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Abstract

Recent advances in culture-free methods of studying the human microbiome, coupled with strong bioinformatics tools, have
provided new insights on the role of the human microbiome in health and disease. The human gut, in particular, houses a vast
number and diverse variety of microbes. A plethora of evidence has demonstrated the significant effects of the gut microbi-
ome on local and systemic immunity. Studies in hematopoietic stem cell transplantation recipients provided early evidence
of the involvement of the gut microbiome in the development of graft-versus-host disease and its related mortality. Cancer
immunotherapy and checkpoint inhibitors, in particular, harness the power of the host’s immune system to fight a range of
malignancies. Resistance to immunotherapy and fatal immune-related adverse events both continue to be challenges in the
field. The role of the human gut microbiome in affecting the response to immunotherapy was recently uncovered through
a series of preclinical and clinical studies. The evidence presented in these studies provides tremendous potential for gut
microbes to be used for biomarker development and therapeutic intervention trials.

Intestinal microbiota play an important role in shaping
local and systemic host immune responses.

Tumor response to cancer immunotherapy, including
stem cell transplant and checkpoint blockade agents,
appears to be modulated by the gut microbiome in both
murine models and human studies.

Gut microbiota also modulate a variety of chemotherapy-
and immunotherapy-related toxicities ranging from
gastrointestinal toxicities to graft-versus-host disease.

1 Introduction

The human gut microbiome refers to the collective commu-
nity of commensal microorganisms residing in our intestinal
lumen and their respective genome. The intestinal lumen
houses the largest number and diversity of microbes, includ-
ing bacteria, fungi, archaea, viruses, and protozoans. Our
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insight into the complex community of organisms inhabiting
the human body was mainly derived through culturing these
organisms. Traditional culture-based methods used in the
past failed to detect multitudes of ‘unculturable’ microbes.
With the advent of next-generation sequencing, microbi-
ologists began to explore microbial nucleic acid abundantly
found in human body surfaces and secretions. The 16s ribo-
somal RNA (rRNA) genes are highly conserved bacterial
genetic units with enough inter-species variability to make
them excellent targets for identifying specific bacterial gen-
era in a sample. Sequencing 16s rRNA along with sequenc-
ing entire microbial genomes (an approach also referred to
as metagenomics shotgun sequencing) provided scientists
with massive amounts of data, allowing us to decipher
various aspects of the human microbiome [1]. The rapid
improvement in these culture-free methods along with strong
bioinformatics tools allowed a deeper understanding of the
gut microbiome and its role in a variety of diseases ranging
from autoimmune to endocrine and metabolic disorders, and
most recently cancer (Table 1) [2]. These microbes were also
shown to be an important modulator of systemic immunity
and inflammation through complex interactions with the host
immune system and various microbial metabolites [3].
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Table 1 Summary of organisms included in selected immunotherapy microbiome studies

Effects on response/toxicity

References

Organism Immunotherapy used

Eubacterium limosum HSCT

Blautia spp. HSCT

Alistipes shahii CpG-oligonucleotide immunotherapy
and interleukin-10

Bifidobacterium spp. Anti-PD-L1 therapy and anti-CTLA-4

Bacteroides thetaiotamicron Anti-CTLA-4

Bacteriodes fragilis Anti-CTLA-4 therapy

Akkermansia muciniphila Anti-PD-L1 and anti-CTLA-4

Bacteroides spp. Anti-CTLA-4

Faecalibacterium spp. Anti-CTLA-4

Decreased risk of relapse
Decrease in GVHD-related mortality

Improved tumor response to immuno-
therapy

Delayed melanoma growth and higher
CD8+ tumor-infiltrating T cells

Improved response to immunotherapy
in sarcoma, melanoma, and colon
cancer murine models

Improved response to immunotherapy
in sarcoma, melanoma, and colon
cancer murine models

Improved response to immunotherapy
in RCC and NSCLC

Decreased risk of immune-related
colitis, decreased response to immu-
notherapy

Increased response to immunotherapy
in metastatic melanoma

Peled et al. [9]
Jenqetal. [11]
Iida et al. [5] (murine model)

Matson et al. [20]

Sivan et al. [18] (murine model)
Vétizou et al. [19] (murine model)

Vétizou et al. [19] (murine model)

Routy et al. [21]

Dubin et al. [23]
Chaput et al. [25]

Chaput et al. [25]

CTLA-4 cytotoxic T lymphocyte-associated protein 4, GVHD graft-versus-host disease, HSCT hematopoietic stem cell transplantation, NSCLC
non-small cell lung cancer, PD-L1 programmed death—ligand 1, RCC renal cell carcinoma

