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Breast cancer (BC) is the most common malignancy and the second cause of cancer-
specific death in women from high-income countries. Infectious agents are the third most
important risk factor for cancer incidence after tobacco and obesity. Dysbiosis emerged
as a key player that may influence cancer development, treatment, and prognosis through
diverse biological processes. Metastatic BC has a highly variable clinical course, and more
recently, immune checkpoint inhibitors (ICls) have become an emerging therapy in BC.
Even with standardised treatment protocols, patients do not respond similarly, reflecting
each individual's heterogeneity, unique BC features, and tumour microenvironment.
However, there is insufficient data regarding predictive factors of response to available
treatments for BC. The microbiota could be a crucial piece of the puzzle to anticipate
better individual BC risk and prognosis, pharmacokinetics, pharmacodynamics, and
clinical efficacy. In recent years, it has been shown that gut microbiota may modulate
cancer treatments’ efficacy and adverse effects, and it is also apparent that both cancer
itself and anticancer therapies interact with gut microbiota bidirectionally. Moreover, it has
been proposed that certain gut microbes may protect the host against inappropriate
inflammation and modulate the immune response. Future clinical research will determine if
microbiota may be a prognostic and predictive factor of response to ICl and/or its side
effects. Also, modulation of microbiota can be used to improve outcomes in BC patients.
In this review, we discuss the potential implications of metabolomics and
pharmacomicrobiomics that might impact BC immunotherapy treatment.
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INTRODUCTION

The human gut microbiota contains ~3x10" bacteria, most commensals (1). Microbiota plays a
crucial role in balancing inflammation, infection and tolerance towards the commensal microbes
and food antigens (2, 3). Furthermore, new evidence indicates that the microbiota influences
oncogenesis and anticancer treatment outcomes by regulating local and systemic antitumour
immunity (4).
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Immunotherapy is a major emerging treatment for some
haematological and solid tumours, including breast cancer (BC).
Several BC clinical trials showed better outcomes with immune
checkpoint inhibitors (ICI) than conventional chemotherapy.
However, despite the promising data, the patients do not respond
equally to immunotherapy treatments. Besides programmed death
ligand-1 (PD-L1) expression, tumour-infiltrating lymphocytes
(TILs), microsatellite instability (MMRd), and high tumour
mutation burden (TMB), additional biomarkers for BC
immunotherapy are still a significant unmet medical need (5-7).

Among these factors, the human microbiota could be a crucial
piece of the puzzle to anticipate better individual BC predictive
responses to ICI. More recently, studies have been showing the role
of gut microbiota in modulating response and toxicity to ICI (8-10).
This review highlights the relationship within the microbiota-host-
breast cancer triad, exploring the potential implication of
metabolomics and pharmacomicrobiomics that might impact BC
immunotherapy treatment.

HUMAN MICROBIOTA AND IMMUNE SYSTEM

In a specific biosphere, the set composed of microorganisms,
including bacteria, viruses, fungi, archaea, and protists, is
designated by microbiota. The collective genome of these
biological agents is called the microbiome. There are different
microbiota ecosystems in the human body, such as the
gastrointestinal tract, skin, vaginal mucosa, or the oral cavity,
which account for trillions of microorganisms. The relationship
between these ecological communities and the human body is
ancient and evolved over time to benefit both parties
simultaneously, thus achieving a symbiotic balance (11, 12).

The link between the host’s immune system and microbiota
allows tolerance for commensal bacteria and the recognition of
potentially infectious pathogenic microorganisms. The intestinal
mucosa, below lamina propria, is composed of a layer that, among
conjunctive tissue, possesses Peyer plates and immune cells, such as
T and B lymphocytes and antigen-presenting cells (APC). This set
of lymphoid tissue is named gut-associated lymphoid tissue
(GALT), and it influences local and system immune responses
(13). The communication of host and microbes is in charge of
sensors, known as pattern recognition receptors (PRRs), like Toll-
like receptors (TLR), expressed by intestinal epithelial cells and
innate immune cells. These PRRs recognize microbe- or pathogen-
associated molecular patterns (MAMPs or PAMPs). The
microbiota recognition via these PRRs influences immune
responses, both locally and systemically, and may induce the
memory response, mediated by the transcriptional changes in
genes or a specific locus and epigenetic rewiring of these cells
upon the primary exposure (12, 14).

