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Background: Gut microbiome is proved to affect the activity of immunotherapy in
certain tumors. However, little is known if there is universal impact on both the treatment
response and adverse effects (AEs) of immune checkpoint inhibitors (ICls) across multiple
solid tumors, and whether such impact can be modulated by common gut microbiome
modifiers, such as antibiotics and diet.

Methods: A systematic search in PubMed followed by stringent manual review
were performed to identify clinical cohort studies that evaluated the relevance of gut
microbiome to ICls (response and/or AEs, 12 studies), or association of antibiotics with
ICls (17 studies), or impact of diet on gut microbiome (16 studies). Only original studies
published in English before April 1st, 2020 were used. Qualified studies identified in the
reference were also included.

Results: At the phylum level, patients who had enriched abundance in Firmicutes
and Verrucomicrobia almost universally had better response from ICls, whereas
those who were enriched in Proteobacteria universally presented with unfavorable
outcome. Mixed correlations were observed for Bacteroidetes in relating to treatment
response. Regarding the AEs, Firmicutes correlated to higher incidence whereas
Bacteroidetes were clearly associated with less occurrence. Interestingly, across
various solid tumors, majority of the studies suggested a negative association of
antibiotic use with clinical response from ICls, especially within 1-2 month prior to
the initiation of ICls. Finally, we observed a significant correlation of plant-based
diet in relating to the enrichment of “ICl-favoring” gut microbiome (P = 0.0476).
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Conclusions: Gut microbiome may serve as a novel modifiable biomarker for both the
treatment response and AEs of ICls across various solid tumors. Further study is needed
to understand the underlying mechanism, minimize the negative impact of antibiotics
on ICls, and gain insight regarding the role of diet so that this important lifestyle factor
can be harnessed to improve the therapeutic outcomes of cancer immunotherapy partly
through its impact on gut microbiome.

Keywords: gut microbiome, modulating factors, immunotherapy, solid tumors, diet, microbiota, antibiotics, cancer

immunotherapy

INTRODUCTION

Immunotherapy such as using immune checkpoint inhibitors
(ICIs) targeting PD-1/L1 and CTLA-4 has revolutionized our
management of various cancer types including lung cancer (1, 2).
However, only a subset of patients derive the benefit, which
can be further limited by AEs especially immune-related AEs
(irAEs) (3). The gut microbiome, due to its close interaction
with immune system, has gained increasing attention for its
potential role in cancer immunotherapy (4, 5). This is supported
by several preclinical models (6, 7), as well as correlative studies
at the human level including ours (8). However, several key
questions remain to be addressed: (1) whether there is shared
feature of gut microbiome that links to ICI response and AEs
across various solid tumors; (2) whether antibiotics can affect
cancer immunotherapy. This is important considering there are
controversial results (6, 9-11), and antibiotic is such an inevitable
gut microbiome modifier in the clinical setting; (3) whether diet,
as one of the most important lifestyle factors, will have impact on
cancer immunotherapy. We aim to investigate existing evidence
that could help address these questions at the human level using
a systematic review.

METHODS

This systematic review focused on bacterial gut microbiome.
Different search keywords and their combination were used
to extract relevant clinical studies from PubMed to address
each proposed question. This was followed by a stringent
manual selection to include only relevant studies, including
those identified in the references. To explore the relationship
between gut microbiome and clinical outcomes from ICIs, we
used search keywords “gut microbiome” AND “cancer” AND
“immunotherapy.” To determine the impact of antibiotics on
ICIs, we used keywords “antibiotics” AND “immunotherapy”
AND “microbiome” AND “cancer.” To investigate the impact of
diet on gut microbiome, we used “diet” AND “gut microbiome”
AND “healthy adult” with series of keyword refinements as
detailed below. Only original clinical studies in human subjects
written in English, with the publishing date before Apr Ist,

Abbreviations: AEs, adverse effects; ICIs, immune checkpoint inhibitors; irAEs,
immune-related AEs; NSCLC, non-small cell lung cancer; SCLC, small cell lung
cancer; RCC, renal cell carcinoma; HCC, hepatocellular carcinoma; FMT, fecal
microbiota transplantation; SCFA, short chain fatty acids.

2020 (Supplementary Table 1) were included in this review to
draw meaningful conclusion at the human level. Various key
information such as gut microbiome data, clinical outcome (e.g.,
therapeutic response and AEs), timing and duration of antibiotic
use, and diet were extracted and used to address separate but
coherent questions with details below. Descriptive statistics was
used to summarize the study findings. Fisher’s test was used
for the comparisons between 2 groups, and a P < 0.05 was
considered statistically significant.

RESULTS

Common Features in Gut Microbiome
Correlate With the Treatment Response
and AEs of ICIs Across Various Solid

Tumors
Using search keywords “gut microbiome” AND “cancer” AND
“immunotherapy;” a total of 240 articles were retrieved from

240 Results identified via PubMed search

230 Articles excluded
8 Non-English language
182 Not-original research
24 Non-clinical studies
16 Other studies didn't meet criteria

\4

10 Clinical studies 2 Additional clinical studies
met criteria identified via references

|

| 12 Cohort studies included (1 was shared) |

|

| 10 Efficacy | 3 Toxicity

FIGURE 1 | The PRISMA flow diagram of selecting publications to study the
correlation of gut microbiome with the efficacy and adverse effects of ICIs
across various solid tumors. In total 10 studies were included for the analysis
of gut microbiome in correlating with the therapeutic efficacy of
immunotherapy, and three studies for toxicity (adverse effects).
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PubMed. With stringent manual screening and inclusion of two
additional studies from the references, a total of 12 clinical
studies were identified that meet our criteria to study the role of
gut microbiome in cancer immunotherapy (Figure 1). The vast
majority are prospective studies. Among them, 10 studies (6, 9,
12-19) had response/efficacy data and three studies (17, 20, 21)
had AEs data using ICI therapy, and one study had both (17).
Of note, the documented AEs in that three studies (17, 20, 21)
were virtually all irAEs. The types of solid tumor involved include
melanoma, non-small cell lung cancer (NSCLC), small cell lung
cancer (SCLC), renal cell carcinoma (RCC) and hepatocellular
carcinoma (HCC). There were 433 cancer patients (age range,
21-92 years-old) from four countries: USA (four studies), France
(three studies), China (two studies), and Japan (one study)
included in studies relevant to therapeutic response/efficacy; and
86 subjects (age range, 28-85 years-old) from the countries of
USA, France and China included in studies relevant to the AEs
of ICI treatment.