2 Evidence Linking the Gut Microbiome
to Response and Toxicity of Cancer
Therapies

2.1 The Gut Microbiome and Traditional Cytotoxic
Chemotherapy

In the field of cancer therapeutics, preclinical models sug-
gest involvement of the gut microbiome in the response
to traditional cytotoxic chemotherapeutic agents, such as
cyclophosphamide and platinum salts [4, 5]. The therapeu-
tic effects of cyclophosphamide are thought to partially be
mediated through an anti-tumor immune response. Sys-
temic translocation of gut microbes plays an important
role in eliciting cyclophosphamide-associated immune
response in murine models through an increase in a patho-
genic subset of T helper (Th) cells (Th17) and memory Th
cells [4]. The intestinal microbiota also play an important
role in reactivating a metabolite, SN-38 glucuronide, of
the chemotherapeutic agent irinotecan, and this results in
adverse drug reactions, including severe diarrhea [6].

2.2 The Gut Microbiome and Outcomes
of Hematopoietic Stem Cell Transplantation

Hematopoietic stem cell transplantation (HSCT) is one
of the earliest applications of cancer immunotherapy and
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remains a cornerstone of treatment for hematologic malig-
nancies. Early preclinical evidence suggests an important
role of the gut microbiota in the development of graft-
versus-host disease (GVHD) in HSCT recipients [7, 8].
Subsequently, multiple studies have shown a correlation
between the composition and diversity of the gut microbi-
ome at the time of HSCT and several long- and short-term
outcomes, including the development of GVHD, risk of
relapse, and overall survival (OS) [9-11]. A single-center
trial showed a decrease in the 2-year cumulative inci-
dences of relapse among HSCT patients with abundance
of Eubacterium limosum in their stool in comparison with
patients without this bacteria (risk of relapses/progression
of disease 19.8% and 33.8%, respectively) [9]. A retrospec-
tive analysis of HSCT recipients at the time of neutrophil
engraftment showed an association between low diversity
of the fecal microbiota and significantly increased mortal-
ity (52%) in comparison to a high diversity of the fecal
microbiota (8%) [10]. Furthermore, increased bacterial
diversity and increased amounts of the genus Blautia were
both independently found to be associated with reduced
GVHD-related mortality [11]. Patients undergoing HSCT
routinely receive antimicrobial prophylaxis to prevent
invasive infections. Broad-spectrum antibiotics are often
administered for the treatment of neutropenic fever in this
patient population. Retrospective studies examined the
role of both prophylactic and broad-spectrum antibiotics
on the gut microbiota and on the development of GVHD
and related mortality. In a retrospective analysis of 857
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allogeneic HSCT recipients, the use of specific broad-
spectrum antibiotics (imipenem-—cilastatin and piperacil-
lin—tazobactam) was associated with increased GVHD-
related mortality at 5 years [12]. This was associated with
loss of several commensal gut bacteria, including Bacte-
roidetes, Lactobacillus spp., and Clostridia. On the other
hand, a study of 112 children undergoing allogeneic HSCT
found that gut decontamination using a variety of antimi-
crobial agents prior to transplant decreased the incidence
of GVHD [13]. A randomized trial also showed that addi-
tion of metronidazole to ciprofloxacin for gut decontami-
nation post-HSCT led to a decreased incidence of acute
GVHD but no difference in chronic GVHD or OS [14].
Further randomized clinical trials are currently underway
to address this issue. Results from these prospective trials
will hopefully provide high-grade evidence in the future
regarding the use of antibiotics in this population.

