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Abstract

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), orimpact 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 “ICI-favoring” gut microbiome (P =
0.0476).

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.

Introduction

Immunotherapy such as using immune checkpoint inhibitors (ICls) 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][10, 11], and antibiotic is such an
inevitable gut microbiome modifier in the clinical setting; 3) whether diet, as one of the most important
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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 ICls, we used search keywords “gut microbiome” AND “cancer” AND “immunotherapy”. To
determine the impact of antibiotics on ICls, 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 1st, 2020
(Supplemental 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 Pvalue <0.05 was considered
statistically significant.

Results

1. Common features in gut microbiome correlate with the treatment response and AEs of ICls across
various solid tumors

Using search keywords “gut microbiome” AND “cancer” AND “immunotherapy”, a total of 240 articles
were retrieved from PubMed. With stringent manual screening and inclusion of 2 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 3 studies[17, 20, 21] had AEs data using ICI
therapy, and 1 study had both[17]. Of note, the documented AEs in that 3 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 (4 studies), France (3 studies),
China (2 studies) and Japan (1 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 Figure 2, at the phylum
level, it is clear that the enrichment of Firmicutes and Verrucomicrobia are correlated with better clinical
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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 grey) were also noticed in some other studies. Similarly, a mixed
association of Actinobacteria to ICl 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).

2. 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 ICls. Using
search keywords “antibiotics” AND “immunotherapy” AND “microbiome” AND “cancer”, we identified 17
eligible studies (Supplemental Figure 1) including 2 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 2 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 ICl treatment. However, there were also a
few studies that suggested no obvious association or impact. Interestingly, 2 prospective studies[23, 24]
and 1 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. Supplemental Figure 3 showed individual studies that exhibited either negative
(labeled with black bars ) or no association (labeled in grey 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 ICls universally exhibited negative impact on
treatment response of ICls (Figure 4b and c), except one study[10] (Supplemental Figure 3).

3. Diet could potentially affect the efficacy of cancerimmunotherapy

” o n u

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
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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 a diversity in gut microbiota, and
the “ICl-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 (Supplemental 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 4 studies using animal-based
diet[40, 41, 47, 53]. Although they also contained non-animal-based diet component, 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 a 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 “ICl-unfavoring” criteria, we found that 3 animal-based diet studies were “ICI-
unfavoring” and none were “ICl-favoring”. Among the 12 plant-based diet studies, we found 5 were “ICI-
favoring” and 1 was “ICl-unfavoring”. In summary, plant-based diet is found to be significantly associated
with “ICI-favoring” gut microbiome, whereas animal-based diet is the opposite (Figure 5b, 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 (Henning et al. 2017, reference) 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 ICls, 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. In fact, we have recently shown that certain gut microbiota
correlates significantly to ICI response in NSCLC patients[8], which is consistent with the findings from
other groups[9, 15, 16], as well as preclinical mouse models[7]. However, to better harness gut microbiome
for clinical applicability, we need to understand whether there is shared gut microbiome feature across
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various solid tumors treated with ICls, and whether common gut microbiome modifiers could have impact
on ICl 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[55]. 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 short chain fatty acids (SCFA), a metabolite that has regulatory effect on
inflammation and T cell differentiation[56—58]. 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[59]. 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[60]. This may also explain the positive correlation
of mucin-degrading bacteria Akkermansia muciniphila (phylum Verrucomicrobia) to ICl response since it
produces SCFA (both propionate and acetate)[61, 62]. The negative association of Proteobacteria with ICI
response is likely due to its close link to dysbiosis[63], 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[64]. 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 IFNy* CD8 T 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[65].
Interestingly, in our study, Bacteroidetes enrichment clearly correlated with less ICl-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[65].

As the ICI-favoring Firmicutes are the dominant gut microbial phyla, it is not surprising to see a negative
impact on ICls with the use of broad-spectrum antibiotics as Firmicutes will likely be affected most. In
addition, antibiotics can induce dysbiosis[66]. 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,
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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 3 antibiotics:
meropenem, gentamicin and vancomycin[67]. 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 ICls were universally
associated with poor clinical outcome[23, 24, 26-28, 30, 35]. Since antibiotic use is quite common
among cancer patients, it will be interesting to see whether narrow-spectrum antibiotics could have
selective effect on ICl 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 ICls. Despite the lack of
direct evidence, we did observe that plant-based diet enriched “ICl-favoring” gut microbiome, represented
as increased Firmicutes or Verrucomicrobia or a 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.

Limitations

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.

Abbreviations

AEs: adverse effects; ICls: 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;
SCFA: short chain fatty acids
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Flow Diagram of Article Screening
(Efficacy and toxicity)

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

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 ICls 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 3 studies
for toxicity (adverse effects).
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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 ICI 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
grey. 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.
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Figure 3

Correlation of gut microbiome to the toxicity 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 adverse effects from ICI 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 genus level.
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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
ICl 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 poor clinical outcome c. Detail timing and
duration of antibiotic use for studies shown in b. n: sample size; P: prospective study; R: retrospective
study; *: mixed results based on the timing of antibiotic use.
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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 alterations of gut microbiome after dietary intervention are
displayed in 3 lines, which represent increase, no change and decrease in each category (red: Firmicutes;
purple: a 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 “ICI-favoring” vs. “ICl-unfavoring” gut microbiota (P = 0.0476).
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