We extracted the taxa data of gut microbiome and
plotted on phyloT. As shown in Figure2, at the phylum
level, it is clear that the enrichment of Firmicutes and
Verrucomicrobia are correlated with better clinical outcome
(labeled in green; related to better treatment response;
and/or longer survival), whereas increased abundance in
Proteobacteria was clearly associated with poor response
(labeled in red). Although enrichment of Bacteroidetes
correlated to poor response in some studies, opposite
association and contradictory findings (labeled in gray)
were also noticed in some other studies. Similarly, a mixed
association of Actinobacteria to ICI treatment response
was noticed.

However, regarding the potential link of gut microbiome
to the AEs from ICIs, we noticed that the enrichment of
Firmicutes interestingly correlated to higher incidence of AEs
(essentially all irAEs, colored in red). This is reminiscent
of clinical observations that patients who develop ICI
AEs seem to have better treatment response (22). In
contrast, Bacteroidetes, which is believed to be associated
with less response, also correlated to less AEs (labeled in
green, Figure 3).

The Potential Impact of Antibiotics on the
Therapeutic Effect of ICls

Noticing the association of gut microbiome with ICI treatment
response, we questioned if antibiotics, as potent modifiers
of gut microbiota, could potentially affect the treatment
response from ICIs. Using search keywords “antibiotics”
AND “immunotherapy” AND “microbiome” AND “cancer,’
we identified 17 eligible studies (Supplementary Figure 1)
including two prospective (23, 24) and 15 retrospective studies
(9-11, 25-36). There were in total 2,593 participants with
various solid tumors including lung cancer, melanoma,
RCC, HCC, colorectal cancer, head and neck cancer,
bladder cancer, gastric cancer, esophageal cancer, cervical
cancer, and others. Among them, 29.9% (775) of them

received antibiotics treatment, 15 out of 17 received broad-
spectrum antibiotics while two did not report the types
of antibiotics.

As shown in Figure 4A, majority of these studies supported
the hypothesis that the use of antibiotics has negative impact
on the clinical outcome in patients receiving ICI treatment.
However, there were also a few studies that suggested no obvious
association or impact. Interestingly, two prospective studies
(23, 24) and one retrospective study (25) provided seemingly
different results (negative vs. no impact) when different timing
of antibiotic exposure was put into consideration, suggesting that
the timing and possibly the duration of antibiotics during ICI
treatment are potentially important and will need further studies
to clarify its impact.

In order to validate this hypothesis, we isolated the effect
of the timing and duration of antibiotic exposure from
all studies. Supplementary Figure 3 showed individual studies
that exhibited either negative (labeled with black bars) or
no association (labeled in gray bars) with ICI treatment.
Among them, two studies (23, 24) were prospective (labeled
with *). Across all studies, it clearly demonstrated that only
antibiotic exposure within 2 months prior to the initiation
of ICIs universally exhibited negative impact on treatment
response of ICIs (Figures4B,C), except one study (10)
(Supplementary Figure 3).

Diet Could Potentially Affect the Efficacy of

Cancer Immunotherapy

Using search keywords “diet” or “nutrition,” “microbiome,”
“cancer” and “immunotherapy,” and their combinations, we were
not able to extract sufficient number of clinical studies that
directly link diet to cancer immunotherapy, including those
published in abstract format (37), which is suggestive of an
unmet need in this area. Since gut microbiome impacts cancer
immunotherapy, we then investigated whether diet will have
effect on gut microbiome that could potentially affect cancer
immunotherapy. Based on Figure 2 and published data, here
we define “ICI-favoring” diet as those that enrich Firmicutes or
Verrucomicrobia, or reduce the abundance of Proteobacteria, or
increase o diversity in gut microbiota, and the “ICI-unfavoring”
diet as those that have the opposite effects.

To minimize confounding factors (especially various disease
status), we used search terms “diet” AND “gut microbiome”
AND “healthy adult” and included only clinical studies in
healthy participants that have detailed diet and gut microbiome
information (Supplementary Figure 2). We identified 16 eligible
clinical studies (38-53) that included in total 771 subjects.
Among them, 428 were females and 343 were males. Their age
ranged 18-72.4 years and BMI ranged 19-36.6 kg/m?. These
clinical studies were conducted in five countries including USA,
China, Germany, UK and Belgium. We broadly categorized
diet into plant-based diet which mainly contained whole grain,
brassica vegetables, walnut and almond, etc; and animal-based
diet which used red meat, animal fat and cheese, etc. There
are only four studies using animal-based diet (40, 41, 47, 53).
Although they also contained non-animal-based diet component,
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FIGURE 2 | Correlation of gut microbiome to the treatment response of ICls across various solid tumors. A phylogenetic tree was constructed using the phyloT
software (https://phylot.biobyte.de) to capture and categorize all bacterial taxa reported to be associated with the treatment response from ICl in clinical studies
across various solid tumors, ranking from phylum to species inside-out. Bacteria correlated to better response were labeled in green, and poor response in red. Those
with mixed reports were labeled in gray. The lowercase alphabetical letters next to each bacterium indicate the individual studies from which bacterial taxa information
was derived. The asterisks (*) indicate identified bacteria taxa at the genus level.

we were able to precisely derive data that are only relevant to
animal-based diet.

Figure 5A in each category, depicts increase or decrease
in relative abundance of Firmicutes or Verrucomicrobia
or Proteobacteria or o diversity with demonstration of
corresponding plant-based diet (labeled as solid dot) and
animal-based diet (labeled as hollow circle), respectively.
Using above defined “ICI-favoring” and “ICI-unfavoring”
criteria, we found that three animal-based diet studies were
“ICI-unfavoring” and none were “ICI-favoring.” Among the 12
plant-based diet studies, we found five were “ICI-favoring” and 1
was “ICI-unfavoring.” In summary, plant-based diet is found to
be significantly associated with “ICI-favoring” gut microbiome,
whereas animal-based diet is the opposite (Figure5B, p =
0.0476). Diet studies that have mixed association, for example a
reduced abundance in both the Firmicutes and Proteobacteria
as shown in study n (51) in Figure 5A, were not included in
the statistical analysis. We have also looked into various dietary

patterns such as Mediterranean diet, Western diet, high-fiber
diet, etc., however we were able to identify only very few relevant
studies for us to draw meaningful conclusions.

