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Abstract: The interplay between drugs and microbiota is critical for successful treatment. An accumu-
lating amount of evidence has identified the significant impact of intestinal microbiota composition
on cancer treatment response, particularly immunotherapy. The possible molecular pathways of
the interaction between immune checkpoint inhibitors (ICIs) and the microbiome can be used to
reverse immunotherapy tolerance in cancer by using various kinds of interventions on the intestinal
bacteria. This paper aimed to review the data available on how the antibiotic-related changes in
human microbiota during colorectal cancer (CRC) treatment can affect and determine ICI treatment
outcomes. We also covered the data that support the potential intimate mechanisms of both local
and systemic immune responses induced by changes in the intestinal microbiota. However, further
better-powered studies are needed to thoroughly assess the clinical significance of antibiotic-induced
alteration of the gut microbiota and its impact on CRC treatment by direct observations of patients
receiving antibiotic treatment.

Keywords: checkpoint inhibitors; antibiotics; microbiome; colorectal carcinoma; immunotherapy;
gut microbiota; cancer

1. Introduction

The interplay between drugs and microbiota is critical for successful treatment. There-
fore, pharmacomicrobiomics was proposed as a modern approach for assessing the inter-
action between medicines and microbiota composition. A growing amount of evidence
suggests that intestinal microbiota composition significantly impacts cancer treatment
response, particularly immunotherapy. It has been shown that specific intestinal bacteria
may promote or suppress immune checkpoint inhibitor (ICI) effectiveness. The possible
molecular pathways of such an interaction can be used to reverse immunotherapy tolerance
in cancer by using various kinds of interventions on intestinal bacteria [1].

However, the intestinal microbiome can alter bioavailability, activity, and toxicity by
transforming medication [2]. This widely-accepted concept lays stress on the importance of
the balance between beneficial and harmful bacteria rather than the presence or absence of
individual bacterial species. Numerous factors have been identified as altering temporarily
or permanently the structure of intestinal microbiota, the key ones being diet, antibiotics,
other pharmaceuticals, immune system factors, and cancer [3].

Changes in the typical intestinal microbiota composition have been linked—but not
confined—to inflammation, a well-known cancer trait. The microbiome–immune system–
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cancer axis needs further evaluation, especially regarding microbiota’s influence on differ-
ent cancer therapies, including immunotherapy. Targeted immune-mediated treatments
have been a crucial point in recent developments regarding solid tumor treatment. ICIs
have been one of the most significant groups of treatments to impact the whole field of
oncology. ICIs have demonstrated clinical benefits in various cancers, including colorectal
cancer (CRC) with microsatellite instability (dMMR/MSI-H) in the metastatic setting [4,5].
Therefore, the increasing role of ICIs in treating cancer has led to further analyses of the
factors predicting their response—mostly, which factors can lead to failure of ICI treatment.

Direct and indirect alterations of the microbiome composition and metabolic capacity
as a consequence of antibiotic usage have been examined and documented thoroughly [6].
However, changes in the gut microbiota caused by antibiotics may also alter the number
and functions of immune cells in the intestines, leading to systemic inflammatory responses
in the body [7]. In line with this, it is not surprising that the effectiveness of immunotherapy
may vary in response to alterations in microbiota composition [8,9].

This paper aimed to review the data available on how the antibiotic-related changes in
human microbiota during CRC treatment can affect and determine ICI treatment outcomes.
We also cover the data that support the potential intimate mechanisms of both local and
systemic immune responses induced by changes in the intestinal microbiota.

2. Microbiome, Local and Systemic Immune Responses, and Cancer

The intensive crosstalk between the host gut microbiota and the intestinal immune
system is essential for the maturation of immune cells. The human microbiome is also
involved in education and enabling the immune system to recognize potentially hazardous
bacteria, thus avoiding invasion and infection.

The effect of the gut microbiome on the response to immune checkpoint blockade
of different cancer types has been shown [10]. In regard to CRC, it is considered that the
aggressiveness and treatment response are determined by various immune cells inside
the tumor and in the tumor microenvironment. It has been established that lymphoid and
myeloid cells, fibroblasts, and endothelial cells are involved. The critical participation of cy-
totoxic CD8+ T cells, dendritic cells, tumor-associated macrophages, and cancer-associated
fibroblasts play a central role as modulators and even drivers of tumor heterogeneity [11].
The immune cell populations within the tumor and the tumor environment are not the
only players that encourage tumor development. It has been documented that gut mi-
crobiome dysbiosis with loss of protective bacterial populations and the enrichment of
microbial communities can encourage cancer. Therefore, it is essential to understand the
dynamic changes in CRC patients’ gut microbiome to clarify the whole process of CRC
carcinogenesis.

Recent studies have shown that patients with CRC have an altered gut microbiome
compared to healthy controls. For example, an overabundance of several intestinal bacterial
organisms, including Fusobacterium nucleatum, enterotoxigenic Bacteroides fragilis (ETBF),
and Peptostreptococcus anaerobius, have been reported to promote tumor proliferation in
CRC carcinogenesis [12]. Furthermore, the correlation between the bacteria mentioned
above and inflammation and the tumor shield for immune attack has been suggested.

The critical effect of commensal microbes on cancer patients’ prognosis has also been
reported in recent studies. Mima et al. revealed the association between the abundance of
Fusobacterium nucleatum DNA in CRC tissue and a shorter survival in a large patient cohort
study. Moreover, the amount of F. nucleatum DNA may potentially serve as a prognostic
biomarker in clinical outcomes [13]. Moreover, Yu et al. revealed the role of F. nucleatum
in fostering chemoresistance in patients with CRC by inducing autophagy, which fails
treatment or provokes disease recurrence [14]. Recently, we gathered data on F. nucleatum
and its connection with microbiota dysbiosis, the progression of CRC, the transformation
of conventional adenoma to CRC, and the serrated carcinoma pathway [15].