The bacterial metabolites directly interfere with the immune
local cell’s actions, namely in the secretion of immunoglobulins
(such as IgA), in the stimulation of lymphocytes differentiation
into regulatory T-lymphocytes (Treg) and T helper 17 (Th17), in
the production of immunomodulatory cytokines and even in the
epigenetic regulation of histone deacetylase enzymes. The

production of IgA by plasma cells improve immunity by
blocking bacterial adherence to epithelial cells. In addition, the
PAMPs derived from microbes promote the maturation of
dendritic cells. These cells travel from the gut to mesenteric
lymph nodes, where induce naive CD4 T cells to differentiate
into effector T cells (Tregs, Th17 cells). After maturation of these
cells in the mesenteric lymph nodes, they can migrate back to the
gut or enter systemic circulation and influence immunity in
different sites. Circulating Th17 cells enhance antitumour
immunity, protecting against bacterial and fungal infections,
whereas circulating Tregs secrete anti-inflammatory cytokines.
Activated by APC, these T cells can circulate systemically and
allow an immune response against the same organism (12). The
relationship between the microbiota and CD8 T cells remains
poorly characterized, although recent studies showed that
microbiota-mediated activation of these cells has implications
in immunity and the response to cancer therapies (Figure 1).
Some bacterial metabolites, like lipopolysaccharide (LPS),
activate innate immune response by TLR pathway stimulation
and then boosted antitumour CD8 T cells that migrate from the
gut to the periphery (11, 15, 16).

Microbiota’s deregulation, with modifications in its
functional composition and metabolic activity, is designated by
dysbiosis and is linked to the development of inflammatory,
auto-immune and malignant diseases. The changes in
microbiota homeostasis leading to an imbalance in the
symbiosis between the host and its organic habitat facilitate the
loss of beneficial bacteria, overgrowth of potentially pathogenic
microorganisms and loss of overall bacterial diversity. A break in
the intestinal mucosa’s immunological barrier causes bacterial
translocation, increased pro-inflammatory cytokines, and the
recruitment of effector T-cells and neutrophils, generating a
local and systemic inflammatory state (11, 17).

Gut Microbiota and the Breast-Gut-Axis
The impairment of the normal functioning of gut microbiota in
maintaining host wellness may deregulate the microbial-derived
products or metabolites, causing several other disorders on local
or distant organs, including in the tissue breast (10, 18). In this
context, some microorganisms seem to interfere with host cell
proliferation and apoptosis, tissue inflammation, cell invasion,
immune system function, gene expression, oncogenic signalling,
mutagenesis, angiogenesis, and hormonal and detoxification
pathways (10, 19, 20). In addition, human microbiota’s
composition also influences drug disposition, action and
toxicity, including of ICI (10, 21-23).

Concerning the links between human microbiota and BC, some
risk modulating metabolites are already known, such as oestrogens,
active phytoestrogens, short-chain fatty acid (SCFA), lithocholic acid
(LCA) and cadaverine. Oestrogen formation in gut microbiota is
mainly due to B-glucuronidase (BGUS) activity, which is a part of the
enzymatic complex of specific intestinal bacteria. The metabolism of
these BGUS-producing bacteria leads to deconjugation of xenobiotics
and sexual hormone oestrogens and to an increase of oestrogens
reabsorption into the systemic circulation that may increase the risk
of hormone-dependent BC in women (10, 20, 24). Furthermore,
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FIGURE 1 | Gut Microbiota and Immune System. Gut bacteria, through PAMPs, can upregulate the TLRs and activate inflammatory pathways, which causes a release of
cytokines leading to an inflammation milieu. PAMPs can also activate APC which migrate to the mesenteric lymph nodes to stimulate T and B cells. Activation of B cells to
plasma cells allows the release of IgA into the lumen. APC activate CD4 T cells to differentiate into Tregs and Th17 cells, that can migrate back to the gut or enter systemic
circulation and influence immunity in different sites. APC may also stimulate CD8 T cells into effector cells that migrate from the gut to periphery.

several studies have shown differences in local and gut microbiota
between BC patients and healthy controls (10, 25). On the other hand,
other metabolites are linked to a protective or risk-reducing factor for
BC development, including phytoestrogens, LCA and cadaverine
(10). The manipulation of microbiota to select certain types of
microorganisms, with the support of specific diets, prebiotics,
probiotics or symbiotics, postbiotics, antimicrobial agents or even
through fecal microbiota transplantation (FMT), is being studied and
pondered, either as a prophylactic approach or as a therapeutic use for
BC (10, 24).

