European Review for Medical and Pharmacological Sciences 2021; 25: 5104-5112

Advances in research on the relationship
between the gut microbiome and cancer

P. SONG', Q.-B. WANG?, B. LIANG', S.-J. JIANG'

'Department of Respiratory Medicine, Shandong Provincial Hospital Affiliated to Shandong First

Medical University, Jinan, China

2Department of Respiratory Medicine, Jinan Shizhong District People’s Hospital, Jinan, China

Abstract. — OBJECTIVE: The objective of this
review is to provide currently available informa-
tion on the relationship between the gut micro-
biome and cancer.

MATERIALS AND METHODS: In this mini-re-
view, we explored the PubMed, EMBASE, and
Google Scholar electronic databases, with re-
gards to the searching terms “gut microbiome,
cancer, intestinal flora, immunotherapy, immune
checkpoint inhibitor”. By reviewing and analyz-
ing the literature, we analyzed how the bacterial
microbiome influences the immune system and
cancer, as well as how changes in symbiotic flo-
ra may be applied to improve the efficacy of can-
cer immunotherapy.

RESULTS: The microbiota is related to the de-
velopment of tumors and may promote cancer-
ation. In recent years, a number of studies have
confirmed the influence of intestinal flora on im-
mune checkpoint inhibitors in cancer patients,
and studies have also shown the link between
the intestinal microbiome and treatment-related
immune toxicity. Antibiotics, proton pump inhib-
itors, and hormones affect the composition of
the gut microbiota.

CONCLUSIONS: Intestinal flora is closely re-
lated to cancer. Intestinal flora has a certain im-
pact on cancer occurrence, cancer treatment,
cancer immunotherapy efficacy, and side ef-
fects.
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Introduction

The mammalian microbiome represents all
microorganisms associated with the host. This
complex and diverse ecosystem is located at the
entrance of all epithelial barriers. It includes
bacteria, archaea, virosomes (bacteriophages

and eukaryotic viruses), fungi, and fauna (sin-
gle-celled protozoa and worms)', which are ob-
tained through vertical transmission after birth,
and it is affected by environmental exposures
over the course of the host’s lifetime. These
microorganisms have coevolved with humans to
have a variety of functions that benefit human
health, including obtaining unavailable nutrients
from certain food items, maintaining the integ-
rity of mucosal barriers, and contributing to the
development and stability of the immune sys-
tem. In the past decade, with the development of
high-throughput sequencing methods, our un-
derstanding of the microbiome has increased?-.
The human gut microbiome contains 1-3x10"
bacteria, most of which are beneficial*. From
birth onwards, the intestinal flora plays a vital
role in innate and acquired immune responses,
and it regulates the delicate balance between
inflammation, infection, and tolerance to food
and food antigens™®. In addition to its effects
on intestinal and local immune physiology, the
intestinal microbiome has a systemic role in the
organism®. The microbiome is closely related to
human health and disease. Destruction of the gut
microbiome (dysbacteriosis) is related to many
human diseases, including digestive, nervous,
and endocrine system diseases®. Furthermore,
specific bacterial and viral infections are related
to carcinogenesis’'?, as well as to the efficacy
and toxicity of cancer treatment. In recent years,
monoclonal antibodies that block the binding of
the inhibitory receptor PD-1 to its main ligand
PD-L1 have been approved by the U.S. Food and
Drug Administration (FDA) for the treatment of
more than 10 tumor types. However, primary
drug resistance has been observed in 60-70%
of cases'*!*. This resistance may be attributed
to the low mutational load and poor inherent
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antigenicity of tumor cells'®!, loss of potential
immunogens due to chemotherapy and radio-
therapy'®, defective antigen presentation during
the initiation of immune response'’, local immu-
nosuppression of extracellular metabolites, and
failure of tumor-infiltrating lymphocytes®. The
composition of the gut microbiome has profound
effects on the immune system and cancer. This
review discusses how the bacterial microbiome
influences the immune system and cancer, as
well as how changes in symbiotic flora may be
applied to improve the efficacy of cancer immu-
notherapy.