One of the prominent causes that increases the risk of accelerated proliferation and
deleterious mutations is the degradation of mucin by pathogens, resulting in biofilm for-
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mation on the epithelial surface and adverse immune responses [16]. Thus, one would
speculate that biofilm invasion deep into colonic crypts would accelerate carcinogenesis.
In patients with biofilms, the risk of developing CRC is higher compared to those without
biofilms. These bacterial biofilms are also observed in normal colon mucosa, but have
been associated with decreased colonic epithelial cell E-cadherin expression and increased
activation of IL-6 and STAT3 in epithelial cells, as well as increased proliferation of crypt
epithelial cells [16]. We also recently established IL-6 as a crucial cytokine of equal impor-
tance for both inflammation and tumor development, suggesting that IL-6 is a significant
tumor promoter during the early stages of CRC [17].

Although the exact mechanisms remain to be discovered, a growing number of pre-
clinical animal model studies and clinical trials of immunotherapies suggest that the host
microbiome is a critical determinant for the variable host responses to different therapy
modalities [18]. Yu et al. demonstrated that the same type of pro-inflammatory cells
induced due to dysbiosis leads to increased T cell exhaustion in the tumor microenviron-
ment [19]. Gut microbiota dysbiosis also increases the intestinal barrier’s permeability,
favoring bacterial translocation, macrophages activation, and the consequent establishment
of chronic pro-tumorigenic inflammation.

Studies have already identified specific commensal flora members that exert signifi-
cant microbiome-dependent control on anti-tumor immunity, including immune system
priming and the response to ICIs. However, it is difficult to identify the single most sig-
nificant member of the flora for tumor favoring. Still, several species contribute to cancer
through different mechanisms, and some species have detrimental effects on anti-tumor
treatment. It has been demonstrated that normal gut microbiota might enhance the anti-
tumor activity of ICIs by promoting the secretion of IL-12 by local dendritic cells and by
changing the local repertoires of Th1 cells to express the intestinal chemokine receptors
CCR9 and CXCR3. It has been reported that the anti-tumor potential of CD8+ cells is also
affected by the intestinal microbiota, where anti-tumor mechanisms depend on increased
IFN-γ production and CD8+ count within the tumor [9,20]. For example, Bifidobacterium
has been shown to improve anti-tumor immunity in vivo, both alone and in combination
with anti-PD-L1 immunotherapy through modulation of dendritic cell function and the
subsequently improved effector function of tumor-specific CD8+ T cells [21].

Furthermore, lysates of Lactobacillus acidophilus also have enhanced anti-tumor efficacy
of anti-CTLA-4 (cytotoxic T lymphocyte-associated protein 4) blocking antibody in mice
CRC models, associated with increased CD8+ T cells, decreased numbers of T regula-
tory cells (Tregs), and decreased M2 macrophages in the tumor microenvironment [22].
Interestingly, bacterial genotoxins from Bacteroides fragilis, Campylobacter jejuni, and Fu-
sobacterium nucleatum could promote CRC development in patients via activation of CD4+
Th17 cell responses, mTOR signaling, and the NF-kB pathway, respectively [23,24]. Addi-
tionally, bacteria such as ETBF and Fusobacterium nucleatum can impair the effectiveness
of traditional chemotherapy and ICIs. The variations in treatment results between right-
sided and left-sided colon cancer can be explained by biofilms in the right colon [16],
as discussed above.

3. Novel Insights on the Antibiotic-Induced Changes in the Microbiome

The human intestinal flora has been subject to vigorous studies in recent years, mainly
due to the advances in genetic techniques allowing for sequencing studies of unculturable
bacteria. Metagenomic analyses of gut microbiome changes induced by antibiotics still
involve mostly small (<100) cohorts of patients/volunteers, allowing much room for intra-
group variability. These limitations were the primary and intrinsic weaknesses of the above
analyses. Moreover, metagenomic analyses from animal models of the human intestinal
microbiota are not a suitable replacement; for some more recent classes of antibiotics, such
as carbapenems and polymixins, human metagenomic data are scarce, if any. Further work
on larger populations will be needed to affirm the trends.
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However, advanced technologies have allowed thorough examination of the gut micro-
biota’s genera level, demonstrating the domination of the taxa Bacteroides and Firmicutes,
compared to relatively lower shares of Proteobacteria, Actinobacteria, and Fusobacte-
ria [25].

Thus, antibiotics exert various neglected side effects on gut microbiota, affecting
immune cell development, function, and regulation. When antibiotics diminish the bene-
ficial gut microbiota, changes in the numbers and function of naïve cells, Th1/Th2 cells,
Th17, and T regulatory cells occur [26]. Some of these alterations exert systemic effects in
the organism, such as increased susceptibility to infections and sepsis. The systemic im-
mune dysfunction found in antibiotic-treated patients is associated with impaired defense
against pathogens, dysregulated toll-like receptor (TLR) signaling, reduced expression of
antimicrobial peptides, low IgA production in the mucosa, decreased expression of IFN-γ
(causing impaired clearance of viruses), etc. [27]. Except for the main drugs altering the
microbiome, i.e., antibiotics, several other common non-antibiotic medicines have been
related to disrupted gut microbiota composition and function.

In line with this, the microbiome changes during antibiotic therapy that affect the im-
mune system may influence the immunotherapy efficacy, including ICIs for CRC. The issue
is complicated because one has to analyze how different antibiotics impact the intestinal
flora and how they interact with the immune mechanisms, especially in cancer and cancer
treatment.

Claesson et al. focused on general antibiotic usage (regardless of the class of antibi-
otics). They discovered a trend of shifting the balance toward Bacteroides at the expense
of Firmicutes, Actinobacteria, and Proteobacteria [28]. The same study analyzed the use
of a broad wide-spectrum macrolide antibiotic (clarithromycin) explicitly in a short time
frame of three months. They found that this specific antibiotic shifted the balance toward
Firmicutes at a lower dose of 250 mg and away from major phyla at a higher dose of 500 mg.
Furthermore, the study illustrated that the balance between favorable and unfavorable
bacteria in terms of anti-tumor immune modulation is variably disturbed by different
antibiotic classes, and even by their doses [28].