The mechanism by which gut bacteria can promote BC is also
through chronic inflammation, which is associated with tumour

development. Gut bacteria, through PAMPs, can upregulate the
TLR and activate NF-kB, which is an important inflammation
regulator associated with cancer. The activation of NF-kB causes
the release of several cytokines, like IL-6, IL-12, IL-17 and IL-18
and the tumour necrosis factor-alpha (TNF-alpha), leading to
persistent inflammation in the tumour microenvironment. The
PAMPs are recognized by innate-immune system cells and are
essential components for pathogens such as the bacterial LPS,
flagellin, lipoteic acid, peptidoglycans and unmethylated CpG
oligodeoxynucleotides (26). In addition, secondary metabolites
released by intestinal bacteria along with pro-inflammatory
molecules that reach the liver via portal vein may promote
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carcinogenesis. Butyrate, an intestinal microbial metabolite, can
directly enhance the antitumour cytotoxic CD8 T cell response
by modulating the ID2-dependent manner of the IL-12
signalling pathway (27).

The gut microbiome also contributes to epigenetic
deregulation, which can interact with the tumour. The
microorganisms can produce low molecular weight bioactive
substances such as folates, short-chain fatty acids and biotin,
which can participate in epigenetic processes, including altering
substrates used for methylation or synthesising the complexes
that change the action of epigenetic enzymes (28).

BREAST CANCER, MICROBIOTA
AND IMMUNOTHERAPY

BC is the most common malignancy, and the incidence and the
number of survivors continues to increase, with most developed
countries reporting 85-90% five-year survival rates. However,
patients with BC show different outcomes, according to different
molecular profiles. Currently, four molecular subtypes of BC with
prognostic and therapeutic relevance are well established: luminal
A-like subtype, with high expression of oestrogen (ER) and
progesterone (PR) receptors and low cell proliferation index;
luminal B-like subtype with high expression of ER and PR and
high cell proliferation index; HER2 overexpressing subtype and
triple negative (TNBC) subtype (ER/PR and HER2 negative) (29,
30). Furthermore, depending on histological subtype and stage at
diagnosis, the prognoses are different, with the luminal A-like and
TNBC subtypes having the best and worst prognoses, respectively.

The most relevant BC risk factors are advanced age, exposure
to endogenous and exogenous oestrogens, high breast density,
history of atypical hyperplasia, personal or family history of
breast disease, genetic predisposition and environmental factors
(31). In addition, current evidence points to other clues for a
complementary mechanism of non-hereditary risk of BC.
Infectious agents are known to be the third most important
risk factor after tobacco and obesity, contributing to 15-20% of
cancer incidence. Gut microbiota is, as mentioned previously, an
emerging field of research that is being associated with cancer
through direct and indirect interference in diverse biological
processes: host cell proliferation and death, immune system
function, chronic inflammation, oncogenic signalling,
hormonal and detoxification pathways (10, 32, 33).

Most BC patients are diagnosed in initial stages when the goal
of treatment is to cure. In early and locally advanced BC, a
multimodal approach is frequently used, incorporating surgery,
radiotherapy and systemic therapy. The primary goals of
treatment are to prolong survival and ameliorate the quality of
life (10, 31).

Immunotherapy has become a forefront treatment of patients
with specific malignancies. ICI utilise the immune system to
exert an antitumour effect, suppressing the interaction of T-
lymphocyte inhibitory receptors with their ligands on malignant
cells, thereby re-stimulating the T-lymphocyte-mediated
immune response against tumour-associated antigens (5, 7).

