
load and reduced bacterial phylotype diversity was seen after
3 days of broad-spectrum antibiotics [87]. In humans, Corbeil and
colleagues demonstrated exposure to a second-generation cepha-
losporin over a period of 7 days led to a loss of metagenome-
defined species [88]. Another study of 370 patients examined the
impact of antibiotics within 4–8 weeks before ICI was commenced
and reported that the impact of antibiotics on the clinical efficacy
of ICI was less marked when antibiotics were not delivered within
30 days of initiation [89]. Furthermore, a recently published study
of 196 patients receiving ICI demonstrated that patients who
received antibiotics within 1 month of treatment initiation had
significantly worse OS compared to those who received antibiotics
whilst concurrently receiving ICI [90]. Indeed, prospective studies
to validate antibiotic-mediated gut perturbations as a mechanism
of ICI refractoriness, and to guide the development of strategies to
overcome this barrier to optimise ICI responses, are clearly
required.

Other medications
Many non-antibiotic medications can also have harmful effects on
commensal gut microbiota. Proton pump inhibitors (PPIs) have
been the most well studied and their long-term use has been
linked to an increased gastric cancer risk [91]. A number of groups
have demonstrated increased Streptococcaceae and Micrococca-
ceae abundance in PPI users [92, 93]. While it has been shown that
long-term PPI use is associated with an increased risk of gastric
cancer even after Heliobacter pylori eradication [94], high-quality
studies linking cancers, PPIs and specific microbiota are lacking. In
the context of ICI, a retrospective multivariate analysis of 140
patients with advanced melanoma demonstrated that baseline PPI
use almost halved objective response rates and reduced PFS and
OS of patients treated with combination ipilimumab and
nivolumab [95].
Corticosteroid use in the context of ICI is of particular relevance,

as corticosteroids are frequently used to manage irAEs. However,
corticosteroid use has been shown to be an independent risk
factor for survival in the setting of ICI. Among a cohort of 640
NSCLC patients treated with ICI, those who had continuously

received corticosteroids of ≥10mg of prednisone-equivalent daily
had a reduced PFS and OS, as confirmed by both univariate and
multivariate analysis [96]. Beyond anti-inflammatory and immu-
nosuppressive effects, corticosteroids may cause substantial shifts
in the GM ecology. For instance, dexamethasone causes an
increase in the abundance of Clostridiales and Lactobacillaceae in
murine models; however, such data are lacking in humans at
present [97].

CAN WE MODULATE THE GM?
The therapeutic potential to improve patient outcomes by
manipulating the GM is an exciting one. However, despite
decades of research, the composition of an “ideal” GM remains
unknown. While favourable and unfavourable bacteria have been
identified, the complexity of the GM, coupled with our limited
understanding of the vast number of complex interactions, may
prove that the simple identification of microbes represents only
the tip of the iceberg. There is unlikely to be a one-size-fits-all GM,
and the ideal GM of any particular individual may be dependent
on a number of modifiable and non-modifiable factors (Fig. 1).
Globally, many interventional studies are currently underway
focusing on ICI in various cancers as well as other human diseases.
Crucial to this is an integrated understanding of how existing
oncological treatments impact microbiome-based interventions.
This is illustrated in Fig. 3, which summarises the complex
relationship between GM-based treatment interventions and the
ongoing need for scientific innovation through proof-of-concept
studies, molecular and biological research and omics analyses—
with the aim of accelerating and optimising novel and existing
therapeutic strategies to shape the ideal, therapeutic GM, which in
turn can be validated in high-quality clinical trials.