Another small study assessed the effect of a second-generation cephalosporin (cef-
prozil) on healthy volunteers’ intestinal flora, which is also a widely used antibiotic in
outpatient settings. The findings of the study demonstrated high individual variability of
the response to the treatment. The trends showed a reduction of Bacteroides representa-
tives, and an increase of E. coacae and Lachnoclostridium bolteae [29]. The study also observed
incomplete recovery to the initial state in several of the exposed subjects. Thus, lower
microbiome diversity and the prevalence of Bacteroides enterotype may remain long after
the antibiotic treatment.

A deeper look into the available data for alterations of the human microbiota under
antibiotic treatment shows that the composition changes mostly follow the pattern of
intrinsic resistance of the respective families to the individual antibiotics. Although there is
evidence of the beneficial and detrimental members of the intestinal flora in view of the ICI
therapy, data regarding species that are not pathogenic are limited in terms of antibiotic
susceptibilities and are particularly problematic for unculturable or hardly culturable
species such as Akkermansia muciniphila.

The relationship between medicines and the microbiome is further extended by al-
lowing some medications for CRC to be metabolized by microbiota into toxic metabolites
or inactive molecules. For example, the drug availability and efficacy of monoclonal anti-
bodies against PD-1 (programmed cell death protein 1) and its ligands PD-L1 and CTLA-4
may depend on gut microbiota composition [10,30].

A healthy microbiome has anti-tumor activities that can also impair the therapeutic
success of the treatment, including cancer therapy with ICIs. Cancer immunotherapy can
be enhanced or suppressed by the gut microbiome’s overall effects on the host immune
system [31]. Furthermore, Routy et al. demonstrated that the use of antibiotics before,
during, and after PD-L1 or PD-1 inhibition is linked to poorer prognosis and decreased
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progression-free survival [32]. Other anti-cancer drugs, such as daunorubicin and 5-
fluorouracil, are associated with antimicrobial activity themselves [33].

Thus, standard chemotherapy success is often based on intact immune responses.
These data support the hypothesis that intestinal microbiota can also modulate the therapy
types. Therefore, cancer treatment success might depend on immune and microbiome
interactions.

A schematic picture of ICI interactions with microbiota and immune cells is presented
in Figure 1.
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resident Bifidobacterium spp., leading to activation of dendritic cells, promoting the activation, expansion, and function of T
effector cells. Anti-CTLA4 promotes the enrichment of resident Bacteroides spp. And enhances dendritic and effector T cell
activation, while suppresses T regulatory cells function. All of these mechanisms improve anti-tumor efficacy, in contrast to
antibiotics that might decrease it. Red arrows represent stimulation, whereas red arrows with red rectangle—inhibition.

4. Immune Checkpoint Inhibitors in Regard to Microbiome and Antibiotics

Immune checkpoint inhibitors (ICIs) are a new class of systemic anti-tumor agents,
rendering the patient’s immune system to attack tumor cells. There are basically three types
of ICIs currently implemented in clinical practice: anti-PD-1, anti-PD-L1, and anti-CTLA-4
monoclonal antibodies [34]. These relatively novel drugs have led to significant progress
in managing metastatic tumors such as malignant melanoma, non-small cell lung cancer
(NSCLC), and renal cell cancer [35].

The interactions of ICIs with the host microbiome are emphasized when Bacteroides
fragilis, Bifidobacterium breve, and Bifidobacterium longum contribute to ICI actions in CRC.
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The synergic effects include an increase of tumor-infiltrating lymphocytes and enhancement
of tumor dendritic cells [20,21].

Akkermansia muciniphila and Faecalibacterium pausnitzii have demonstrated significant
benefits in recruiting CCR9+CXCR3+CD4+ T lymphocytes to the tumor microenvironment
through the mediation of IL-12 [32,36,37]. This is even more intriguing in the CRC context,
considering that the effects mentioned above are most significant locally in the intestinal
mucosa and the regional mesenteric lymphatic basin. Enterococcus hirae has been demon-
strated to increase the CD8+/Treg ratio in tumors, with potential benefits for anti-tumor
activity in immunotherapy [8]. Direct clinical studies have demonstrated a correlation
between response to ICIs in cancer patients and the intestinal microbiota structure, assessed
through metagenomic shotgun analysis [37].

Apart from beneficial interactions with individual intestinal microbiota members,
there are also such interactions related to inhibition of ICI anti-tumor activity and respective
treatment failure, such as Fusobacterium nucleatum, Roseburia intestinalis, Prevotella spp.,
Proteobacteria spp., and Clostridales spp. It has been shown that their mechanisms of action
include inhibition of TLR4 on NK cells, reduced intratumoral CD8+ T cell recruitment,
and reduced IFN-γ mediation [25].

On a clinical level, the existing data also support the hypothesis that gut microbiota
might be relevant to the effectiveness of ICI cancer treatment. Moreover, drugs that are
known modifiers of the intestinal flora, such as antibiotics, could impact ICI therapy by
changing the gut microbiome, as we discussed earlier.

For the time being, reports assessing the “microbiome–antibiotics–ICI” axis come
mainly from retrospective studies or as a secondary endpoint or ad hoc analysis of clin-
ical trials in melanoma, non-small cell lung cancer, and kidney or urothelial carcinoma.
Due to the comparatively limited number of clinical trials assessing ICIs in CRC, so far,
no report has addressed the issue specifically in these patients. Therefore, any speculation
on microbiome–ICI interactions can only be extrapolated from the available data on the
clinical evidence of the relevance of the microbiome and antibiotics to immunotherapy
efficacy in other tumors.