BC is not traditionally considered a highly immunogenic
tumour compared with other malignancies, such as lung
cancer or melanoma, which have the highest rate of TMB.
Although, recent data have shown immunotherapy benefits,
mainly in the TNBC subtype. Usually, this BC subgroup of
patients has a dismal prognosis, with worse survival and early
relapse rates (34). KEYNOTE-012, phase Ib trial, investigated
pembrolizumab monotherapy in previously treated TNBC
patients and revealed an overall response rate (ORR) of 18.5%
and a median time to response of 17.9 weeks (35). A phase II
study using pembrolizumab (KEYNOTE-086) as first-line
therapy for metastatic TNBC showed a safety profile and
antitumour efficacy with an ORR of 23% (36). Other phases I
trials, NCT01375842 and JAVELIN, evaluated the use of
atezolizumab and avelumab and observed ORR of 10% and
5.2%, respectively (37, 38). A combination of immunotherapy
with chemotherapy was also intensively investigated.
Atezolizumab combined with nab-paclitaxel was tested in
patients with metastatic TNBC, and the ORR was 67% in the
first line, 25% in the second line, and 29% in the third or further
lines (39). The phase III trial IMpassion 130 investigated the
combination of atezolizumab plus nab-paclitaxel in untreated
metastatic TNBC patients. In the intention-to-treat population
(ITT) analysis, there was a progression-free survival (PES)
benefit in the combination arm (chemotherapy with
atezolizumab), with 7.2 months vs 5.5 months. This benefit
was most prominent in the PD-L1 positive population analysis,
with 7.5 months vs 5.0 months. In the ITT population analysis of
overall survival (OS), the benefit in the experimental arm was not
statistically significant (21.3 months vs 17.6 months HR 0.84,
95% CI 0.69 to 1.02; P=0.08), but in the PD-L1 positive
population, there was an increase in OS (25.0 months vs 15.5
months, HR 0.62; 95% CI, 0.45 to 0.86) (40). The ENHANCE-1/
KEYNOTE-150 phase Ib/II trial evaluated eribulin combined
with pembrolizumab, in which the ORR was higher in PD-L1-
positive BC patients (30.6% vs 22.4%) (41). The KEYNOTE-355
trial evaluated the combination of pembrolizumab with
chemotherapy, and patients were stratified according to PD-L1
value (combined positive score (CPS) > 1, CPS> 10). In the
CPS210 population, there was a significant PFS benefit in the
pembrolizumab arm, 5.6 months vs 9.7 months (HR for
progression or death, 0-65, 95% CI 0-49-0-86; one-sided p=0-
0012) (42).

Links Between Microbiota

and Immunotherapy

Treatment with immunotherapy has revolutionised cancer
treatment over the past few years. However, not all patients
will experience a favourable response to treatment. Thereby,
predictive markers are of utmost importance for the physician to
know whether the ICIs will benefit the patient.

Even with standardised treatment protocols, patients do not
respond similarly, reflecting each individual’s heterogeneity,
unique BC features, and tumour microenvironment (10).
There is insufficient data regarding predictive factors of
response to immunotherapy treatments for BC. HER-2+ and
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TNBC are also more likely to express PD-L1 in the tumour
microenvironment than luminal BC (43, 44). Higher levels of
TILs and CD8+ T-cell/Treg ratio at diagnosis predict benefit
from adjuvant and neoadjuvant chemotherapy (45, 46). Some
tumours that harbour TILs and express PD-L1 are more likely to
respond to ICI, suggesting this may also be the case for BC (47).
In recent years, it has been shown that gut microbiota may
modulate cancer treatments’ efficacy and toxicity. On the other
hand, it is also apparent that both cancer itself and anticancer
therapies interact with gut microbiota bidirectionally. The
pharmacomicrobiomics studies may support the potential use
of gut microbiota analysis to predict patients’ response to
treatments, allowing a more personalised approach based on
the microbiota-host-cancer triad (48-50).