2.3 Impact of Gut Microbiota on Response
to Immune Checkpoint Inhibition

The development of immune checkpoint inhibitors was a
major breakthrough in cancer therapy. Monoclonal antibod-
ies targeting the programmed death receptor (PD-1) and its
ligand PD-L1 and the cytotoxic T lymphocyte-associated
protein 4 (CTLA-4) receptor are widely used checkpoint
blockade immunotherapy agents. Resistance to treatment
remains a challenge, with both primary and secondary resist-
ance impacting patient outcomes. Tumor intrinsic factors
associated with response to therapy include expression of
interferon-y-associated genes, such as PD-L1, tumor muta-
tional burden, and expression of neoantigens recognized
by tumor-infiltrating lymphocytes (TILs) [15]. Other sys-
temic factors include germline genetics and environmental-
or microbiota-based factors [16, 17]. The effect of the gut
microbiota on response to these agents has been detailed
through a series of preclinical and clinical studies. In 2013,
lida et al. [5] demonstrated that mice grown in germ-free
conditions and those treated with broad-spectrum antibi-
otics had poor response to a combination of intra-tumoral
CpG-oligonucleotide immunotherapy and interleukin (IL)-
10 antibodies [5]. The combination of intra-tumoral CpG-
oligonucleotide, a Toll-like receptor 9 (TLR-9) ligand, and
inhibitory IL-10 antibodies is known to decrease tumor
growth in murine models by inducing a tumor necrosis factor
(TNF)-a dependent immune response. The poor response to
this combination in subcutaneous solid tumor murine models
was associated with a decrease in TNF-o expression and pro-
duction in the tumor microenvironment. Analysis of the gut
microbiome in this murine model, revealed bacterial species
Alistipes shahii as one of several overrepresented species in
mice responding to immunotherapy. Enrichment of this bac-
terial species also correlated with increased TNF-a release

in the tumor microenvironment. Oral administration of this
bacteria to mice produced a TNF-a-dependent improvement
in response to immunotherapy, providing strong preclini-
cal evidence for potential therapeutic interventions utilizing
bacterial agents in aiding response to immunotherapy.

Further evidence emerged when genetically identical
mice grown at different facilities were noted to display dif-
ferences in growth rates of melanoma tumors. Surprisingly,
this difference in tumor growth was shown to be mediated
by the gut microbiome [18]. Fecal transfer and co-housing
of mice from different facilities successfully delayed tumor
growth in the mice group with the more aggressive tumors.
Several microbial species were differentially enriched in
each group’s stool specimens. Enrichment of Bifidobacte-
rium spp. positively correlated with delayed tumor growth in
these mice and with higher CD8 4 tumor-infiltrating T cells
after administration of anti-PD-L1 therapy. Oral administra-
tion of Bifidobacterium alone resulted in enhanced tumor
control through CD8 + T cells, resembling the response to
anti-PD-L1 therapy. Combination treatment with Bifidobac-
terium and anti-PD-L1 therapy nearly abolished tumor out-
growth in these mice [18]. This strong preclinical evidence
for the role of Bifidobacterium in enhancing the response to
PD-L1 therapy provides the basis for future clinical trials
examining oral administration of this bacteria to patients
receiving PD-L1 therapy.

Broad-spectrum antibiotics and germ-free conditions
were also shown to compromise response to anti-CTLA-4
therapy in sarcoma, melanoma, and colon cancer murine
models. These mice showed decreased activation of splenic
effector CD4 + T cells and a decrease in TILs, both of which
are thought to be critical players in the immune response
produced by anti-CTLA-4 therapy. Bacteroides thetaio-
taomicron and B. fragilis were shown to be necessary for
anti-CTLA-4 antibody efficacy in these mice [19]. Oral
administration of B. fragilis, immunization with its poly-
saccharides, and adoptive transfer of B. fragilis-specific T
cells each overcame the negative effects of broad-spectrum
antibiotics and germ-free conditions. These bacteria elicited
an IL-12-dependent anti-tumor Th1 response, proving the
important role they play in the immune response produced
by anti-CTLA-4 therapy [19].

Building on these preclinical studies, Matson et al. [20]
examined the gut microbiome in metastatic melanoma
patients and showed that several bacterial species were dif-
ferentially enriched in patients responding to anti-PD-L1
and anti-CTLA-4 immunotherapy in comparison to non-
responders. Two species of Bifidobacterium were among six
other species that were associated with response to immuno-
therapy in this cohort. This is consistent with the previously
mentioned studies in murine models showing an important
role for Bifidobacterium in controlling melanoma tumors.
A ratio of beneficial to non-beneficial gut bacterial species
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was shown to predict response to immunotherapy in this
cohort of melanoma patients. This ratio could be developed
in the future as a promising biomarker for response to immu-
notherapy to help identify patients more likely to benefit
from checkpoint blockade therapy. To further study the gut
microbiome of these patients, ‘murine avatars’ were created
through stool transfer from responding and non-responding
patients into germ-free mice. These murine avatars recapitu-
lated the response phenotype of the donors, providing evi-
dence that the microbiota signature of these patients could
be transferred to produce distinct responses [20].