Faecal microbiota transplantation
FMT is the process by which the liquidised stool (or its
cryopreserved microbial contents) of a healthy donor is intro-
duced into the colon of another individual through acid-resistant
capsules, a nasogastric tube or rectally. Theoretically, faecal
samples could be prepared from either anti-PD-1 responders
showing a favourable GM or simply a relatively young and healthy
person with a diverse GM, and then transplanted into anti-PD-1
resistant patients [98]. In Clostridioides difficile infection (CDI), FMT
has been used successfully to manage treatment-resistant CDI
colitis [99]. Moreover, FMT has been used in the management of
GVHD following allogeneic stem cell transplantation [100]. Pre-
clinical murine studies have demonstrated the efficacy of FMT in
reducing colorectal tumorigenesis; however, further research is
required to determine whether this can be replicated in humans
[101]. Recently, a Phase 1 clinical trial assessed the safety and
feasibility of FMT and reinduction of anti-PD-1 ICI in 10 patients
with anti-PD-1-refractory melanoma [102]. Three patients
responded (two partial responses and one complete response).
Of note, FMT was associated with favourable changes in immune
cell infiltrates and gene expression profiles in both the gut lamina
propria and the tumour microenvironment. In addition, a small
number of case reports of FMT successfully treating ICI-associated
colitis have been published [103, 104], representing an area of
potential research interest.

Probiotics, synbiotics and bacterial consortia
It is possible that beneficial immune-potentiating bacteria could
be prepared as therapeutic adjuncts or even independent anti-
cancer agents for administration to patients. Probiotics are live
bacteria that are thought to provide health benefits and aid in GM
homeostasis, while synbiotics are a combination of prebiotics and
probiotics in a single formulation. Bacterial consortia are formed
from the combination of two or more microbial groups to create a
defined mixture with the aim of harnessing specific functions of

K.A. Lee et al.

1202

British Journal of Cancer (2021) 125:1197 – 1209



individual microbiota, or synergistic effects of multiple micro-
biotas, to be administered as an intervention with therapeutic
potential. Historically, some difficulties have been shown to exist
in the transportation of live bacteria beyond the acidic environ-
ment of the upper GI tract, but efforts are underway to combat
this. Table 1 shows a number of clinical trials underway to treat
patients with various solid tumours using therapeutic microbiome
material (sometimes referred to as “next-generation probiotics”
(NGPs), a concept that overlaps with the emerging concept of live
biotherapeutic products (LBPs)) in combination with conventional
ICI. These are all early phase trials, designed to generate early data
on product formulations, doses and safety. It is worth noting that
while NGPs may conform to the normal definition of a probiotic,
they are more likely to be delivered within the US Food and Drug
Administration (FDA) definition of an LBP. As such, the likely route
to market for these LBPs/NGPs follows a path marked by studies of
the pre-clinical mode of action, safety pharmacokinetics and
pharmacodynamics and Phase 1–3 trials, accompanied by the
standard regulatory approval hurdles. The increasingly compli-
cated domain of LBPs, the regulatory frameworks they face and
how scientists must manage this are discussed by O’Toole et al.
[105].
Many patients currently take commercially -available, “conven-

tional” probiotics, which are generally drawn from a narrow range
of genera, which mainly include Lactobacillus spp. and Bifidobac-
terium spp. However, the clinical evidence surrounding these
conventional probiotics does not appear to confer any significant
health benefits, especially amongst healthy individuals [106]. In
fact, recent studies have expressed concerns that probiotic use
after antibiotic administration could delay the restoration of the
GM [107]. In the context of cancer, a number of human studies
have suggested non-specific probiotic intake for patients receiving
ICI may actually be detrimental; one small study of 46 melanoma
patients presented at the American Association for Cancer
Research annual conference in 2019 showed that the consump-
tion of conventional probiotic supplements (purchased from