The Role of the Gut Microbiota in
Cancer Development

The microbiota has long been known to be
related to tumor development. Bacterial and viral
infections can affect multiple cellular processes,
such as metabolism and immune function, and
they may also promote cancer. Some bacteria
may contribute to the development of malignant
tumors of the gastrointestinal system, includ-
ing gastric cancer (Helicobacter pylori)’ and col-
orectal cancer (Fusobacterium nucleatum)®. H.
pylori has been shown to affect gastric cancer
progression through cytotoxins. These toxins can
disrupt autophagy and apoptosis pathways and
regulate key carcinogenic signaling pathways.
In addition to the direct impact of specific mi-
crobiota on local tissues, the extensive symbiot-
ic intestinal bacterial community may regulate
cancer progression through competitive rejection
and other mechanisms. Bacteria involved in the
biosynthesis and metabolism of short-chain fatty
acids actively participate in maintaining a stable
and healthy intestinal community. Research has
shown that colorectal cancer patients have low
levels of beneficial bacteria that produce short-
chain fatty acids. Results from mouse model
experiments have shown that dietary fiber pre-
vents colorectal tumors in a microorganism- and
butyrate-dependent manner?'2.

Bacteria are likely to be found in the tumors
of patients with pancreatic cancer, and these bac-
teria are associated with treatment resistance’.
Some bacteria can enzymatically break down
chemotherapeutic agents into inactive metabo-
lites, thereby leading to treatment resistance®.
In preclinical models, bacteria have also been
shown to induce myeloid suppressor cells in the
tumor microenvironment and weaken the effi-
cacy of immune checkpoint inhibitors**#. In a
colon cancer mouse model, bacteria were found

to metabolize gemcitabine into its inactive form,
2°2’-difluorodeoxyuridine?*?’. This result relies
on bacteria having a long-chain form of cytosine
deaminase, and any bacteria belonging to the
class Gammaproteobacteria have this enzyme.
Gammaproteobacteria is the most diverse class
of bacteria; it includes the Enterobacteriaceae,
Vibrionaceae, and Pseudomonadaceae families.
Escherichia coli, Salmonella species, Pseudo-
monas aeruginosa, Vibrio cholerae, etc., belong
to this class. Because gemcitabine is also a
chemotherapeutic agent for lung cancer, gastric
cancer, and other tumors, the authors of the
aforementioned study suggested that these tu-
mors should be tested to see whether there are
bacteria inside and, if so, whether the bacteria
are involved in inactivating chemotherapeutic
drugs. The clinical use of corresponding an-
tibiotics may improve chemotherapy efficacy.
Regarding the source of bacteria in pancreatic
tumors, researchers believe that bacteria in the
intestine enter the pancreas through the pancre-
atic duct, and that immune cells in the tumor
microenvironment are in a suppressed state®®.
Therefore, once bacteria enter the tumor, it be-
comes a safe hiding place for them.

The Influence of the Intestinal
Microfilora on the Efficacy of Immune
Checkpoint Inhibitors

Three articles in 2018 confirmed that the
intestinal flora affects the efficacy of immune
checkpoint inhibitors in cancer patients. Routy
et al® studied patients with advanced lung can-
cer, kidney cancer, and urothelial cancer who
received anti-PD-1 treatment in Europe and the
United States, and they found that patients who
received antibiotic treatment before or shortly
after anti-PD-1 treatment relapsed earlier. In
their study, the patients who received antibi-
otics had a 50% lower overall survival rate
than patients who did not. Also, in that study,
the intestinal flora compositions of 100 lung
cancer and kidney cancer patients were ana-
lyzed by metagenomic sequencing; there were
significantly greater Akkermansia muciniphila
expression levels in the stool samples of lung
cancer patients who responded to anti-PD-1
therapy than in the samples of those who did
not respond. Further, the frequencies of Staph-
vlococcus haemolyticus and Corynebacterium
cerumenum were higher in the therapy non-re-
sponder (NR) patients than in the therapy re-
sponder (R) patients, while the frequency of
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Enterococcus hirae bacteria was greater in the
R patients than in the NR patients. These studies
confirmed that memory Thl and Tcl responses
to E. hirae and Aspergillus mucilus were asso-
ciated with good clinical outcomes. In addition,
transferring the fecal flora of R patients to sterile
or antibiotic-treated mice replicated the donors’
ability to respond to immune checkpoint block-
ade. After administering A. mucilus alone or in
combination with E. coli, mice recolonized with
the fecal flora of NR patients developed respon-
siveness to immune checkpoint blockade®.