DISCUSSION

Despite the great success of cancer immunotherapy using ICIs,
their therapeutic benefits are limited by either various resistance
mechanisms (54) or irAEs (3). Gut microbiome, due to its
proven role in cancer development and immune regulation, has
gained increasing expectation as a potential armamentarium
to further improve cancer immunotherapy. It is speculated
that gut microbiota could potentially affect the efficacy of ICIs
through the modulation of immune checkpoints expression;
dendritic cell function; lymphocyte homing, circulation and
recruitment; as well as the production of critical metabolites such
as short chain fatty acids (SCFA), etc. (55, 56). Furthermore,
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FIGURE 3 | Correlation of gut microbiome to the toxicity of ICIs across various solid tumors. A phylogenetic tree was constructed using the phyloT software (https://
phylot.biobyte.de) to capture and categorize all bacterial taxa reported to be associated with the adverse effects from ICl treatment in clinical studies across various
solid tumors, ranking from phylum to species inside-out. Bacteria correlated to less toxicity were labeled in green, and more toxicity in red. The lowercase alphabetical
letters next to each bacterium indicate the individual studies from which bacterial taxa information was derived. The asterisks (*) indicate identified bacteria taxa at the

a. Liu et al., 2019
b. Chaput et al., 2017
c¢. Dubin et al., 2016

Pa*: Parabacteroides
Be*: Bacteroidaceae
Bs*: Bacteroides

gut microbiota could influence host systemic immunity via
cytokine secretion, primed lymphocyte circulation and antigen
cross-reactivation induced tissue targeting (56). In consistent
with this, we have recently shown that certain gut microbiota
correlates significantly to ICI response in NSCLC patients (8),
which echoes the findings from other groups (9, 15, 16), as well
as preclinical mouse models (7). More importantly, a very recent
phase 1 trial has demonstrated fecal microbiota transplantation
(FMT) promoted response in ICI-refractory melanoma patients,
which was associated with favorable changes in both the gut
and tumor microenvironment (57). However, to better harness
gut microbiome for clinical applicability, we need to understand
whether there is shared gut microbiome feature across various
solid tumors treated with ICIs, and whether common gut
microbiome modifiers could have impact on ICI therapy.

Using series of systematic review, we first noticed that the
enrichment of Firmicutes clearly correlated with better ICI
response across various solid tumors. This is consistent with
a previous report from Gopalakrishnan et al. whose work

covered both solid and hematologic tumors (58). In addition,
the reciprocal changes in abundance of Verrucomicrobia and
Proteobacteria respectively, was found associated with better ICI
response. Although further mechanistic studies are warranted
to explain such observations, some speculated that the positive
association of Firmicutes could in part due to their critical role
in producing SCFA, a metabolite that has regulatory effect on
inflammation and T cell differentiation (59-61). This is especially
true for the fermentation of fiber to SCFA as the necessary
enzymatic processes involved, which are largely dependent upon
bacteria within the Clostridia class in the Firmicutes phylum (62).
In agreement with this, a recent clinical study demonstrated that
elevated fecal SCFA concentration significantly correlates with
better clinical outcome from anti-PD-1 treatment across various
solid tumors (63). This may also explain the positive correlation
of mucin-degrading bacteria Akkermansia muciniphila (phylum
Verrucomicrobia) to ICI response since it produces SCFA (both
propionate and acetate) (64, 65). The negative association of
Proteobacteria with ICI response is likely due to its close link to
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FIGURE 4 | The impact of antibiotic exposure on ICI treatment across various solid tumors. (A) A schematic illustration showing studies with either negative or no
association between antibiotic use and clinical outcome from ICI treatment. The study name, sample size and retrospective vs. prospective nature are all labeled. (B)
Studies (including both retrospective and prospective) that have antibiotic use within 2 months prior to the initiation of ICI treatment were universally associated with
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dysbiosis (66), which could account for the immune dysfunction
in some non-responders to ICI therapy (5, 9, 15).

Although there are studies correlating phylum Bacteroidetes
with poor response from ICIs (12, 17), we also observed several
other studies were suggestive of a positive impact (6, 13, 18).
In fact, an earlier preclinical study demonstrated a cause and
effect role of certain Bacteroidetes (e.g., B. thetaiotaomicron or
B. fragilis) in enhancing the therapeutic effect of anti-CTLA-4
agent (6). In addition, Bacteroidetes was found to digest insoluble
fibers and mucins and provide SCFA and other metabolites to
Firmicutes, suggesting its supporting role (67). This is consistent
with a recent study using 11 bacteria strain mixture (11-
mix: 7 Bacteroidetes, 3 Firmicutes and 1 Fusobacteria): when
inoculated into germ-free mice, the 7 Bacteroidetes-mix failed
to induce IFNyt CDS8T cells, whereas the 4-mix (3 Firmicutes
and 1 Fusobacteria) displayed a significantly better induction
capacity. However, the 4-mix alone was not sufficient to achieve
the full inductive effect of the 11-mix for a maximal anti-
cancer immunity (68). Interestingly, in our study, Bacteroidetes
enrichment clearly correlated with less ICI-induced toxicity
whereas Firmicutes abundance was obviously linked to increased
incidence of irAEs. While such finding is reminiscent of our

clinical observation that patients who experience greater irAEs
tend to have better response from ICIs (22), it also supports the
concept of using appropriate mix of Firmicutes and Bacteroidetes
to enhance immunotherapy response yet mitigate irAEs (68).