pharmacies or online) was associated with a 70% reduced
response rate to ICI [108], although this evidence has not yet
been published and, therefore, should be interpreted with
caution. Another study of 312 melanoma patients receiving ICI
reported 42% of patients were taking probiotics and this group
was found to have lower GM diversity, which was associated with
inferior responses and reduced survival [109]. In addition,
although such agents are generally regarded as safe, there are
emerging concerns around the administration of live bacteria to
immunocompromised individuals, with the potential risk of
opportunistic infections, as well as the transfer of antibiotic
resistance [110]. Despite this, probiotic administration in multiple
trials has shown beneficial effects in ameliorating chemotherapy-
induced diarrhoea and other gut-related side effects, which in part
is thought to be due to the establishment of a healthy and
resilient GM [111]. Furthermore, major international bodies in
oncology including the MASCC/ISOO (Multinational Association of
Supportive Care in Cancer and International Society of Oral
Oncology) and ESMO (European Society of Medical Oncology)
now formally recommend probiotic administration with Lactoba-
cillus spp. to prevent diarrhoea in patients receiving chemother-
apy and/or radiation therapy for pelvic malignancies [112].
Synbiotics and bacterial consortia represent emerging areas of

probiotic and microbiome-based treatments. In a pre-clinical
rodent model, a synbiotic cocktail upregulated gene associated
with tight-junction formation and mucous production and
inhibited the development of CRC [113]. Furthermore, a synbiotic
preparation containing Lactobacillus casei has been shown to
enhance NK cell activity in rodent models [114]. A randomised
control trial, which compared synbiotic administration to placebo
in polypectomised or CRC patients, demonstrated an improve-
ment in several CRC biomarkers, such as DNA damage and cellular
proliferation, in the synbiotic group including interleukin-2 and
interferon-γ (t3) [115].
Due to synergy and interactions such as horizontal gene

transfer, cross-feeding and inter-signalling, bacterial consortia may

Therapeutic strategies to modulate the gut microbiome

Probiotics Prebiotics Faecal microbiota
transplantation

Bacterial
consortia

Plants

Ideally 30 or more
different species

per week

Pre-clinical studies, Phase 1, Phase 2 & Phase 3 trials

Chemotherapy, radiotherapy, immunotherapy, biological therapy,
surgery, oncolytic viruses & treatment adjuncts including antibiotics

Polyphenols Dietary fibre Fermented foods

Synbiotics

Metagenomics Culturomics Metaproteomics

Clinical trial design & implementation

Investigation of
biological & molecular

mechanisms

Impact on gut
microbiome composition

Optimisation Novel therapeutic
strategies

Existing oncological treatment modalities

Metabolomics Metatranscriptomics

Microbiota selection Dietary interventions

Ideal gut microbiota composition to achieve therapeutic effect

Targeted therapeutic outcome(s)

Fig. 3 Summary of the current therapeutic strategies to modulate the gut microbiome in relation to translational research. Created with
BioRender.com.
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provide a physiological advantage when compared to single
organisms [116]. For example, VE800 is a collection of 11
commensal gut bacterial strains shown in pre-clinical models to
be capable of robustly inducing interferon-γ-producing CD8+

T cells in the intestine [117]. An open-label clinical study
(NCT04208958) is currently exploring the safety, tolerability and
clinical activity of VE800 in combination with nivolumab in
patients with advanced malignancies (Table 1).

Dietary change
Dietary interventions have the advantage of being safe, cost-
efficient, and readily accessible. A change in diet can alter the
composition of the GM, with evidence showing significant
microbial shifts within 5 days of commencing dietary interventions
[118]. While easily modified, complexities around compliance,
administration schedules and uncertainty around sustained
benefits in any GM changes exist. Everything that we ingest has
the potential to alter the composition of our microbiome, but we
will focus on dietary fibres, prebiotics and probiotics, polyphenols,
fermented foods, animal meat and sweeteners and preservatives.