Working on the preclinical evidence that certain bacterial strains in the gut correlate
with ICI anti-tumor activity [21], one of the first to associate microbiota to the clinical
outcomes of checkpoint inhibitors in humans was Matson et al. [36]. In a small cohort
of 42 advanced-stage melanoma patients, ten different bacterial species were identified
between anti-PD-1 therapy responders and non-responders. Furthermore, the authors
verified their clinical observations by in vivo mice models, showing that gut colonization
with responder-specific bacteria elicits tumor response to PD-1 inhibition. Their results
also support preclinical data pointing at Bifidobacterium as a genus associated with ICI’s
clinical benefit [36].

Almost at the same time, Routy et al. [32] reported a metagenomic analysis of feces
from NSCLC (n = 60) and renal cell cancer patients (n = 40) who were to commence ICI
therapy. The investigators managed to correlate clinical outcomes not only with specific
bacterial strains, but also with the overall abundance and diversity of the gut microbiome.
In their paper, the authors presented evidence that higher levels of bacterial diversity in
stool samples correspond to favorable clinical outcomes in terms of six-month progression-
free survival (PFS). When looking at distinct species in the feces, the most significant
correlation with clinical benefit was shown by Akkermansia muciniphila. This was validated
in additional cohorts of lung (n = 27) and renal cancer (n = 26) patients. Moreover, a higher
bacterial number before ICI therapy initiation is associated with better tumor response and
a PFS longer than three months.

Again, but this time in melanoma patients (n = 112), Gopalakrishnan et al. [10] demon-
strated that diversity in the gut microbiome correlates significantly with objective response
(complete, partial, or stable disease lasting for at least six months) to ICI treatment, as as-
sessed by Response Evaluation Criteria in Solid Tumors (RECIST). Bacterial diversity in
stool samples also correlated with PFS. Higher diversity was observed in those patients
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achieving longer PFS. As to the composition differences between microbiomes from re-
sponders vs. non-responders, the authors reported the Ruminococcaceae family and the
Faecalibacterium genus as the most prevalent among responders, in contrast to species from
the Bacteroidales order, which were abundant in the stools of ICI non-responders [10].
This and other studies (Chaput et al., 2017 [38]; Fukuoka et al., 2018 [39]; Maia et al.,
2018 [40]) reporting an association between ICI efficacy and gut microbiome composition
are presented in Table 1.

Table 1. Association of ICIs and the gut microbiome in humans.

Bacterial Enrichment

Study Tumor ICI Responders Non-Responders

Chaput et al.,
2017 [38]

Malignant
melanoma Ipilimumab Faecalibacterium; other Firmicutes Bacteroidetes

Matson et al.,
2018 [36]

Malignant
melanoma Nivolumab

Enterococcus faecium; Collinsella
aerofaciens; Bifidobacterium

adolescentis; Klebsiella pneumoniae;
Veillonella parvula; Parabacteroides

merdae; Lactobacillus sp.;
Bifidobacterium longum

Ruminococcus obeum;
Roseburia intestinalis

Routy et al.,
2018 [32]

NSCLC; RCC;
urothelial cancer

Anti-PD-1;
anti-PD-L1

Akkermansia muciniphila;
Enterococcus hirae NR

Frankel et al.,
2017 [37]

Malignant
melanoma

Ipilimumab +
nivolumab;

pembrolizumab

Bacteroides caccae; Faecalibacterium
prausnitzii; Bacteroides

thetaiotamicron; Holdemania
filiformis; Dorea formicogenerans

NR

Gopalakrishnan
et al., 2018 [10]

Malignant
melanoma Anti-PD-1 Ruminococcaceae, Faecalibacterium

Bacteroides thetaiotaomicron,
Escherichia coli, and

Anaerotruncus colihominis

Fu Fukuoka et al.,
2018 [39]

NSCLC;
Gastric cancer Anti-PD-1 Ruminococcaceae NR

Maia et al.,
2018 [40] RCC Nivolumab Roseburia spp. and

Faecalibacterium spp. NR

ICI, immune checkpoint inhibitor; NSCLC, non-small cell lung cancer; NR, not reported; RCC, renal cell cancer; PD-1, programmed cell
death protein 1.

On the other side, as a drug class that strongly influences the gut’s microbial composi-
tion, antibiotics are righteously accused of interfering with ICI efficacy. More convincing
and unambiguous data of their impact on the clinical outcome of checkpoint inhibitors
may be obtained from direct observations on patients receiving antibiotic treatment during
ICI therapy. Unfortunately, such reports are scarce, only retrospective, and unable to
discriminate between the effects of different classes of antibiotics. However, one of the
most extensive studies addressing the problem is an analysis of 303 patients with metastatic
melanoma (n = 201), NSCLC (n = 56), and renal cell cancer (n = 46) [41]. Nearly one-third of
them (n = 94) received antibiotics before or during ICI therapy. The most used antibiotics
were beta-lactams and macrolides. The results of a multivariate analysis demonstrated
significantly shorter PFS and overall survival (OS) in those patients who received antibiotic
treatment as opposed to those who did not: PFS 97 days vs. 178 days, respectively, and OS
317 days vs. 651 days, respectively. The report also suggested that patients treated with
antibiotics before initiating ICI treatment had shorter PFS and OS than those treated after
ICI initiation [41]. The overall conclusion was that the altered gut microbiome, as a result
of antibiotic treatment, was responsible for the more inferior results of immunotherapy,
regardless of cancer type and patient’s clinical condition.

In the paper by Routy et al. [32], which we cited earlier in this review paper, the authors
included 249 patients with NSCLC (n = 140), RCC (n = 67), and urothelial carcinoma (n = 42),
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all treated with ICIs. Sixty-nine (28%) received antibiotic treatment (beta-lactam inhibitors,
fluoroquinolones, or macrolides) within a time interval of two months before to one month
after ICI initiation. The PFS and OS were significantly shorter in the antibiotic-treated
group. This was independent of tumor type or other adverse clinicopathological features.