As the ICI-favoring Firmicutes are the dominant gut microbial
phyla, it is not surprising to see a negative impact on ICIs with
the use of broad-spectrum antibiotics as Firmicutes will likely
be affected most. In addition, antibiotics can induce dysbiosis
(69). Our study has demonstrated that the timing and/or
duration of antibiotics are critical, which probably explains the
discrepancy observed in different studies, as certain period of
time is required for gut microbiome to recover after antibiotics
exposure. Interestingly, a recent study in healthy adults found
that it took about 1.5 months for the gut microbiota of the
subjects to recover to near-baseline composition after 4-day
intervention with a cocktail of three antibiotics: meropenem,
gentamicin and vancomycin (70). This finding is a perfect match
to what we have observed in this study that antibiotics exposures
within 2 months prior to the initiation of ICIs were universally
associated with poor clinical outcome (23, 24, 26-28, 30, 35). In
consistent with this, using a more quantitative analysis, Wilson
B et al. found through their meta-analysis that the negative
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FIGURE 5 | The impact of dietary intervention on gut microbiome. To minimize the confounding factors, only studies on healthy adults were included. (A) The
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purple: o diversity; orange: Proteobacteria; and green: Verrucomicrobia). Solid and hollow circles represent plant- and animal-based diet, respectively. (B) A Fisher’s
exact test to compare the effect of plant- vs. animal-based diet on the enrichment of “IClI-favoring” vs. “ICl-unfavoring” gut microbiota (P = 0.0476).

impact of antibiotics on the overall survival of patients with
solid malignancies treated with ICI was greatest when antibiotic
exposures was within 42 days prior to the initiation of ICI (71).
Since antibiotic use is quite common among cancer patients, it
will be interesting to see whether narrow-spectrum antibiotics
could have selective effect on ICI response, especially considering
the vast majority of Firmicutes bacteria are Gram-positive. In
addition, if the use of antibiotics is inevitable, it will be important
to understand whether the use of pre- and probiotics will have
protective value under this situation.

Since diet is considered as a pivotal determinant of gut
microbiota community among various host-endogenous
and host-exogenous factors, we sought to determine its
impact on ICIs. Despite the lack of direct evidence, we
did observe that plant-based diet enriched “ICI-favoring”
gut microbiome, represented as increased Firmicutes or
Verrucomicrobia or o diversity, or reduced abundance of
Proteobacteria. Such finding is consistent with a recent study
on melanoma patients demonstrating that the response to
immunotherapy can be influenced by dietary manipulation
(37)—patients who consumed a high-fiber diet (plant-based)
were about five times as likely to respond to anti-PD-1

treatment compared to patients who consumed a low-fiber
diet (37). Further studies are warranted to clarify the potential
value of diet/nutrition in both the treatment response and
irAEs of cancer immunotherapy. In addition, it will be
critically important to understand how particular diet affects
gut microbiota and its metabolites before it can be better
harnessed to modulate gut microbiome and its impact on
cancer immunotherapy.

This study is based on systematic literature review, and
therefore it is retrospective in nature. In addition, it is subject to
selection bias, for example only original articles in English that
are published on PubMed were used.

CONCLUSIONS

There is shared feature of gut microbiome that correlates with
the outcome of immunotherapy across various solid tumors,
which can be potentially affected by antibiotics and diet.
Further mechanistic studies are warranted to clarify their role
to better harness gut microbiome for the improvement of
cancer immunotherapy.

Frontiers in Oncology | www.frontiersin.org

March 2021 | Volume 11 | Article 642110


https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles

Huang et al.

Gut Microbiome and Cancer Immunotherapy

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this
article will be made available by the authors, without
undue reservation.

AUTHOR CONTRIBUTIONS

JZ conceived and designed the study, analyzed the data, guided
essay writing, and provided critical revisions for this manuscript.
CheH conducted database searches, extracted and analyzed
the data, drew the figures, and provided the initial draft and
prepared the manuscript. ML, BL, and HZ contributed to
vital assistance in analyzing data and generating the figures.
QD, XF KM, ChaH, PN, FW, WS, SU, and CZ provided
the consultation and critical revision of the manuscript for

REFERENCES

1. Ribas A, Wolchok JD. Cancer immunotherapy using checkpoint blockade.
Science. (2018) 359:1350-5. doi: 10.1126/science.aar4060
2. Hirsch FR, Scagliotti GV, Mulshine JL, Kwon R, Curran WJ, Jr., et al
Lung cancer: current therapies and new targeted treatments. Lancet. (2017)
389:299-311. doi: 10.1016/50140-6736(16)30958-8
3. Wang DY, Salem JE, Cohen JV, Chandra S, Menzer C, Ye E et
al. Fatal toxic effects associated with immune checkpoint inhibitors:
a systematic review and meta-analysis. JAMA Oncol. (2018) 4:1721-
8. doi: 10.1001/jamaoncol.2018.3923
4. Swami U, Zakharia Y, Zhang J. Understanding microbiome effect on immune
checkpoint inhibition in lung cancer: placing the puzzle pieces together. J
Immunother. (2018) 41:359-60. doi: 10.1097/CJ1.0000000000000232
5. Strouse C, Mangalam A, Zhang J. Bugs in the system: bringing the human
microbiome to bear in cancer immunotherapy. Gut Microbes. (2019) 10:109-
12. doi: 10.1080/19490976.2018.1511665
6. Vetizou M, Pitt JM, Daillere R, Lepage P, Waldschmitt N, Flament C, et al.
Anticancer immunotherapy by CTLA-4 blockade relies on the gut microbiota.
Science. (2015) 350:1079-84. doi: 10.1126/science.aad1329
7. Sivan A, Corrales L, Hubert N, Williams JB, Aquino-Michaels K, Earley ZM, et
al. Commensal Bifidobacterium promotes antitumor immunity and facilitates
anti-PD-L1 efficacy. Science. (2015) 350:1084-9. doi: 10.1126/science.aac4255
8. Chau J, Yadav M, Furqan M, Cady N, Mercer K, Eastman E, et al
Analysis of patient microbiome and its correlation to immunotherapy
response and toxicity in lung cancer. ] Thoracic Oncol. (2019)
14:S715. doi: 10.1016/j.jth0.2019.08.1523
9. Routy B, Le Chatelier E, Derosa L, Duong CPM, Alou MT, Daillere R, et al.
Gut microbiome influences efficacy of PD-1-based immunotherapy against
epithelial tumors. Science. (2018) 359:91-7. doi: 10.1126/science.aan3706
10. Hakozaki T, Okuma Y, Omori M, Hosomi Y. Impact of prior antibiotic use
on the efficacy of nivolumab for non-small cell lung cancer. Oncol Lett. (2019)
17:2946-52. doi: 10.3892/01.2019.9899
11. Kaderbhai C, Richard C, Fumet JD, Aarnink A, Foucher P, Coudert B, et al.
Antibiotic use does not appear to influence response to nivolumab. Anticancer
Res. (2017) 37:3195-200. doi: 10.21873/anticanres.11680
12. Katayama Y, Yamada T, Shimamoto T, Iwasaku M, Kaneko Y, Uchino
J, et al. The role of the gut microbiome on the efficacy of immune
checkpoint inhibitors in Japanese responder patients with advanced
non-small cell lung cancer. Transl Lung Cancer Res. (2019) 8:847-
53. doi: 10.21037/tlcr.2019.10.23
13. Jin Y, Dong H, Xia L, Yang Y, Zhu Y, Shen Y, et al. The diversity of gut
microbiome is associated with favorable responses to anti-programmed death
1 immunotherapy in Chinese patients with NSCLC. J Thorac Oncol. (2019)
14:1378-89. doi: 10.1016/j.jtho.2019.04.007