Dietary fibres and prebiotics. Dietary fibres are edible carbohy-
drate polymers with ≥3 monomeric units resistant to endogenous
digestive enzymes. Prebiotics are food components (mostly
dietary fibres) or ingredients that are not digestible by the human
body, but specifically or selectively nourish beneficial colonic
microbes. Dietary fibre is not hydrolysed by human digestive
enzymes, but acted upon by gut microbes resulting in metabolites
such as SCFAs. Average dietary fibre consumption amongst
healthy individuals in the United Kingdom is less than half of
the recommended 30 g/day [119]. Such low fibre intakes reduce
the production of SCFAs and shifts the GM metabolism to utilise
less favourable nutrients [120], which may result in the production
of potentially detrimental metabolites. The American Gut Project
has demonstrated that people who consume ≥30 different plant
species (many of which have prebiotic properties) weekly have the
healthiest and most diverse microbiomes [121], regardless of
whether they also ate dairy, fish or red meat. An unpublished
study examined the effect of diet and amongst 46 patients
receiving anti-PD-1 ICI for melanoma and demonstrated that
patients reporting high-fibre diets were approximately 5 times
more likely to respond to therapy when compared to those with
low-fibre diets [108]. However, as with all unpublished data, such
results should be approached with caution and should not be
overinterpreted, at least until published—at which point methods
and potential biases can be closely examined and critiqued.

Polyphenols. Polyphenols are compounds containing more than
one phenolic hydroxyl group and make up the biggest group of
phytochemicals. They are found abundantly in a wide variety of
foods, such as colourful fruits, vegetables, herbs, seeds, cereals,
coffee, tea, cocoa and wine [122]. Phenolic compounds and their
metabolites are thought to contribute to beneficial gastrointest-
inal health effects by modulating gut microbial balance with the
simultaneous inhibition of pathogens. Consumption of cocoa-
derived polyphenols has been linked with significant increases in
plasma high-density lipoprotein and significant reductions in
plasma triglyceride and C-reactive protein concentrations [123].
Reductions in pathogenic Clostridium spp. have been noted after
consumption of fruit, seed, wine and tea polyphenols [123].

Fermented foods. Fermented products (e.g., kefir, many yoghurt
products, sauerkraut, sourdough breads, kimchi, kombucha) are
made by microbial organisms and enzymatic conversions of major
and minor food components and have garnered some optimism
due to their potential to prevent and manage a range of disease,
including cancer [124]. A meta-analysis of 61 studies with >1.9
million participants demonstrated statistical evidence supportingTa
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an association with fermented dairy food intake and an overall
decrease in cancer risk [124]. Associations varied, with yoghurt
consumption associated with decreased bladder cancer and CRC
risk, but an increase in prostate and renal cancer risk. Other meta-
analyses have shown protective effects of yoghurt consumption
on breast cancer [125].

Sweeteners and preservatives. High-intensity sweeteners are
commonly used as low-calorie sugar alternatives. Despite being
“generally recognised as safe” by regulatory agencies including
the FDA, animal studies have shown that these substitutes may
have negative effects on the gut microbiota [126]. Suez et al.
demonstrated non-caloric artificial sweeteners (NAS) to alter
microbial metabolic pathways linked to host susceptibility to
metabolic disease and showed similar NAS-induced microbiome
perturbations and glucose intolerance in healthy human subjects
[107]. Sucralose, aspartame and saccharin have been shown to
disrupt microbiome balance and diversity in both humans and
animal models [127]. Food additives, such as emulsifiers, which are
ubiquitous in processed foods, have also been shown to affect the
gut microbiota in animal models [128]. Mice fed relatively low
concentrations of two commonly used emulsifiers showed
reduced microbial diversity compared with controls. Bacteroidales
and Verrucomicrobia were decreased and inflammation-promoting
Proteobacteria was enriched [128].

Animal meat. The current literature supports a 15–20% increased
risk of CRC with each 100 g of red meat or 50 g of processed meat
consumed daily [129]. While plant protein has been observed to
increase levels of intestinal SCFA levels associated with a
favourable GM, counts of unfavourable bile-tolerant anaerobes
such as Bacteroides, Alistipes and Bilophila have been noted to
increase with animal meat consumption [118]. One study found
that subjects with a high animal meat diet have reduced Roseburia
and Agathobacter rectalis (formerly known as Eubacterium rectale)
in their gut microbiota and a decreased proportion of butyrate in
their faeces [130]. Overall, the current opinion suggests that meat-
eaters in Western populations should reduce their processed meat
consumption [131].