The response and toxicity to ICI can be affected by gut
microbiota (Table 1). In studies with mouse models, it was
shown that specific microbes influence responses to this type of
treatment differently, and a cause-effect relationship was
established between the presence of a certain bacterial species
within the intestinal microbiota and a favourable therapeutic
outcome for the immune-based treatments (8, 9). A better
response to anti-PD-(L)1 therapy was observed in mice with
specific species of microbiota (e.g., Akkermansia muciniphila,

Bifidobacterium longem, Collinsella aerofaciens, Faecalibacterium
prausnitzii) (9, 10). In addition, recent data reported that OS and
PES rates were significantly higher in patients who had not
received antibiotics before and during ICI treatment compared
to those who had received (10, 56). Germ-free or antibiotic-treated
mice received FMTs from patients’ responders to ICIs and were
inoculated with tumour cell lines two weeks after FMT and treated
with ICIs targeting PD-1 or PD-L1. FMT from responders were
enriched in Akkermansia muciniphila, Bifidobacterium longum,
Collinsela aerofaciens and/or Faecalibacterium spp. The efficacy
observed in mice undergoing FMT with responder faeces was
associated with enhanced priming of CD45+ and CD8+ T cells in
the intestine. Thus, antibiotics may pose some risk for dysbiosis
due to the lack of specificity in the type of bacteria eliminated by
their repeated use (54).

On the other hand, gut microbiota may also influence ICI
toxicity (Table 1). Some studies have shown that patients with
specific bacteria (e.g., Bacteroidaceae, Barnesiellaceae,
Rikenellaceae) have a higher risk of immune-mediated toxicity.
Evidence suggests that most colitis-associated phylotypes were
related to Firmicutes (relatives of Faecalibacterium prausnitzii
and Gemmiger formicilis), whereas no colitis was assigned to
Bacteroidetes (52). In 2016 a prospective study with 34 patients

TABLE 1 | Clinical studies with association between gut microbiota and efficacy/toxicity of immune checkpoint inhibitors.

Reference Study population Results
Favourable microbiota Unfavourable microbiota

Dubin et al. (51)  Metastatic melanoma  Lower risk of anti-CTLA-4-induced colitis: -

Nature patients who received e Bacteroidaceae, Barnesiellaceae, Rikenellaceae

Communications  ipilimumab

2016

Chaput et al. (52) Metastatic melanoma  Lower risk of anti-CTLA-4-induced colitis: Higher risk of anti-CTLA-4-induced

Annals of patients who received e Bacteroides spp. associated with less anti-CTLA-4-induced colitis colitis:

Oncology 2017 ipilimumab e Faecalibacterium prausnitzii,
Gemmiger formicilis, butyrate
producing bacterium L2-21

Gopalakrishnan ~ Metastatic melanoma ~ Higher clinical response: Lower clinical response:

etal (11) who received PD-1 ® > gut bacterial diversity ® < gut bacterial diversity

Science 2018 inhibitors e Faecalibacterium prausnitzii e Anaerotruncus colihominis,

Matson et al. (53) Metastatic melanoma
Science 2018

Higher clinical response:

inhibitor

who received PD-1 e Akkermansia muciniphila, Bifidobacterium adolescentis, Bifidobacterium longum, o
Collinsella aerofaciens, Enterococcus faecium, Klebsiella pneumoniae, Lactobacillus

Bacteroides thetaiotaomicron,
Escherichia coli

Lower clinical response:
Roseburia intestinalis,
Ruminococcus obeum

spp., Parabacteroides merdae, Veillonella parvula

Routy et al. (54)  Metastatic urothelial Higher clinical response:

Science 2018 carcinoma, NSCLC, .
and RCC .
who received PD-1/ distasonis
PD-L1
inhibitors

Vetizou et al. (8)
Science 2015

Advanced melanoma Higher clinical response:

and NSCLC who e B. fragilis, B. thetaiotaomicron
received ipilimumab

Frankel et al. (55)
Neoplasia 2017

Metastatic melanoma  Higher clinical response:

1 Akkermansia muciniphila, Alistipes spp., Eubacterium spp., Ruminococcus spp.
| Bifidobacterium adolescentis, Bifidobacterium longum, Parabacteroides

patients who received e Bacteroides caccae, Bacteroides thetaiotamicro, Dorea formicogenerans,

ICI Faecalibacterium prausnitzii, Holdemania filiformis

CTLA-4, cytotoxic T-lymphocyte-associated antigen 4, ICI, immune checkpoint inhibitors; NSCLC, non-small cell lung cancer; PD-L1, programmed death-ligand 1, RCC, renal cell

carcinoma.
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analysed the intestinal microbiota with the subsequent
development of ICI-induced colitis. Bacteroidetes phylum is
enriched in colitis-resistant patients and is consistent with an
immunomodulatory role of these commensal bacteria (51).