One of the most comprehensive studies assessing the interaction between antibiotics
and ICIs so far is a meta-analysis performed by Huang et al. [42]. They summarized data
from 19 studies and more than 2700 patients. The authors revealed a significant association
between antibiotic usage and more unfavorable PFS and OS. Moreover, they found this
relationship valid across different tumor types and independent of antibiotic administration
time.

To the best of our knowledge, Khan et al. [43] performed the only analysis on a rela-
tively large patient cohort, featuring gastrointestinal carcinomas (16 of 242) too, including a
total of 242 patients assessed by antibiotic usage before or after initiation of ICIs. This study
confirmed lower overall response rate in patients who received antibiotic treatment within
60 days after starting checkpoint inhibitors.

Further better-powered studies discriminating between different antibiotics will be
needed to fully understand the real-world clinical significance of antibiotic alteration of the
gut microbiota and its impact on ICI treatment in CRC and other tumor types. We also have
to admit that ICI effectiveness could depend on microbiome changes different from those
observed in the gut only. The tumor microenvironment (TME) is another theater where
bacterial flora confronts anti-tumor immunity [44]. This could be particularly relevant in
gastrointestinal tumors, where the microbiome in the tumor microenvironment may not
necessarily resemble that in the gut lumen. To date, data about the real impact of TME
microbiome on ICI treatment clinical outcomes are lacking.

5. Conclusions

Apart from viruses, which are long known for their oncogenic potential, it turns out
that bacteria are also involved in cancerogenesis, but in a much more complex manner:
by modulating local and systemic anti-tumor immune responses. This is especially relevant
for cancers of the gastrointestinal tract, where this issue is not related to a single “culprit,”
but mostly to the fine balance in a community of microorganisms, properly termed by
some as our “second organism.” Owing to its effect on a variety of disorders, including
cancer, the microbiome attracts tremendous interest. Its function is increasingly evident
when related to cancer therapies, especially when the intestinal microbiome regulation can
impact the effectiveness and adverse effects of different types of cancer treatments.

Technological progress has enabled us to dissect the gut microbiome and get into the
very intricate compositional changes induced by different antibiotics. Going further down
the road, we already know how this reflects on inflammation and adaptive immunity,
so important for the anti-tumor effect of both chemotherapy and immunotherapy.

Despite global recommendations against random antibiotic usage, their wise and
rational application still remains a challenge, especially nowadays, with the world fighting
against newly emerged infectious threats. In this review, we discussed the consequences of
antibiotic treatment, which, although not so directly harmful as resistance itself, could be
responsible for adverse outcomes in patients with malignancies, including colorectal cancer.
In contrast to the constitutional predictors of response, such as MSI, if the microbiome
proves its significance for ICI efficacy, it could give us not only another biomarker, but a
whole new tool to improve the clinical benefit of immunotherapy. For the time being, the re-
search on gut bacteria, cancer immunity, and treatment provides a clue to their interaction,
but to be able to implement it in practice, microbiome assessment and manipulation should
be adopted in the design of future randomized trials.

The factors and treatments that affect the gut microbiome themselves are incredibly
crucial. Convincing and direct data for the impact of antibiotic treatment, specifically on
the clinical outcomes of ICI treatments, are scarce and have been unable to discriminate
between the effects of different classes of antibiotics so far. Further better-powered studies
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are needed to thoroughly assess the clinical significance of antibiotic alteration of the gut
microbiota and its impact on CRC treatment by direct observations on patients receiving
antibiotic treatment.

Author Contributions: All authors (T.V., B.K., S.L., R.G., M.P.-S., G.N. and M.P.) wrote different parts
of the paper regarding their specialty. All authors have read and agreed to the published version of
the manuscript.

Funding: This research and the APC were funded by the Ministry of Education and Science under
grant DO1-275/16.12.2019 “INFRAACT” of the Bulgarian NRRI 2017–2023.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript,
or in the decision to publish the results.

References
1. Shui, L.; Yang, X.; Li, J.; Yi, C.; Sun, Q.; Zhu, H. Gut Microbiome as a Potential Factor for Modulating Resistance to Cancer

Immunotherapy. Front. Immunol. 2020, 10, 2989. [CrossRef] [PubMed]
2. Nakov, R.; Velikova, T. Chemical Metabolism of Xenobiotics by Gut Microbiota. Curr. Drug Metab. 2020, 21, 260–269. [CrossRef]
3. Bose, M.; Mukherjee, P. Role of Microbiome in Modulating Immune Responses in Cancer. Mediat. Inflamm. 2019, 2019, 4107917.

[CrossRef]
4. Overman, M.J.; Lonardi, S.; Wong, K.Y.M.; Lenz, H.-J.; Gelsomino, F.; Aglietta, M.; Morse, M.A.; Van Cutsem, E.; McDermott, R.;

Hill, A.; et al. Durable Clinical Benefit With Nivolumab Plus Ipilimumab in DNA Mismatch Repair–Deficient/Microsatellite
Instability–High Metastatic Colorectal Cancer. J. Clin. Oncol. 2018, 36, 773–779. [CrossRef]

5. Le, D.T.; Uram, J.N.; Wang, H.; Bartlett, B.R.; Kemberling, H.; Eyring, A.D.; Skora, A.D.; Luber, B.S.; Azad, N.S.; Laheru, D.; et al.
PD-1 Blockade in Tumors with Mismatch-Repair Deficiency. N. Engl. J. Med. 2015, 372, 2509–2520. [CrossRef]

6. Theriot, C.M.; Bowman, A.A.; Young, V.B.; Ellermeier, C.D. Antibiotic-Induced Alterations of the Gut Microbiota Alter Secondary
Bile Acid Production and Allow for Clostridium difficile Spore Germination and Outgrowth in the Large Intestine. mSphere 2016,
1, e00045-15. [CrossRef]