In association with the MD Anderson Cancer
Center, Gopalakrishnan et al®' used 16S rRNA
gene sequencing to explore the roles of the oral
and gut microbiomes in melanoma patients treat-
ed with PD-1. The oral microbiome showed no
difference between R and NR patients. However,
the stool sample analysis results of 43 patients
showed that the alpha diversity in R patients was
significantly higher than that in NR patients. NR
patients were rich in Clostridium species, while R
patients were rich in Ruminococcaceae and Fae-
calibacterium species. Shotgun metagenomics
results confirmed the enrichment of Feacalibac-
terium species in R patients (25 samples from the
same cohort). Patients with higher Faecalibacte-
rium abundance showed longer progression-free
survival (PFS), while the relative abundance of
Bacteroides species was associated with an in-
creased risk of recurrence. Patients with good in-
testinal flora compositions at baseline had greater
cytotoxic CD8+ T cell infiltration in the tumor
bed. After R patient fecal microbiota was trans-
ferred to sterile mice, transplanted syngeneic
melanoma grew slowly and was infiltrated by a
large number of CD8+ T cells.

Matson et al** studied pretreatment fecal sam-
ples from 38 patients with metastatic melanoma
treated with anti-PD-1. The analysis was based on
16S rRNA sequencing data, shotgun metagenom-
ics results, and quantitative polymerase chain
reaction results. The researchers identified a va-
riety of bacteria that responded well to immu-
notherapy (based on RECIST 1.1). In particular,
Bifidobacterium longum (validating the group’s
previous murine data*), Enterobacter aerogenes,
and Enterococcus faecalis were associated with
a better prognosis. The transfer of patients’ fecal
microbiota to germ-free mice showed that despite
the heterogeneity of human bacterial symbiont
colonization, tumor control and anti-PD-L1 re-
sponses were still observed in the mice that re-
ceived R patient fecal microbiota.
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Jin et al** performed shotgun metagenomic
sequencing on 25 Chinese patients. Unclassified
Ruminococcus species were enriched in NR pa-
tients, while Alistipes putredinis, Prevotella spe-
cies, Bifidobacterium vulgaris, Lachnobacterium
species, Lachnospiraceae species, and Shigella
species were enriched in R patients, and results
of dynamic analysis of the intestinal flora showed
stable microbial composition. Song et al** divid-
ed patients into two groups: PFS>6 months (35
patients) and PFS<6 months (28 patients). Com-
pared with patients in the PFS<6 months group,
patients in the PFS>6 months group had greater
gut microbiome f diversity at baseline, and there
was a significant statistical difference. There
were also differences in composition between the
two groups. Parabacteroides and Methanobrevi-
bacter species were richer in the PFS>6 months
group than in the PFS<6 months group. Bacterial
metabolites suggested that potential methane pro-
duction in the PFS<6 months group was higher
than that in the PFS>6 months group (p<0.05)
(Table I).