WHAT DOES THIS MEAN FOR OUR CURRENT PATIENTS?
Oncologists should remain mindful of the GM of their patients, and
the potential effects of antibiotics and other medications on cancer
therapy, particularly those on ICI where the majority of treatment-
related data exists. Dietary change is the easiest, most non-invasive
means by which the GM can be modified. Yet, nutritional
interventions have been under-utilised especially in cancer
patients who do not present with malnutrition. In considering
the available evidence, it may be useful to advise patients on
healthy dietary interventions, which may translate to potential
benefits and clinical outcomes. We have previously published
these recommendations [132], and summarise them in Table 2.
Given the complexities intrinsic to microbiome research,

mechanisms of effect and proof of direct causation remain
elusive; significantly larger sample sizes, more consistent means of
sample collection and processing, and more time are required.
Therefore, it is important to remain cautious on this topic when
advising patients, particularly when making decisions regarding
their treatment. It is now clear, however, that the era of
oncological care where patients’ diets were largely focussed
solely on caloric intake rather than dietary composition has long
since passed. Acknowledging the current limitations of available
data, we feel that it is fair to state that the composition of the GM
likely matters far more within oncology than has been demon-
strated to date, and while hard and specific advice cannot be
given with confidence given a lack of high-quality evidence, the
general advice is certainly possible. It is very likely that there is no
one-size-fits-all solution; what is required to achieve and maintain
a balanced microbial ecosystem likely differs between patients,
disease states and potentially between malignancies. However,
the available evidence clearly shows that diversity of diet,
particularly with respect to plants (fruits, vegetables, nuts, seeds
and grains), consumption of “whole foods” and avoidance of both
processed items and excessive red meat consumption, are all key
components of a “GM friendly” diet—and we should advocate
such a diet for those of our patients who can manage it. For those
with advanced cancers, who are cachectic, or have difficulty
tolerating an oral diet, the situation is more complex, and studies
are needed in this space.

Table 2. Dietary and general recommendations for patients and physicians prior to commencement of ICI [133].

Dietary

• Patients to diversify their diets as much as possible, by aiming to consume a greater variety of food types and colours

• Patients should aim to meet their recommended daily fibre intake of 30 g/day

• Patients should aim to consume at least 30 plant species per week (includes nuts, seeds, herbs, grains, fruit and vegetables)

• Consumption of artificial flavours, sweeteners and additives should be minimised, as well as ultra-processed foods with multiple additives

• Where possible, patients should aim to eliminate processed meats and replace protein sources with nuts, mushrooms and legumes

• Where animal meats are consumed, patients should reduce excess meat-eating and purchase the highest quality meats they can afford

• Patients should be advised that data on extreme diets is lacking and sudden and significant changes in eating patterns could potentially be
dangerous

• Patients should be advised against consumption of store-bought commercial probiotic supplements and where possible, regularly consume
fermented foods containing live microbes, where appropriate

General

• Patients with cancer should have access to nutritional support through a qualified dietician or nutritionist, and side effects of dietary changes
should be monitored

• Patients and their general practitioners should be advised that broad-spectrum antibiotic usage in the 3 months prior to, but particularly during
the month before ICI initiation, should be avoided unless absolutely necessary clinically

• If antibiotics are deemed necessary, microbiology consultation and efforts to narrow the spectrum of antimicrobial cover should be considered

• Pending more complete data, future consideration may be given to temporary delay of initiation of non-urgent ICI (e.g. very low volume
metastatic disease) if a patient has had broad-spectrum antibiotics within 1 month of planned treatment initiation to allow for reconstitution
of the GM