7. Sun, L.; Zhang, X.; Zhang, Y.; Zheng, K.; Xiang, Q.; Chen, N.; Chen, Z.; Zhang, N.; Zhu, J.; He, Q. Antibiotic-Induced Disruption of
Gut Microbiota Alters Local Metabolomes and Immune Responses. Front. Cell. Infect. Microbiol. 2019, 9, 99. [CrossRef] [PubMed]

8. Cheng, W.Y.; Wu, C.-Y.; Yu, J. The role of gut microbiota in cancer treatment: Friend or foe? Gut 2020, 69, 1867–1876. [CrossRef]
9. Elkrief, A.; DeRosa, L.; Zitvogel, L.; Kroemer, G.; Routy, B. The intimate relationship between gut microbiota and cancer

immunotherapy. Gut Microbes 2019, 10, 424–428. [CrossRef] [PubMed]
10. Gopalakrishnan, V.; Helmink, B.A.; Spencer, C.N.; Reuben, A.; Wargo, J.A. The Influence of the Gut Microbiome on Cancer,

Immunity, and Cancer Immunotherapy. Cancer Cell 2018, 33, 570–580. [CrossRef]
11. Fridman, W.H.; Zitvogel, L.; Sautès-Fridman, C.; Kroemer, G. The immune contexture in cancer prognosis and treatment.

Nat. Rev. Clin. Oncol. 2017, 14, 717–734. [CrossRef] [PubMed]
12. Zhou, Z.; Ge, S.; Li, Y.; Ma, W.; Liu, Y.; Hu, S.; Zhang, R.; Ma, Y.; Du, K.; Syed, A.; et al. Human Gut Microbiome-Based

Knowledgebase as a Biomarker Screening Tool to Improve the Predicted Probability for Colorectal Cancer. Front. Microbiol. 2020,
11, 596027. [CrossRef]

13. Mima, K.; Nishihara, R.; Qian, Z.R.; Cao, Y.; Sukawa, Y.; Nowak, J.A.; Yang, J.; Dou, R.; Masugi, Y.; Song, M.; et al. Fusobacterium
nucleatumin colorectal carcinoma tissue and patient prognosis. Gut 2016, 65, 1973–1980. [CrossRef]

14. Yu, T.; Guo, F.; Yu, Y.; Sun, T.; Ma, D.; Han, J.; Qian, Y.; Kryczek, I.; Sun, D.; Nagarsheth, N.; et al. Fusobacterium nucleatum
Promotes Chemoresistance to Colorectal Cancer by Modulating Autophagy. Cell 2017, 170, 548–563.e16. [CrossRef] [PubMed]

15. Peruhova, M.; Peshevska-Sekulovska, M.; Krastev, B.; Panayotova, G.; Georgieva, V.; Konakchieva, R.; Nikolaev, G.; Velikova, T.V.
What could microRNA expression tell us more about colorectal serrated pathway carcinogenesis? World J. Gastroenterol. 2020, 26,
6556–6571. [CrossRef] [PubMed]

16. Raskov, H.; Kragh, K.N.; Bjarnsholt, T.; Alamili, M.; Gögenur, I. Bacterial biofilm formation inside colonic crypts may accelerate
colorectal carcinogenesis. Clin. Transl. Med. 2018, 7, 30. [CrossRef] [PubMed]

17. Velikova, T.; Miteva, L.; Stanilov, N.; Spassova, Z.; Stanilova, S.A. Interleukin-6 compared to the other Th17/Treg related cytokines
in inflammatory bowel disease and colorectal cancer. World J. Gastroenterol. 2020, 26, 1912–1925. [CrossRef] [PubMed]

18. Helmink, B.A.; Khan, M.A.W.; Hermann, A.; Gopalakrishnan, V.; Wargo, J.A. The microbiome, cancer, and cancer therapy.
Nat. Med. 2019, 25, 377–388. [CrossRef]

19. Yu, A.I.; Zhao, L.; Eaton, K.A.; Ho, S.; Chen, J.; Poe, S.; Becker, J.; Gonzalez, A.; McKinstry, D.; Hasso, M.; et al. Gut Microbiota
Modulate CD8 T Cell Responses to Influence Colitis-Associated Tumorigenesis. Cell Rep. 2020, 31, 107471. [CrossRef] [PubMed]

20. Tanoue, T.; Morita, S.; Plichta, D.R.; Skelly, A.N.; Suda, W.; Sugiura, Y.; Narushima, S.; Vlamakis, H.; Motoo, I.; Sugita, K.; et al.
A defined commensal consortium elicits CD8 T cells and anti-cancer immunity. Nature 2019, 565, 600–605. [CrossRef] [PubMed]

http://doi.org/10.3389/fimmu.2019.02989
http://www.ncbi.nlm.nih.gov/pubmed/32010123
http://doi.org/10.2174/1389200221666200303113830
http://doi.org/10.1155/2019/4107917
http://doi.org/10.1200/JCO.2017.76.9901
http://doi.org/10.1056/NEJMoa1500596
http://doi.org/10.1128/mSphere.00045-15
http://doi.org/10.3389/fcimb.2019.00099
http://www.ncbi.nlm.nih.gov/pubmed/31069173
http://doi.org/10.1136/gutjnl-2020-321153
http://doi.org/10.1080/19490976.2018.1527167
http://www.ncbi.nlm.nih.gov/pubmed/30339501
http://doi.org/10.1016/j.ccell.2018.03.015
http://doi.org/10.1038/nrclinonc.2017.101
http://www.ncbi.nlm.nih.gov/pubmed/28741618
http://doi.org/10.3389/fmicb.2020.596027
http://doi.org/10.1136/gutjnl-2015-310101
http://doi.org/10.1016/j.cell.2017.07.008
http://www.ncbi.nlm.nih.gov/pubmed/28753429
http://doi.org/10.3748/wjg.v26.i42.6556
http://www.ncbi.nlm.nih.gov/pubmed/33268946
http://doi.org/10.1186/s40169-018-0209-2
http://www.ncbi.nlm.nih.gov/pubmed/30221325
http://doi.org/10.3748/wjg.v26.i16.1912
http://www.ncbi.nlm.nih.gov/pubmed/32390702
http://doi.org/10.1038/s41591-019-0377-7
http://doi.org/10.1016/j.celrep.2020.03.035
http://www.ncbi.nlm.nih.gov/pubmed/32268087
http://doi.org/10.1038/s41586-019-0878-z
http://www.ncbi.nlm.nih.gov/pubmed/30675064