important intellectual content. All authors read and approved the
final manuscript.

FUNDING

This work was supported by the Affiliated Hospital of Southwest
Medical University Doctoral Research Initiation Fund (CheH)
(N0.19046), the University of Kansas Medical Center Start-up
Funds (JZ), the Play with a Pro Lung Cancer Research Fund and
the Pilot Grant for Cancer Research of the University of Kansas
Cancer Center (JZ).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fonc.
2021.642110/full#supplementary-material

14. Peters BA, Wilson M, Moran U, Pavlick A, Izsak A, Wechter
T, et al. Relating the gut metagenome and metatranscriptome to
immunotherapy responses in melanoma patients. Genome Med. (2019)
11:61. doi: 10.1186/s13073-019-0672-4

15. Gopalakrishnan V, Spencer CN, Nezi L, Reuben A, Andrews MC,
Karpinets TV, et al. Gut microbiome modulates response to anti-PD-
1 immunotherapy in melanoma patients. Science. (2018) 359:97-103.
doi: 10.1126/science.aan4236

16. Matson V, Fessler ], Bao R, Chongsuwat T, Zha Y, Alegre ML, et al. The
commensal microbiome is associated with anti-PD-1 efficacy in metastatic
melanoma patients. Science. (2018) 359:104-8. doi: 10.1126/science.aa03290

17. Chaput N, Lepage P, Coutzac C, Soularue E, Le Roux K, Monot C, et al.
Baseline gut microbiota predicts clinical response and colitis in metastatic
melanoma patients treated with ipilimumab. Ann Oncol. (2017) 28:1368-
79. doi: 10.1093/annonc/mdx108

18. Frankel AE, Coughlin LA, Kim J, Froehlich TW, Xie Y, Frenkel EP, et
al. Metagenomic shotgun sequencing and unbiased metabolomic profiling
identify specific human gut microbiota and metabolites associated with
immune checkpoint therapy efficacy in melanoma patients. Neoplasia. (2017)
19:848-55. doi: 10.1016/j.ne0.2017.08.004

19. Zheng Y, Wang T, Tu X, Huang Y, Zhang H, Tan D, et al. Gut

response to anti-PD-1 immunotherapy in
patients with hepatocellular carcinoma. ] Immunother Cancer. (2019)
7:193. doi: 10.1186/s40425-019-0650-9

20. Liu T, Xiong Q, Li L, Hu Y. Intestinal microbiota predicts lung cancer
patients at risk of immune-related diarrhea. Immunotherapy. (2019) 11:385-
96. doi: 10.2217/imt-2018-0144

21. Dubin K, Callahan MK, Ren B, Khanin R, Viale A, Ling L, et
al. Intestinal analyses identify melanoma patients at
risk for checkpoint-blockade-induced colitis. Nat Commun. (2016)
7:10391. doi: 10.1038/ncomms10391

22. Kennedy LB, Salama AKS. A review of cancer immunotherapy toxicity. CA
Cancer J Clin. (2020) 70:86-104. doi: 10.3322/caac.21596

23. Pinato DJ, Howlett S, Ottaviani D, Urus H, Patel A, Mineo T, et al.
Association of prior antibiotic treatment with survival and response to
immune checkpoint inhibitor therapy in patients with cancer. JAMA Oncol.
(2019) 5:1774-78. doi: 10.1001/jamaoncol.2019.2785

24. Sen S, Carmagnani Pestana R, Hess K, Viola GM, Subbiah V. Impact of
antibiotic use on survival in patients with advanced cancers treated on
immune checkpoint inhibitor phase I clinical trials. Ann Oncol. (2018)
29:2396-8. doi: 10.1093/annonc/mdy453

25. Galli G, Triulzi T, Proto C, Signorelli D, Imbimbo M, Poggi M, et al.
Association between antibiotic-immunotherapy exposure ratio and outcome
in metastatic non small cell lung cancer. Lung Cancer. (2019) 132:72-
8. doi: 10.1016/j.lungcan.2019.04.008

microbiome affects the

microbiome

Frontiers in Oncology | www.frontiersin.org

March 2021 | Volume 11 | Article 642110


https://www.frontiersin.org/articles/10.3389/fonc.2021.642110/full#supplementary-material
https://doi.org/10.1126/science.aar4060
https://doi.org/10.1016/S0140-6736(16)30958-8
https://doi.org/10.1001/jamaoncol.2018.3923
https://doi.org/10.1097/CJI.0000000000000232
https://doi.org/10.1080/19490976.2018.1511665
https://doi.org/10.1126/science.aad1329
https://doi.org/10.1126/science.aac4255
https://doi.org/10.1016/j.jtho.2019.08.1523
https://doi.org/10.1126/science.aan3706
https://doi.org/10.3892/ol.2019.9899
https://doi.org/10.21873/anticanres.11680
https://doi.org/10.21037/tlcr.2019.10.23
https://doi.org/10.1016/j.jtho.2019.04.007
https://doi.org/10.1186/s13073-019-0672-4
https://doi.org/10.1126/science.aan4236
https://doi.org/10.1126/science.aao3290
https://doi.org/10.1093/annonc/mdx108
https://doi.org/10.1016/j.neo.2017.08.004
https://doi.org/10.1186/s40425-019-0650-9
https://doi.org/10.2217/imt-2018-0144
https://doi.org/10.1038/ncomms10391
https://doi.org/10.3322/caac.21596
https://doi.org/10.1001/jamaoncol.2019.2785
https://doi.org/10.1093/annonc/mdy453
https://doi.org/10.1016/j.lungcan.2019.04.008
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles

Huang et al.