In summary, these studies confirm that the
intestinal flora can regulate responses to PD-1/
PD-L1 inhibitors. A healthy, highly diverse mi-
crobiota and the presence of certain bacterial
species are conducive to establishing an anti-tu-
mor immune response at baseline, and anti-PD-1
treatment can enhance this immune response.
Changing the balance of the microbiota through
antibiotic treatment at the beginning of immune
checkpoint inhibitor therapy will reduce its effi-
cacy. These studies identified different bacterial
signals (Akkermansia, Faecalibacterium, Bifido-
bacterium, Parabacteroides, and Methanobrevi-
bacter) related to PD-1 inhibitor responses. These
differences may be related to many confounding
factors, such as sampling methods, sample stor-
age methods, DNA extraction techniques, geog-
raphy, sequencing technologies, and analytical
techniques. Alternatively, these microbial signals
may be inherent to each cohort and also func-
tionally related, suggesting that function rather
than specific species better defines therapeutic
efficacy. Finding microbial signals that can be
used to predict therapeutic responses requires
more in-depth functional studies, as analyzing
microbial components alone is unlikely to reveal
enough information about complex microbial sig-
nals. A deeper understanding of these microbial
functions requires RNA sequencing to analyze
microorganisms’ gene expression levels or me-
tabolomics to identify potential pathways related
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Table I. Summary of studies on the influence of intestinal flora on the efficacy of immunotherapy.

Types of
Study Tumor immunotherapy Dominant flora for
population type drugs immunotherapy Possible mechanism
American/ Lung cancer/ PD-1 inhibitor Akkermansia mucini, E. hirae Increase the number of
European® kidney cancer/ CD4+ central memory T cells
urothelial and promote DCs to secrete
cancer more [L-12
American® Melanoma PPD-1 inhibitor RuminococcaceaelFaecali bacterium More effector CD4+ T cells
and CD8&+ T cells
American® Melanoma PD-1 inhibitor Bifidobacterium longum, Aerobacter Lead to a decrease in Tregs
and Enterococcus faecalis derived from the periphery
Chinese* Non-small PD-1 inhibitor Alistipes putredinis, Prevotella, Regulate memory T cell
cell lung cancer Bifidobacterium vulgaris, response and NK cell function
Lachnobacterium, Lachnospiraceae,
Shigella
Chinese® Non-small PD-1 inhibitor Parabacteroides, Methanobrevibacter ~ Not given
cell lung cancer

to therapeutic efficacy. Therefore, the search for
microbial signals that determine cancer treatment
response is an ongoing work. The next few years
are expected to provide exciting new paradigms
in cancer research.

The Gut Microbiome and Adverse
Reactions Related to Immune
Checkpoint Inhibitors

Other preliminary studies have shown a link
between the gut microbiome and immunother-
apy-related toxicity. These studies have mainly
focused on colitis, which is a common, al-
beit low-frequency, adverse event associated
with the use of anti-CTLA-4. In these studies,
baseline differences in the gut microbiota were
related to the development of colitis in mul-
tiple anti-CTLA-4 cohorts. Like the efficacy
responses, the specific bacteria found in each
cohort were different. Faith et al*® conducted a
prospective study on patients with metastatic
melanoma treated with CTLA-4 inhibitors, and
they correlated fecal microbiota composition
before inflammation with colitis occurrence and
development. Patients without colitis were found
to be enriched in Bacteroides species, which is
consistent with the immunomodulatory effect of
these symbiotic bacteria. Bacteroidetes is one
of the main phylum of the human colonic flora,
which restricts inflammation through T cell
differentiation. Functional analysis results have
revealed that riboflavin and pantothenic acid can
be used to accurately assess the risk of colitis
after CTLA-4 blockade based on the presence

of the bacterial polyamine transport system and
microbiota-related modules of thiamine biosyn-
thesis. Thiamine and riboflavin concentrations
in the blood of patients with Crohn’s disease are
significantly reduced, and combined pantothen-
ic acid levels in the colonic mucosa decrease
with the progression of inflammatory bowel
disease’’?®. The riboflavin metabolite activates
a population of innate-like T cells called muco-
sal-associated invariant T cells in vitro*. Poly-
amines are small cationic amines that can be
exported from bacterial cells through the sper-
midine and putrescine transport system. They
have an anti-inflammatory effect by promoting
colonic epithelial cell proliferation to maintain
the epithelial barrier®”. In patients with active
colitis, the levels of ornithine decarboxylase,
which is an enzyme involved in polyamine syn-
thesis, are lower than those in control patients,
but it is not clear whether reduced polyamine
levels contribute to the development or progres-
sion of colitis. More research is needed to ex-
plore whether the reduced transport capacity of
B vitamins and polyamines mediated by micro-
organisms lowers the threshold for immune-me-
diated colitis. Other checkpoint blockade thera-
pies, such as anti-PD-1, can also cause adverse
gastrointestinal events*. With both anti-PD-L1
and anti-CTLA-4 treatments, therapeutic re-
sponses to CpG-oligonucleotide immunotherapy
and cyclophosphamide are affected by the intes-
tinal flora***. As with therapeutic effects, the
microbiota may play a role in the development of
immune-mediated colitis in the context of some
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immunotherapies. The identification of biomark-
ers that can be used to predict the risk of colitis
may help identify patients who are particularly
vulnerable to inflammation induced by different
immunotherapies, such as CTLA-4 blockade,
and who may be prophylactically treated before
receiving such immunotherapies*’.