• PPI treatment should be stopped in patients with cancer where there is no obvious indication for it. Where patients do have a requirement for
gastric protection, consideration should be given to a switch to a histamine H2-receptor antagonist, as they have not been shown to induce the
same dysbiosis as with PPIs
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While we can be quite certain that antibiotics have a
detrimental effect on the GM and may affect a particular patients’
chance at a response to ICI or other anti-cancer therapies, we must
not overinterpret the data. We should always consider the clinical
scenario in its entirety. Clearly, infections in unwell, neutropenic or
frail cancer patients should be swiftly treated with appropriate
antibiotics, and delays should not occur due to what are still
somewhat theoretical risks of harm due to microbial imbalances.
However, emerging and existing evidence should give pause for
thought when the need for antimicrobials is in question. Prior to
ICI initiation, in particular, antibiotics should be given only when
there is a genuine indication—not, for example, for vague sore
throats, minor skin ailments or other “soft” indications for which, in
practice, they are often prescribed. These discussions are nuanced
and require clinical acumen above all else; we greatly hope that
the next few years of microbiome research in oncology provides
the evidence to formulate specific and detailed guidelines and
protocols.

FUTURE DIRECTIONS AND CHALLENGES FOR MICROBIOME
RESEARCH IN ONCOLOGY
The GM may provide opportunities to improve patient care at
various stages of the cancer journey from screening to diagnosis
and risk stratification before and during treatment. The incon-
gruence of beneficial microbiome signatures across studies, along
with an emerging understanding of the mechanisms underlying
the interactions between the microbiome, metabolome and host
immune system, highlight a critical need for additional compre-
hensive and standardised multi-omics studies. Numerous ICI
studies have led to interventional trials aiming to modulate the
GM and improve responses in ICI patient groups, but further
research is required across other tumour subtypes, including
those with fewer current links to the GM. It is clear that large
prospective clinical trials incorporating nutritional assessments
are needed.
Given the highly personalised responses seen between

individuals with respect to diet [133], and the close association
between diet and the GM, a personalised approach, based on
specific patients’ GM composition, may be required. The holy grail
of onco-microbial science has been determining predictive
microbial biosignatures for various disease states with high levels
of accuracy. Indeed, analysis of the GM in the context of human
disease has predominantly been focused on the individual
microbial composition rather than the functional output, particu-
larly in the context of cancer. Identification of key metabolic
markers and pathways may represent the functional output of the
GM, and we predict that metabolomics will likely play a greater
role in microbiome science over the coming years.
Altering the composition of the intestinal microbiota may

predispose individuals to other health problems. In particular,
there is mounting evidence of an interaction between the
intestinal microbiota, the gut and the central nervous system
and FMT is currently being trialled as a novel therapy targeting a
range of psychiatric diagnoses including depression and anxiety,
as reviewed by Meyyappan et al. [134]. Clearly, if FMT from a
healthy individual to an individual with a psychiatric illness can
provide therapeutic benefit, the converse may also be true, with a
potential risk of inadvertently predisposing, or, at worst, cause, an
FMT recipient to develop a psychiatric sequelae. In addition, many
infections of immunocompromised/neutropenic patients originate
from the gastrointestinal tract. The pathogenesis of these
infections is often poorly understood, but likely initiates with
their alteration or disruption through antibiotic use and the
impairment of host immunity. It remains clear that more research
is required into the role of GM modulation in the context of
immunosuppression.

CONCLUSION
Overall, the last decade has demonstrated the importance of the
GM on cancer pathogenesis, progression, sustenance and treat-
ment outcomes. However, microbiomes are complex ecosystems
with spatiotemporal dynamics arising from interactions between
microbes and host cells. Each cancer itself is an evolving
ecosystem in which interactions occur with neighbouring cancer
cells, stromal cells and the tumour microenvironment. As such,
determining predictive microbial biosignatures, which may be of
clinical benefit through GM sampling, metagenomic sequencing
and bioinformatics, has a major role to play in the future of gut
microbial research. Whilst major international studies are currently
underway to elucidate the impact of GM on cancer therapy, it is
clear that onco-microbial science is just beginning.
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