Int. J. Mol. Sci. 2021, 22, 1754 10 of 11

21. Sivan, A.; Corrales, L.; Hubert, N.; Williams, J.B.; Aquino-Michaels, K.; Earley, Z.M.; Benyamin, F.W.; Lei, Y.M.; Jabri, B.;
Alegre, M.-L.; et al. Commensal Bifidobacterium promotes antitumor immunity and facilitates anti-PD-L1 efficacy. Science 2015,
350, 1084–1089. [CrossRef] [PubMed]

22. Zhuo, Q.; Yu, B.; Zhou, J.; Zhang, J.; Zhang, R.; Xie, J.; Wang, Q.; Zhao, S. Lysates of Lactobacillus acidophilus combined with
CTLA-4-blocking antibodies enhance antitumor immunity in a mouse colon cancer model. Sci. Rep. 2019, 9, 20128. [CrossRef]

23. Karwowska, Z.; Szemraj, J.; Karwowski, B. Microbiota Alterations in Gastrointestinal Cancers. Appl. Sci. 2020, 10, 585. [CrossRef]
24. Wu, S.; Rhee, K.-J.; Albesiano, E.; Rabizadeh, S.; Wu, X.; Yen, H.-R.; Huso, D.L.; Brancati, F.L.; Wick, E.; McAllister, F.; et al.

A human colonic commensal promotes colon tumorigenesis via activation of T helper type 17 T cell responses. Nat. Med. 2009, 15,
1016–1022. [CrossRef] [PubMed]

25. Kostic, A.D.; Howitt, M.R.; Garrett, W.S. Exploring host-microbiota interactions in animal models and humans. Genes Dev. 2013,
27, 701–718. [CrossRef] [PubMed]

26. Becattini, S.; Taur, Y.; Pamer, E.G. Antibiotic-Induced Changes in the Intestinal Microbiota and Disease. Trends Mol. Med. 2016, 22,
458–478. [CrossRef] [PubMed]

27. Robak, O.H.; Heimesaat, M.M.; Kruglov, A.; Prepens, S.; Ninnemann, J.; Gutbier, B.; Reppe, K.; Hochrein, H.; Suter, M.;
Kirschning, C.J.; et al. Antibiotic treatment–induced secondary IgA deficiency enhances susceptibility to Pseudomonas aeruginosa
pneumonia. J. Clin. Investig. 2018, 128, 3535–3545. [CrossRef] [PubMed]

28. Claesson, M.J.; Cusack, S.; O’Sullivan, O.; Greene-Diniz, R.; De Weerd, H.; Flannery, E.; Marchesi, J.R.; Falush, D.; Dinan, T.G.;
Fitzgerald, G.F.; et al. Composition, variability, and temporal stability of the intestinal microbiota of the elderly. Proc. Natl. Acad.
Sci. USA 2011, 108 (Suppl. S1), 4586–4591. [CrossRef]

29. Raymond, F.; Ouameur, A.A.; Déraspe, M.; Iqbal, N.; Gingras, H.; Dridi, B.; Leprohon, P.; Plante, P.L.; Giroux, R.; Bérubé, È.; et al.
The initial state of the human gut microbiome determines its reshaping by antibiotics. ISME J. 2016, 10, 707–720. [CrossRef]
[PubMed]

30. Momtaz, P.; Postow, M.A. Immunologic checkpoints in cancer therapy: Focus on the programmed death-1 (PD-1) receptor
pathway. Pharm. Pers. Med. 2014, 7, 357–365. [CrossRef]

31. Zitvogel, L.; Daillère, R.; Roberti, M.P.; Routy, B.; Kroemer, G. Anticancer effects of the microbiome and its products.
Nat. Rev. Genet. 2017, 15, 465–478. [CrossRef] [PubMed]

32. Routy, B.; Le Chatelier, E.; Derosa, L.; Duong, C.P.M.; Alou, M.T.; Daillère, R.; Fluckiger, A.; Messaoudene, M.; Rauber, C.;
Roberti, M.P.; et al. Gut microbiome influences efficacy of PD-1–based immunotherapy against epithelial tumors. Science 2018,
359, 91–97. [CrossRef] [PubMed]

33. Maier, L.; Pruteanu, M.; Kuhn, M.; Zeller, G.; Telzerow, A.; Anderson, E.E.; Brochado, A.R.; Fernandez, K.C.; Dose, H.;
Mori, H.; et al. Extensive impact of non-antibiotic drugs on human gut bacteria. Nat. Cell Biol. 2018, 555, 623–628. [CrossRef]

34. Billan, S.; Kaidar-Person, O.; Gil, Z. Treatment after progression in the era of immunotherapy. Lancet Oncol. 2020, 21, e463–e476.
[CrossRef]

35. Magee, D.E.; Hird, A.E.; Klaassen, Z.; Sridhar, S.S.; Nam, R.K.; Wallis, C.; Kulkarni, G.S. Adverse event profile for immunotherapy
agents compared with chemotherapy in solid organ tumors: A systematic review and meta-analysis of randomized clinical trials.
Ann. Oncol. 2020, 31, 50–60. [CrossRef] [PubMed]