Possible Factors Affecting the
Composition of the Human
Intestinal Flora

To better understand the microbiome and how
to best regulate it, it is necessary to understand a
series of complex factors that affect the microbi-
ome. Large-scale population-based studies have
shown that different microbial communities are
largely affected by environmental factors. Stud-
ies involving twins have shown that genetic
factors account for only 2-8% of the observed
variation*’. Research outside of cancer treat-
ment has shown that microbiomes vary greatly
depending on race and geographic location,
which may complicate or obscure cross-over
studies. In addition, the basic factors driving
microbiomes’ connections with geography and
ethnicity, including diet, cultural traditions, and
genetics, may also affect the connections be-
tween microbiomes and patients’ health, which
has important implications for personalized and
microbiome-based clinical applications*®. Given
the symbiotic relationship between the gut mi-
crobiota and the human host in terms of nutrient
digestion, diet is undoubtedly the main deter-
minant of the gut microbiota®. Differences in
the microbial environment of the gut stem from
dietary differences, as seen when comparing
those in traditional agricultural communities
who tend to consume plant-based diets and
those in industrialized countries who tend to be
omnivores™.

Drugs are another key factor in the composi-
tion of the gut microbiome, especially antibiotics,
which reduce diversity. However, infections are
common in cancer patients. Therefore, antibiotics
are essential for reducing morbidity and mortal-
ity. Other drugs may also affect the gut microbi-
ome, especially proton pump inhibitors®!, met-
formin®?, antidepressants®, and even hormones.
Prospective studies®** on exogenous and endog-
enous factors (such as diet, lifestyle, and obesity)
and cancer outcomes have shown that continuing
to study the influence of the gut microbiota on
tumors and immune cells may change treatment
outcomes.
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Microbial Flora Intervention as a New
Method of Cancer Treatment

If a patient lacks the symbiotic microbial
community that initiates the immune response
to tumor antigens, then it is worth considering
fecal microbiota transplantation (FMT) from a
microbiologically favorable donor patient. FMT
can effectively treat refractory Clostridium diffi-
cile-associated diarrhea (a previous study found
that up to 81% of patients with this condition were
effectively treated.)’*. However, there are many
key factors to consider for this method. The most
important is the choice of donor. The pass rate
of stool donation is less than 3%?*. In principle,
the donor should be an individual with a varied
microbial composition, including bacteria asso-
ciated with good therapeutic effects. One of the
most obvious options is to use the stool of a can-
cer patient with a better clinical response to PD-1
monoclonal antibodies. However, this option has
many limitations. The main problem is the trans-
fer of pathogens. Careful screening for bacteria,
viruses, and parasites is required. In addition,
some bacteria seem to contribute to inflamma-
tion-induced cancer. FMT from colorectal cancer
patients to sterile mice can induce dysplasia
and polyp formation, while transplantation from
normal donors does not have this effect™. Other
variables include fresh or frozen fecal material,
optimal storage conditions, single or multiple
FMT, and so on®.