CONCLUSION

A plethora of immunotherapy options is now part of treatment
armamentarium of several malignancies, including BC.
Unfortunately, despite this remarkable success, only a minority
of BC patients respond to ICI and there is insufficient data
regarding predictive factors of response.

In recent years, it has been shown that both cancer itself and
anticancer therapies interact with gut microbiota bidirectionally.

REFERENCES

1. Sender R, Fuchs S, Milo R. Revised Estimates for the Number of Human and
Bacteria Cells in the Body. PloS Biol (2016) 14(8):e1002533. doi: 10.1371/
journal.pbio.1002533

2. de Vos WM, de Vos EA. Role of the Intestinal Microbiome in Health and
Disease: From Correlation to Causation. Nutr Rev (2012) 70 Suppl 1:545-56.
doi: 10.1111/j.1753-4887.2012.00505.x

3. Belkaid Y, Artis D. Immunity at the Barriers. Eur ] Immunol (2013) 43
(12):3096-7. doi: 10.1002/eji.201344133

4. Zitvogel L, Ma Y, Raoult D, Kroemer G, Gajewski TF. The Microbiome in
Cancer Immunotherapy: Diagnostic Tools and Therapeutic Strategies. Science
(2018) 359(6382):1366-70. doi: 10.1126/science.aar6918

5. Pardoll D. Cancer and the Immune System: Basic Concepts and Targets for
Intervention. Semin Oncol (2015) 42(4):523-38. doi: 10.1053/
j.seminoncol.2015.05.003

6. Barroso-Sousa R, Keenan TE, Pernas S, Exman P, Jain E, Garrido-Castro AC,
et al. Tumor Mutational Burden and PTEN Alterations as Molecular
Correlates of Response to PD-1/L1 Blockade in Metastatic Triple-Negative
Breast Cancer. Clin Cancer Res (2020) 26(11):2565-72. doi: 10.1158/1078-
0432.CCR-19-3507

7. Ok CY, Young KH. Checkpoint Inhibitors in Hematological Malignancies.
] Hematol Oncol (2017) 10(1):103. doi: 10.1186/s13045-017-0474-3

8. Vetizou M, Pitt JM, Daillére R, Lepage P, Waldschmitt N, Flament C, et al.
Anticancer Immunotherapy by CTLA-4 Blockade Relies on the Gut
Microbiota. Science (2015) 350(6264):1079-84. doi: 10.1126/science.aad1329

9. 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(6264):1084-9.
doi: 10.1126/science.aac4255

10. Alpuim Costa D, Nobre JG, Batista MV, Ribeiro C, Calle C, Cortes A, et al.
Human Microbiota and Breast Cancer-Is There Any Relevant Link?-A
Literature Review and New Horizons Toward Personalised Medicine. Front
Microbiol (2021) 12:584332. doi: 10.3389/fmicb.2021.584332

11. 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(4):570-80. doi: 10.1016/j.ccell.2018.03.015

12. 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. doi: 10.3389/fimmu.2019.02989

13. Suraya R, Nagano T, Kobayashi K, Nishimura Y. Microbiome as a Target for
Cancer Therapy. Integr Cancer Ther (2020) 19:1534735420920721. doi: 10.1177/
1534735420920721

14. Negi S, Das DK, Pahari S, Nadeem S, Agrewala JN. Potential Role of Gut
Microbiota in Induction and Regulation of Innate Immune Memory. Front
Immunol (2019) 10:2441. doi: 10.3389/fimmu.2019.02441

Thus, the pharmacomicrobiomics studies may support the
potential use of gut microbiota analysis to predict patients’
response to ICI, allowing a more personalised and precision
medicine in oncology. Also, microbiota manipulation can be
used to improve treatment outcomes in BC patients. However,
further studies are necessary to validate microbiota analysis and
modulation as part of the ‘real world” BC clinical practice.