36. Matson, V.; Fessler, J.; Bao, R.; Chongsuwat, T.; Zha, Y.; Alegre, M.-L.; Luke, J.J.; Gajewski, T.F. The commensal microbiome is
associated with anti–PD-1 efficacy in metastatic melanoma patients. Science 2018, 359, 104–108. [CrossRef]

37. Frankel, A.E.; Coughlin, L.A.; Kim, J.; Froehlich, T.W.; Xie, Y.; Frenkel, E.P.; Koh, A.Y. 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, 848–855. [CrossRef]

38. Chaput, N.; Lepage, P.; Coutzac, C.; Soularue, E.; Le Roux, K.; Monot, C.; Boselli, L.; Routier, E.; Cassard, L.; Collins, M.; et al.
Baseline gut microbiota predicts clinical response and colitis in metastatic melanoma patients treated with ipilimumab. Ann. Oncol.
2017, 28, 1368–1379. [CrossRef]

39. Fukuoka, S.; Daisuke, M.; Togashi, Y.; Sugiyama, E.; Udagawa, H.; Kirita, K.; Kamada, T.; Kawazoe, A.; Goto, K.; Doi, T.; et al.
Association of gut microbiome with immune status and clinical response in solid tumor patients who received on anti-PD-1
therapies. J. Clin. Oncol. 2018, 36 (Suppl. S15), 3011. [CrossRef]

40. Maia, M.C.; Poroyko, V.; Won, H.; Almeida, L.; Bergerot, P.G.; Dizman, N.; Hsu, J.; Jones, J.; Salgia, R.; Pal, S.K. Association of
microbiome and plasma cytokine dynamics to nivolumab response in metastatic renal cell carcinoma (mRCC). J. Clin. Oncol.
2018, 36 (Suppl. S6), 656. [CrossRef]

41. Tinsley, N.; Zhou, C.; Villa, S.; Tan, G.; Lorigan, P.; Blackhall, H.F.; Elliott, T.; Krebs, M.; Carter, L.; Thistlethwaite, F.; et al.
Cumulative antibiotic use and efficacy of immune checkpoint inhibitors in patients with advanced cancer. J. Clin. Oncol. 2018, 36
(Suppl. S15), 3010. [CrossRef]

42. Huang, X.-Z.; Gao, P.; Song, Y.-X.; Xu, Y.; Sun, J.-X.; Chen, X.-W.; Zhao, J.-H.; Wang, Z.-N. Antibiotic use and the efficacy of
immune checkpoint inhibitors in cancer patients: A pooled analysis of 2740 cancer patients. Oncoimmunology 2019, 8, e1665973.
[CrossRef] [PubMed]

43. Khan, U.; Peña, C.; Brouwer, J.; Hoffman, K.; Choudhury, A.; Zhang, C.; Thakkar, P.; Betel, D.; Sarkar, S.; Sonnenberg, G.; et al.
Impact of antibiotic use on response to treatment with immune checkpoint inhibitors. J. Clin. Oncol. 2019, 37 (Suppl. S4), 143.
[CrossRef]

http://doi.org/10.1126/science.aac4255
http://www.ncbi.nlm.nih.gov/pubmed/26541606
http://doi.org/10.1038/s41598-019-56661-y
http://doi.org/10.3390/app10020585
http://doi.org/10.1038/nm.2015
http://www.ncbi.nlm.nih.gov/pubmed/19701202
http://doi.org/10.1101/gad.212522.112
http://www.ncbi.nlm.nih.gov/pubmed/23592793
http://doi.org/10.1016/j.molmed.2016.04.003
http://www.ncbi.nlm.nih.gov/pubmed/27178527
http://doi.org/10.1172/JCI97065
http://www.ncbi.nlm.nih.gov/pubmed/29771684
http://doi.org/10.1073/pnas.1000097107
http://doi.org/10.1038/ismej.2015.148
http://www.ncbi.nlm.nih.gov/pubmed/26359913
http://doi.org/10.2147/PGPM.S53163
http://doi.org/10.1038/nrmicro.2017.44
http://www.ncbi.nlm.nih.gov/pubmed/28529325
http://doi.org/10.1126/science.aan3706
http://www.ncbi.nlm.nih.gov/pubmed/29097494
http://doi.org/10.1038/nature25979
http://doi.org/10.1016/S1470-2045(20)30328-4
http://doi.org/10.1016/j.annonc.2019.10.008
http://www.ncbi.nlm.nih.gov/pubmed/31912796
http://doi.org/10.1126/science.aao3290
http://doi.org/10.1016/j.neo.2017.08.004
http://doi.org/10.1093/annonc/mdx108
http://doi.org/10.1200/JCO.2018.36.15_suppl.3011
http://doi.org/10.1200/JCO.2018.36.6_suppl.656
http://doi.org/10.1200/JCO.2018.36.15_suppl.3010
http://doi.org/10.1080/2162402X.2019.1665973
http://www.ncbi.nlm.nih.gov/pubmed/31741763
http://doi.org/10.1200/JCO.2019.37.4_suppl.143


Int. J. Mol. Sci. 2021, 22, 1754 11 of 11

44. Pushalkar, S.; Hundeyin, M.; Daley, D.; Zambirinis, C.P.; Kurz, E.; Mishra, A.; Mohan, N.; Aykut, B.; Usyk, M.; Torres, L.E.; et al.
The Pancreatic Cancer Microbiome Promotes Oncogenesis by Induction of Innate and Adaptive Immune Suppression.
Cancer Discov. 2018, 8, 403–416. [CrossRef] [PubMed]

http://doi.org/10.1158/2159-8290.CD-17-1134
http://www.ncbi.nlm.nih.gov/pubmed/29567829

	Introduction 
	Microbiome, Local and Systemic Immune Responses, and Cancer 
	Novel Insights on the Antibiotic-Induced Changes in the Microbiome 
	Immune Checkpoint Inhibitors in Regard to Microbiome and Antibiotics 
	Conclusions 
	References