The ideal alternative is to extract beneficial
bacteria from cancer immunotherapy responders,
to be used alone or in combination. This strategy
depends on the ability to identify precise bacteri-
al isolates in the human host that can support im-
proved anti-tumor immunity; culture conditions
that can support their in vitro expansion; and an
encapsulation scheme that can retain their bio-
logical activity after oral administration. Current
16S rRNA and shotgun sequencing may prefer-
entially detect the most abundant bacteria associ-
ated with favorable clinical outcomes. However,
the less abundant bacteria coexisting with more
abundant species are also functionally import-
ant. Therefore, careful cultivation, isolation, and
mechanism testing of rare species (some of which
may reside in the small intestine and not be high-
ly abundant in stool samples) need to be consid-
ered. Furthermore, bacterial communities, rather
than a single major species, may participate in the
immune enhancement of gut microbes. Because
there are only a few bacterial entities that can
be cultured by standard methods, improving the
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optimal in vitro growth protocol will be a key
component of pushing this strategy forward. For
example, culture omics can be used to discover
new microorganisms related to efficacy.

One finding that distinguishes cancer immu-
notherapy responders from non-responders is the
presumed ratio of favorable to unfavorable bac-
teria®®. Therefore, it is conceivable that some
symbiotic organisms have a negative impact on
the efficacy of immunotherapy. Thus, strategies
aimed at eliminating unfavorable bacteria while
providing immune enhancement effects should
be adopted. Since standard antibiotics may lack
specificity and pose risks, more precise strategies
are needed. It is worth mentioning that bacterio-
phages are highly selective for a given bacterial
species and have been used in the food industry
to eliminate unfavorable bacteria®.

Laut ¢é-Caly et al®® proved that Enterococcus
MRx0518 can effectively stimulate the innate and
adaptive immune systems, and they determined
that the bacterial flagellin, which is a specific
component of MRx0518 bacteria, interacts with
host TLRS5 receptors as the process intermediary.
The TLRS pathway is involved in the body’s re-
sponse to cancer. The MD Anderson Cancer Cen-
ter is currently carrying out a phase I/II clinical
trial for combined MRx0518 and pembrolizumab
treatment, with plans to recruit 132 patients with
advanced cancer (including non-small-cell lung
cancer, renal cell carcinoma, bladder cancer, etc.)
to observe the preliminary efficacy and safety of
MRx0518.

Future Research Involving the
Intestinal Flora

Like the relationships between the intestinal
flora and T cell-targeted therapy and immune
checkpoint inhibitors, the relationship between
the intestinal flora and cancer management needs
to be further studied. For example, understanding
the roles of the microbiota in immunotherapies,
such as cancer vaccines, oncolytic viruses, and
cell-mediated therapies (including chimeric anti-
gen receptor T cell therapy), can help determine
which microbiota are associated with specific
treatment ingredients. So far, all research efforts
have been devoted to linking the efficacy of drugs
with bacteria, but the complexity of the microbi-
ota may hide other signals. As mentioned above,
fungi and viruses are internal components of the
microbiota, and they affect the immune response.
All in all, searching for microbial signals related
to cancer treatment response is an ongoing work.

The next few years are expected to provide excit-
ing new paradigms in cancer research.

Using microorganisms as a class of drugs pos-
es a challenge to traditional treatments. In China
and the United States, commercial probiotics
can be purchased over the counter. However,
they are only administered as food or dietary
supplements, not as drugs®. If the purpose of
probiotics is to produce therapeutic effects, such
as cancer immunotherapy, then the FDA allows
and supervises the use of microorganisms in drug
development and new drug research applications.
It should involve clear identification of the genus
and species of each probiotic strain, including
genome sequencing; laboratory studies pertain-
ing to efficacy and mechanisms; human clinical
trials with efficacy endpoints; human safety and
adverse event assessments; and notes on the pos-
sibility of infection. Multiple cases of transmit-
ted infections have been clearly associated with
probiotics, especially in immunosuppressed in-
dividuals®. The future challenges of integrating
microbiology and oncology include developing
fast and cost-effective methods for diagnosing
intestinal dysfunction, accurately mapping the
microbial action mode of each cancer type, and
changing the intestinal ecosystem in a repeatable
way to improve patient survival rates.
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