AUTHOR CONTRIBUTIONS

MYV, SB, and DA contributed to the conception and design of the
review. MV and SB wrote the first draft of the manuscript. All
authors contributed to manuscript revision, read, and approved
the submitted version

15. 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(7741):600-5. doi: 10.1038/s41586-019-0878-z

16. Akrami M, Menzies R, Chamoto K, Miyajima M, Suzuki R, Sato H, et al.
Circulation of Gut-Preactivated Naive CD8+ T Cells Enhances Antitumor
Immunity in B Cell-Defective Mice. Proc Natl Acad Sci U S A (2020) 117
(38):23674-83. doi: 10.1073/pnas.2010981117

17. Levy M, Kolodziejczyk AA, Thaiss CA, Elinav E. Dysbiosis and the Immune
System. Nat Rev Immunol (2017) 17(4):219-32. doi: 10.1038/nri.2017.7

18. Kho ZY, Lal SK. The Human Gut Microbiome - A Potential Controller of
Wellness and Disease. Front Microbiol (2018) 9:1835. doi: 10.3389/
fmicb.2018.01835

19. Hanahan D, Weinberg RA. Hallmarks of Cancer: The Next Generation. Cell
(2011) 144(5):646-74. doi: 10.1016/j.cell.2011.02.013

20. Plottel CS, Blaser MJ. Microbiome and Malignancy. Cell Host Microbe (2011)
10(4):324-35. doi: 10.1016/j.chom.2011.10.003

21. ElRakaiby M, Dutilh BE, Rizkallah MR, Boleij A, Cole JN, Aziz RK.
Pharmacomicrobiomics: The Impact of Human Microbiome Variations on
Systems Pharmacology and Personalized Therapeutics. OMICS (2014) 18
(7):402-14. doi: 10.1089/0mi.2014.0018

22. Panebianco C, Adamberg K, Jaagura M, Copetti M, Fontana A, Adamberg S,
et al. Influence of Gemcitabine Chemotherapy on the Microbiota of Pancreatic
Cancer Xenografted Mice. Cancer Chemother Pharmacol (2018) 81(4):773-82.
doi: 10.1007/s00280-018-3549-0

23. Velikova T, Krastev B, Lozenov S, Gencheva R, Peshevska-Sekulovska M,
Nikolaev G, et al. Antibiotic-Related Changes in Microbiome: The Hidden
Villain Behind Colorectal Carcinoma Immunotherapy Failure. Int ] Mol Sci
(2021) 22(4):1754. doi: 10.3390/ijms22041754

24. Kwa M, Plottel CS, Blaser MJ, Adams S. The Intestinal Microbiome and
Estrogen Receptor-Positive Female Breast Cancer. J Natl Cancer Inst (2016)
108(8):djw029. doi: 10.1093/jnci/djw029

25. Goedert JJ, Jones G, Hua X, Xu X, Yu G, Flores R, et al. Investigation of the
Association Between the Fecal Microbiota and Breast Cancer in
Postmenopausal Women: A Population-Based Case-Control Pilot Study.
] Natl Cancer Inst (2015) 107(8):djv147. doi: 10.1093/jnci/djv147

26. Laborda-Illanes A, Sanchez-Alcoholado L, Dominguez-Recio ME, Jimenez-
Rodriguez B, Lavado R, Comino-Méndez I, et al. Breast and Gut Microbiota
Action Mechanisms in Breast Cancer Pathogenesis and Treatment. Cancers
(Basel) (2020) 12(9):2465. doi: 10.3390/cancers12092465

27. Wu M, Bai ], Ma C, Wei ], Du X. The Role of Gut Microbiota in Tumor
Immunotherapy. J Immunol Res (2021) 2021:5061570. doi: 10.1155/2021/
5061570

28. Haque S, Raina R, Afroze N, Hussain A, Alsulimani A, Singh V, et al.
Microbial Dysbiosis and Epigenetics Modulation in Cancer Development - A
Chemopreventive Approach. Semin Cancer Biol (2021) S1044-579X(21)
00194-2. doi: 10.1016/j.semcancer.2021.06.024

Frontiers in Oncology | www.frontiersin.org

January 2022 | Volume 11 | Article 815772



Vitorino et al.