Gut Microbiome and Cancer Immunotherapy

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Schett A, Rothschild SI, Curioni-Fontecedro A, Krahenbuhl S, Fruh M,
Schmid §, et al. Predictive impact of antibiotics in patients with advanced non
small-cell lung cancer receiving immune checkpoint inhibitors: antibiotics
immune checkpoint inhibitors in advanced NSCLC. Cancer Chemother
Pharmacol. (2020) 85:121-31. doi: 10.1007/s00280-019-03993-1

Elkrief A, El Raichani L, Richard C, Messaoudene M, Belkaid W, Malo J,
et al. Antibiotics are associated with decreased progression-free survival of
advanced melanoma patients treated with immune checkpoint inhibitors.
Oncoimmunology. (2019) 8:e1568812. doi: 10.1080/2162402X.2019.1568812
Ueda K, Yonekura S, Ogasawara N, Matsunaga Y, Hoshino R, Kurose H, et al.
The impact of antibiotics on prognosis of metastatic renal cell carcinoma in
japanese patients treated with immune checkpoint inhibitors. Anticancer Res.
(2019) 39:6265-71. doi: 10.21873/anticanres.13836

Tinsley N, Zhou C, Tan G, Rack S, Lorigan P, Blackhall F, et al
Cumulative antibiotic use significantly decreases efficacy of checkpoint
inhibitors in patients with advanced cancer. Oncologist. (2020) 25:55-
63. doi: 10.1634/theoncologist.2019-0160

Kim H, Lee JE, Hong SH, Lee MA, Kang JH, Kim IH. The effect of antibiotics
on the clinical outcomes of patients with solid cancers undergoing immune
checkpoint inhibitor treatment: a retrospective study. BMC Cancer. (2019)
19:1100. doi: 10.1186/s12885-019-6267-z

Lalani AA, Xie W, Braun DA, Kaymakcalan M, Bosse D, Steinharter
JA, et al. Effect of antibiotic use on outcomes with systemic therapies
in metastatic renal cell carcinoma. Eur Urol Oncol. (2020) 3:372-81.
doi: 10.1016/j.€u0.2019.09.001

Zhao S, Gao G, Li W, Li X, Zhao C, Jiang T, et al. Antibiotics are associated
with attenuated efficacy of anti-PD-1/PD-L1 therapies in Chinese patients
with advanced non-small cell lung cancer. Lung Cancer. (2019) 130:10-
17. doi: 10.1016/j.lungcan.2019.01.017

Ahmed ], Kumar A, Parikh K, Anwar A, Knoll BM, Puccio C,
et al. Use of broad-spectrum antibiotics impacts outcome in patients
treated with immune checkpoint inhibitors. Oncoimmunology. (2018)
7:¢1507670. doi: 10.1080/2162402X.2018.1507670

Huemer F, Rinnerthaler G, Westphal T, Hackl H, Hutarew G, Gampenrieder
SP, et al. Impact of antibiotic treatment on immune-checkpoint blockade
efficacy in advanced non-squamous non-small cell lung cancer. Oncotarget.
(2018) 9:16512-20. doi: 10.18632/oncotarget.24751

Derosa L, Hellmann MD, Spaziano M, Halpenny D, Fidelle M, Rizvi H, et al.
Negative association of antibiotics on clinical activity of immune checkpoint
inhibitors in patients with advanced renal cell and non-small-cell lung cancer.
Ann Oncol. (2018) 29:1437-44. doi: 10.1093/annonc/mdy103
Iglesias-Santamaria A. Impact of antibiotic use and other concomitant
medications on the efficacy of immune checkpoint
in patients with advanced cancer. Clin Transl Oncol.
22:1481-90. doi: 10.1007/s12094-019-02282-w

Spencer CN, Gopalakrishnan V, McQuade J, Andrews MC, Helmink B, Khan
MAW, et al. Abstract 2838: the gut microbiome (GM) and immunotherapy
response are influenced by host lifestyle factors. Cancer Res. (2019) 79(13
Suppl):2838. doi: 10.1158/1538-7445.SABCS18-2838

Hiel S, Bindels LB, Pachikian BD, Kalala G, Broers V, Zamariola G, et
al. Effects of a diet based on inulin-rich vegetables on gut health and
nutritional behavior in healthy humans. Am J Clin Nutr. (2019) 109:1683-
95. doi: 10.1093/ajcn/nqz001

Bamberger C, Rossmeier A, Lechner K, Wu L, Waldmann E, Fischer
S, et al. A walnut-enriched diet affects gut microbiome in healthy
caucasian subjects. A randomized, controlled trial. Nutrients. (2018)
10:244. doi: 10.3390/nu10020244

David LA, Maurice CF, Carmody RN, Gootenberg DB, Button JE, Wolfe BE,
et al. Diet rapidly and reproducibly alters the human gut microbiome. Nature.
(2014) 505:559-63. doi: 10.1038/nature12820

Rodriguez-Morato J, Matthan NR, Liu J, de la Torre R, Chen CO.
Cranberries attenuate animal-based diet-induced changes in microbiota
composition and functionality: a randomized crossover controlled feeding
trial. ] Nutr Biochem. (2018) 62:76-86. doi: 10.1016/j.jnutbio.2018.0
8.019