3 Clinical Evidence Linking Antibiotic
Use to Decreased Response
to Immunotherapy

Routy et al. [21] showed differential enrichment of specific
bacterial species in non-small cell lung cancer (NSCLC)
and renal cell carcinoma (RCC) patients responding to
immunotherapy in comparison with non-responders [21].
Murine avatars created through stool transfer from NSCLC
patients also recapitulated the clinical response phenotype
in germ-free and antibiotic-treated mice. Enrichment of
Akkermansia muciniphila at diagnosis correlated positively
with response to immunotherapy in these patients. Oral sup-
plementation with A. muciniphila to non-responder murine
avatars restored the efficacy of PD-1 blockade and increased
the levels of IL-12 secreted from dendritic cells [21]. Cen-
tral memory CD4 + T cells were also observed in the tumor
bed and tumor-draining lymph nodes after supplementa-
tion with A. muciniphila, providing clues to the underlying
mechanisms [17]. Routy et al. [21] also examined the role
of antibiotic treatment in affecting response to checkpoint
blockade immunotherapy through a retrospective analysis
of NSCLC, RCC, and urothelial carcinoma patients treated
with anti-PD-1 and -PD-L1 therapy. Of these patients,
28% were prescribed antibiotics within 2 months before or
1 month after treatment with anti-PD-1/PD-L1 therapies.
The group of patients who received antibiotics around the
time of their immunotherapy treatment had significantly
shorter progression-free survival (PFS) and OS than patients
with the same tumor types who did not receive antibiotics
(median OS of 11.5 vs. 20.6 months, respectively, p=0.001)
[21]. Similar results were also reported by a separate group
in RCC and NSCLC. This group’s analysis included patients
who received anti-CTLA-4 therapy along with anti-PD-1/
PD-L1 therapy. They found 20% of their patients with
NSCLC and 13% of RCC patients received antibiotics
within 30 days prior to immunotherapy. Again, the antibi-
otic group had significant reduction in PFS (median PFS of
1.9 vs. 7.4 months in RCC, p=0.03; and 1.9 vs. 3.8 months
in NSCLC, p=0.03) and OS in both tumor types (median
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OS of 17.3 vs. 30.6 months in RCC, p=0.03; and 7.9 vs.
24.6 months in NSCLC, p <0.01). Higher rates of disease
progression were reported for the RCC antibiotic subset
(75% vs. 22%, p<0.01) [22]. A limitation of both studies is
an inability to account for confounders known to modulate
the intestinal microbiome, such as diet, smoking status, and
co-morbid conditions. In addition, in the study by Derosa
et al. [22], patient populations were heterogeneous in terms
of prior lines of therapy. Prior chemotherapy likely alters
the gut microbiota significantly and could be another factor
confounding these results. While both studies are challenged
by the retrospective nature of the analyses, their results are
consistent with preclinical evidence from murine models.
These results call for further prospective trials examining
the role of antibiotic use in patients treated with checkpoint
blockade. Antibiotic use in these patients should be judi-
ciously and carefully approached until further prospective
data become available. The specific types of antibiotics to
be avoided and whether other antimicrobial therapeutics also
affect response to immunotherapy remain open questions
warranting further investigation.

4 Impact of the Gut Microbiome
on Immune-Related Adverse Events

Immune-mediated adverse events remain a significant source
of morbidity for patients treated with immune checkpoint
blockade therapy. Life-threatening colitis is one of the most
common immune-related adverse events associated with
these therapies. Dubin et al. [23] showed differential enrich-
ment of bacterial species in pre-inflammation stool samples
taken from melanoma patients treated with anti-CTLA-4
therapy who went on to develop colitis in comparison with
those who did not develop colitis. Members of the Bacteroi-
detes phylum were found to be enriched in colitis-resistant
patients. This is consistent with prior studies suggesting an
immunomodulatory role of these commensal bacteria [24].
Using metagenomics shotgun sequencing, specific bacterial
genetic pathways were found to be differentially enriched
in colitis-resistant patients. Using machine learning, Dubin
et al. [23] proposed an algorithm to predict which melanoma
patients are at risk of developing immune-mediated coli-
tis based on bacterial genetic pathway modules enriched in
their stool. Chaput et al. [25] similarly showed that distinct
baseline gut microbiota compositions were associated with
development of colitis and with clinical response in meta-
static melanoma patients treated with anti-CTLA-4 therapy.
In this cohort, high proportions of Bacteroides were pre-
sent at baseline in patients with poor clinical benefit and
Faecalibacterium percentages were significantly higher in
patients with long-term benefits. The baseline gut microbi-
ome of patients prone to developing colitis were enriched
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Table 2 Selected ongoing or planned microbiome modulation clinical trials for cancer
Intervention Tumor type Immunotherapy treat-  Sponsors/collaborators ~ Accrual status ClinicalTrials.
ment gov identifier
FMT from responders ~ Stage IIl and IV mela-  PD-1 inhibitor University of Pittsburg  Open and recruiting NCT03341143
to PD-1 Blockade noma Medical Center, patients
Merck & Co.
Oral supplementation Advanced and unre- Pembrolizumab University of Chicago, Opens in 2018 N/A
with monoclonal live sectable metastatic Evelo Biosciences,
Bifidobacterium spp. melanoma and Merck & Co.
Synthetic oral consor-  Advanced metastatic PD-1 inhibitor MD Anderson Cancer  Not open yet N/A
tium of live bacteria melanoma Center, the Parker
and/or FMT from Institute for Cancer
PD-1 responders Immunotherapy, and
Seres Therapeutics,
Inc.
Clonal bacterial con- Undisclosed Undisclosed Vedanta Biosciences IND filing in 2018 N/A
sortium
Mixture of intestinal All solid tumors Monotherapy anti-PD-1 University Health Net- Expected to open early NCT03686202