Holscher HD, Guetterman HM, Swanson KS, An R, Matthan NR,
Lichtenstein AH, et al. Walnut consumption alters the gastrointestinal
microbiota, microbially derived secondary bile acids, and health markers

inhibitors
(2020)

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

in healthy adults: a randomized controlled trial. J Nutr. (2018) 148:861-
7. doi: 10.1093/jn/nxy004

Holscher HD, Taylor AM, Swanson KS, Novotny JA, Baer DJ. Almond
consumption and processing affects the composition of the gastrointestinal
microbiota of healthy adult men and women: a randomized controlled trial.
Nutrients. (2018) 10:126. doi: 10.3390/nu10020126

Martinez I, Lattimer JM, Hubach KL, Case JA, Yang J, Weber CG, et al. Gut
microbiome composition is linked to whole grain-induced immunological
improvements. ISME J. (2013) 7:269-80. doi: 10.1038/isme;j.2012.104

Sheflin AM, Borresen EC, Wdowik M]J, Rao S, Brown R], Heuberger AL,
et al. Pilot dietary intervention with heat-stabilized rice bran modulates
stool microbiota and metabolites in healthy adults. Nutrients. (2015) 7:1282-
300. doi: 10.3390/nu7021282

Kellingray L, Tapp HS, Saha S, Doleman JE Narbad A, Mithen RF.
Consumption of a diet rich in Brassica vegetables is associated with a reduced
abundance of sulphate-reducing bacteria: a randomised crossover study. Mol
Nutr Food Res. (2017) 61:1600992. doi: 10.1002/mnfr.201600992

Foerster ], Maskarinec G, Reichardt N, Tett A, Narbad A, Blaut M, et al.
The influence of whole grain products and red meat on intestinal microbiota
composition in normal weight adults: a randomized crossover intervention
trial. PLoS ONE. (2014) 9:¢109606. doi: 10.1371/journal.pone.0109606

Chiu HE Huang YC, Lu YY, Han YC, Shen YC, Golovinskaia O,
et al. Regulatory/modulatory effect of prune essence concentrate
on intestinal function and blood lipids. Pharm Biol. (2017)
55:974-9. doi: 10.1080/13880209.2017.1285323

Hooda S, Boler BM, Serao MC, Brulc JM, Staeger MA, Boileau TW, Dowd
SE, Fahey GC, Jr., Swanson KS. 454 pyrosequencing reveals a shift in fecal
microbiota of healthy adult men consuming polydextrose or soluble corn
fiber. J Nutr. (2012). 142:1259-65. doi: 10.3945/jn.112.158766

Kaczmarek JL, Liu X, Charron CS, Novotny JA, Jeffery EH, Seifried HE, et al.
Broccoli consumption affects the human gastrointestinal microbiota. J Nutr
Biochem. (2019) 63:27-34. doi: 10.1016/j.jnutbio.2018.09.015

Henning SM, Yang ], Shao P, Lee RP, Huang J, Ly A, et al. Health benefit
of vegetable/fruit juice-based diet: role of microbiome. Sci Rep. (2017)
7:2167. doi: 10.1038/541598-017-02200-6

Wijayabahu AT, Waugh SG, Ukhanova M, Mai V. Dietary raisin intake has
limited effect on gut microbiota composition in adult volunteers. Nutr J.
(2019) 18:14. doi: 10.1186/512937-019-0439-1

Wan Y, Tong W, Zhou R, Li J, Yuan J, Wang E et al. Habitual animal
fat consumption in shaping gut microbiota and microbial metabolites. Food
Funct. (2019) 10:7973-82. doi: 10.1039/C9FO01490]

Schoenfeld AJ, Hellmann MD. Acquired Resistance to Immune Checkpoint
Inhibitors. Cancer Cell. (2020) 37:443-55. doi: 10.1016/j.ccell.2020.03.017

Yi M, Yu S, Qin S, Liu Q, Xu H, Zhao W, et al. Gut microbiome
modulates efficacy of immune checkpoint inhibitors. ] Hematol Oncol. (2018)
11:47. doi: 10.1186/s13045-018-0592-6

Yi M, Jiao D, Qin S, Chu Q, Li A, Wu K. Manipulating
gut  microbiota  composition  to  enhance the therapeutic
effect of cancer immunotherapy. Integr Cancer Ther. (2019)

18:1534735419876351. doi: 10.1177/1534735419876351

Baruch EN, Youngster I, Ben-Betzalel G, Ortenberg R, Lahat A, Katz L, et al.
Fecal microbiota transplant promotes response in immunotherapy-refractory
melanoma patients. Science. (2021) 371:602-9. doi: 10.1126/science.abb5920

Gopalakrishnan ~ V,  Helmink BA, Spencer CN, Reuben A,
Wargo JA. The influence of the gut microbiome on cancer,
immunity, and cancer immunotherapy. Cancer Cell.  (2018)

33:570-80. doi: 10.1016/j.ccell.2018.03.015

Arpaia N, Campbell C, Fan X, Dikiy S, van der Veeken ], deRoos P,
et al. Metabolites produced by commensal bacteria promote peripheral
regulatory T-cell generation. Nature. (2013) 504:451-5. doi: 10.1038/nature
12726

Smith PM, Howitt MR, Panikov N, Michaud M, Gallini CA, Bohlooly YM,
et al. The microbial metabolites, short-chain fatty acids, regulate colonic Treg
cell homeostasis. Science. (2013) 341:569-73. doi: 10.1126/science.1241165
Luu M, Weigand K, Wedi E Breidenbend C, Leister H, Pautz
S, et al. Regulation of the effector function of CD8(+) T cells
by gut microbiota-derived metabolite butyrate. Sci Rep. (2018)
8:14430. doi: 10.1038/s41598-018-32860-x