bacteria cultured from or anti-PD-L1

healthy donors

work, Toronto 2019
NuBiyota and Princess

Margaret Cancer

Center

FMT fecal microbiota transplant, /ND investigational new drug, N/A not applicable, PD-1 programmed death receptor-1, PD-LI programmed

death-ligand 1

in Firmicutes, while high proportions of Bacteroidetes was
observed in patients who did not develop colitis in this
cohort [25]. These distinct microbial compositions could be
used to develop clinical tools to stratify patients at the start
of treatment with checkpoint blockade therapy into groups
with high and low risk of developing immune-mediated
colitis. The ability to predict which patients will develop
immune-mediated colitis is very valuable to clinicians who
have to weigh the potential risks and benefits of immuno-
therapy for individual patients. A variety of immune-medi-
ated adverse events other than colitis threaten patients who
receive checkpoint blockade, and whether the gut microbi-
ome influences their development as well remains a very
important open question.

5 Limitations and Future Directions

As mentioned earlier, the gut microbiome includes many
other organisms in addition to bacterial microbes. Further
studies looking into the role of the various non-bacterial
organisms are needed to better understand this complex
community. The intestinal microbiota heterogeneity can be
affected by sex, age, diet, smoking, and body mass index
[26, 27]. These factors can be difficult to account for in can-
cer studies but need to be kept in consideration for future
studies. The ability to manipulate the microbiome through
oral administration of bacteria was shown to be possible
in murine models, but it remains unclear whether a similar

response can be achieved in cancer patients. Several trials
are looking into therapeutic manipulation of the gut microbi-
ome of cancer patients through administration of probiotics
and fecal transplants (Table 2).

The role of administering microbial products or ‘post-
biotics’ instead of live microbes is also a largely unexplored
area. This would be an attractive option, especially for
cancer patients who are often immunocompromised and
theoretically have a higher risk of infectious toxicities with
administration of live bacteria. Several case reports describe
bacteremia related to lactobacillus administration in neutro-
penic patients with hematologic malignancies [28]. At the
same time, other bacterial strains were used safely in patients
receiving chemotherapy for solid-organ malignancies [29].
The question of safety requires further studies delineating
the safety of specific microbial strains in the various cancer-
related immunocompromised states. Metabolomic-based
studies targeted at identifying metabolites produced by our
resident bacteria lead to better understanding of the products
of these bacteria and their effects on the host. Identifying
these metabolites opened a new frontier of administering
non-live bacterial products—what is now commonly referred
to as ‘post-biotics’. Post-biotics are non-viable products of
bacterial metabolism that affect host responses in specific
ways. Butyrate, for example, is a post-biotic with extensive
preclinical data that implicates this short-chain fatty acid in
gut barrier function and gut-mucosal immune homeostasis
[30]. Combinations of immunotherapy with other agents,
including chemotherapy and targeted therapies, are also
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being developed rapidly. The effects of combining chemo-
therapy and targeted agents with immunotherapy on the gut
microbiome are still unclear and also require further studies.

6 Conclusion

The applications of cancer immunotherapy continue to
rapidly expand, and our understanding of the gut microbi-
ome and of how to modulate it is improving at a fast pace.
We expect a wide range of applications for our growing
knowledge of the human gut microbiome, from predicting
response and toxicities, to altering response and decreasing
resistance, to immunotherapy.
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