Frontiers in Oncology | www.frontiersin.org

March 2021 | Volume 11 | Article 642110


https://doi.org/10.1007/s00280-019-03993-1
https://doi.org/10.1080/2162402X.2019.1568812
https://doi.org/10.21873/anticanres.13836
https://doi.org/10.1634/theoncologist.2019-0160
https://doi.org/10.1186/s12885-019-6267-z
https://doi.org/10.1016/j.euo.2019.09.001
https://doi.org/10.1016/j.lungcan.2019.01.017
https://doi.org/10.1080/2162402X.2018.1507670
https://doi.org/10.18632/oncotarget.24751
https://doi.org/10.1093/annonc/mdy103
https://doi.org/10.1007/s12094-019-02282-w
https://doi.org/10.1158/1538-7445.SABCS18-2838
https://doi.org/10.1093/ajcn/nqz001
https://doi.org/10.3390/nu10020244
https://doi.org/10.1038/nature12820
https://doi.org/10.1016/j.jnutbio.2018.08.019
https://doi.org/10.1093/jn/nxy004
https://doi.org/10.3390/nu10020126
https://doi.org/10.1038/ismej.2012.104
https://doi.org/10.3390/nu7021282
https://doi.org/10.1002/mnfr.201600992
https://doi.org/10.1371/journal.pone.0109606
https://doi.org/10.1080/13880209.2017.1285323
https://doi.org/10.3945/jn.112.158766
https://doi.org/10.1016/j.jnutbio.2018.09.015
https://doi.org/10.1038/s41598-017-02200-6
https://doi.org/10.1186/s12937-019-0439-1
https://doi.org/10.1039/C9FO01490J
https://doi.org/10.1016/j.ccell.2020.03.017
https://doi.org/10.1186/s13045-018-0592-6
https://doi.org/10.1177/1534735419876351
https://doi.org/10.1126/science.abb5920
https://doi.org/10.1016/j.ccell.2018.03.015
https://doi.org/10.1038/nature12726
https://doi.org/10.1126/science.1241165
https://doi.org/10.1038/s41598-018-32860-x
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles

Huang et al.

Gut Microbiome and Cancer Immunotherapy

62.

63.

64.

65.

66.

67.

68.

Pryde SE, Duncan SH, Hold GL, Stewart CS, Flint HJ. The microbiology
of butyrate formation in the human colon. FEMS Microbiol Lett. (2002)
217:133-9. doi: 10.1111/j.1574-6968.2002.tb11467.x

Nomura M, Nagatomo R, Doi K, Shimizu ], Baba K, Saito T, et al.
Association of short-chain fatty acids in the gut microbiome with
clinical response to treatment with nivolumab or pembrolizumab
in patients with solid cancer tumors. JAMA Netw Open. (2020)
3:€202895. doi: 10.1001/jamanetworkopen.2020.2895
Louis P, Flint HJ. Formation of propionate
the human  colonic  microbiota.  Environ
19:29-41. doi: 10.1111/1462-2920.13589

Lukovac S, Belzer C, Pellis L, Keijser BJ, de Vos WM, Montijn RC, et al.
Differential modulation by Akkermansia muciniphila and Faecalibacterium
prausnitzii of host peripheral lipid metabolism and histone acetylation in
mouse gut organoids. mBio. (2014) 5:¢01438-14. doi: 10.1128/mBi0.01438-14
Shin NR, Whon TW, Bae JW. Proteobacteria: microbial signature
of dysbiosis in gut microbiota. Trends  Biotechnol.  (2015)
33:496-503. doi: 10.1016/j.tibtech.2015.06.011

Das P, Ji B, Kovatcheva-Datchary P, Backhed F, Nielsen J. In vitro co-cultures
of human gut bacterial species as predicted from co-occurrence network
analysis. PLoS ONE. (2018) 13:e0195161. doi: 10.1371/journal.pone.0195161
Tanoue T, Morita S, Plichta DR, Skelly AN, Suda W, Sugiura Y, et al. A defined
commensal consortium elicits CD8 T cells and anti-cancer immunity. Nature.
(2019) 565:600-5. doi: 10.1038/s41586-019-0878-z

and butyrate by
Microbiol.  (2017)

69.

70.

71.

Neuman H, Forsythe P, Uzan A, Avni O, Koren O. Antibiotics in early
life: dysbiosis and the damage done. FEMS Microbiol Rev. (2018) 42:489-
99. doi: 10.1093/femsre/fuy018

Palleja A, Mikkelsen KH, Forslund SK, Kashani A, Allin KH, Nielsen T, et al.
Recovery of gut microbiota of healthy adults following antibiotic exposure.
Nat Microbiol. (2018) 3:1255-65. doi: 10.1038/s41564-018-0257-9

Wilson BE, Routy B, Nagrial A, Chin VT. The effect of antibiotics on
clinical outcomes in immune-checkpoint blockade: a systematic review and
meta-analysis of observational studies. Cancer Immunol Immunother. (2020)
69:343-54. doi: 10.1007/s00262-019-02453-2

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

The handling editor declared a past co-authorship with one of the authors JZ.

Copyright © 2021 Huang, Li, Liu, Zhu, Dai, Fan, Mehta, Huang, Neupane, Wang,
Sun, Umar, Zhong and Zhang. This is an open-access article distributed under the
terms of the Creative Commons Attribution License (CC BY). The use, distribution
or reproduction in other forums is permitted, provided the original author(s) and
the copyright owner(s) are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Oncology | www.frontiersin.org

10

March 2021 | Volume 11 | Article 642110


https://doi.org/10.1111/j.1574-6968.2002.tb11467.x
https://doi.org/10.1001/jamanetworkopen.2020.2895
https://doi.org/10.1111/1462-2920.13589
https://doi.org/10.1128/mBio.01438-14
https://doi.org/10.1016/j.tibtech.2015.06.011
https://doi.org/10.1371/journal.pone.0195161
https://doi.org/10.1038/s41586-019-0878-z
https://doi.org/10.1093/femsre/fuy018
https://doi.org/10.1038/s41564-018-0257-9
https://doi.org/10.1007/s00262-019-02453-2
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles

	Relating Gut Microbiome and Its Modulating Factors to Immunotherapy in Solid Tumors: A Systematic Review
	Introduction
	Methods
	Results
	Common Features in Gut Microbiome Correlate With the Treatment Response and AEs of ICIs Across Various Solid Tumors
	The Potential Impact of Antibiotics on the Therapeutic Effect of ICIs
	Diet Could Potentially Affect the Efficacy of Cancer Immunotherapy

	Discussion
	Conclusions
	Data Availability Statement
	Author Contributions
	Funding
	Supplementary Material
	References