Microbiota, Immunotherapy and Breast Cancer

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

Sorlie T, Tibshirani R, Parker J, Hastie T, Marron JS, Nobel A, et al. Repeated
Observation of Breast Tumor Subtypes in Independent Gene Expression Data
Sets. Proc Natl Acad Sci U S A (2003) 100(14):8418-23. doi: 10.1073/
pnas.0932692100

Hu Z, Fan C, Oh DS, Marron JS, He X, Qagqish BF, et al. The Molecular
Portraits of Breast Tumors are Conserved Across Microarray Platforms. BMC
Genomics (2006) 7:96. doi: 10.1186/1471-2164-7-96

Cardoso F, Kyriakides S, Ohno S, Penault-Llorca F, Poortmans P, Rubio IT,
et al. ESMO Guidelines Committee. Electronic Address: Clinicalguidelines@
Esmo.org. Early Breast Cancer: ESMO Clinical Practice Guidelines for
Diagnosis, Treatment and Follow-Upt. Ann Oncol (2019) 30(8):1194-220.
doi: 10.1093/annonc/mdz173. Erratum in: Ann Oncol. 2019 Oct 1;30
(10):1674. Erratum in: Ann Oncol. 2021 Feb;32(2):284.

Garrett WS. Cancer and the Microbiota. Science (2015) 348(6230):80-6.
doi: 10.1126/science.aaa4972

Banerjee S, Tian T, Wei Z, Shih N, Feldman MD, Peck KN, et al. Distinct
Microbial Signatures Associated With Different Breast Cancer Types. Front
Microbiol (2018) 9:951. doi: 10.3389/fmicb.2018.00951

Foulkes WD, Smith IE, Reis-Filho JS. Triple-Negative Breast Cancer. N Engl
Med (2010) 363(20):1938-48. doi: 10.1056/NEJMral001389

Nanda R, Chow LQ, Dees EC, Berger R, Gupta S, Geva R, et al.
Pembrolizumab in Patients With Advanced Triple-Negative Breast Cancer:
Phase Ib KEYNOTE-012 Study. J Clin Oncol (2016) 34(21):2460-7.
doi: 10.1200/JC0O.2015.64.8931

Adams S, Schmid P, Rugo HS, Winer EP, Loirat D, Awada A, et al
Pembrolizumab Monotherapy for Previously Treated Metastatic Triple-
Negative Breast Cancer: Cohort A of the Phase II KEYNOTE-086 Study.
Ann Oncol (2019) 30(3):397-404. doi: 10.1093/annonc/mdy517

Dirix LY, Takacs I, Jerusalem G, Nikolinakos P, Arkenau HT, Forero-Torres A,
et al. Avelumab, an Anti-PD-L1 Antibody, in Patients With Locally Advanced or
Metastatic Breast Cancer: A Phase 1b JAVELIN Solid Tumor Study. Breast Cancer
Res Treat (2018) 167(3):671-86. doi: 10.1007/s10549-017-4537-5

Schmid P, Cruz C, Braiteh FS, Eder JP, Tolaney S, Kuter I, et al. Abstract2986:
Atezolizumab in Metastatic TNBC (mTNBC): Long-Term ClinicalOutcomes
and Biomarker Analyses. Cancer Res (2017) 77(13Supplement):2986.
doi: 10.1158/1538-7445.AM2017-2986

Adams S, Diamond JR, Hamilton E, Pohlmann PR, Tolaney SM, Chang
CW, et al. Atezolizumab Plus Nab-Paclitaxel in the Treatment of Metastatic
Triple-Negative Breast Cancer With 2-Year Survival Follow-Up: A Phase 1b
Clinical Trial. JAMA Oncol (2019) 5(3):334-42. doi: 10.1001/jamaoncol.
2018.5152

Emens LA, Adams S, Loi S, Schneeweiss A, Rugo HS, Winer EP, et al.
IMpassion130: A Phase III Randomized Trial of Atezolizumab With Nab-
Paclitaxel for First-Line Treatment of Patients With Metastatic Triple-
Negative Breast Cancer (mTNBC). J Clin Oncol (2016) 34, n. 15_suppl:
TPS1104-TPS1104. doi: 10.1200/JC0O.2016.34.15_suppl. TPS1104

Tolaney SM, Kalinsky K, Kaklamani VG, D’Adamo DR, Aktan G, Tsai ML, et al.
A Phase Ib/IT Study of Eribulin (ERI) Plus Pembrolizumab (PEMBRO) in
Metastatic Triple-Negative Breast Cancer (mTNBC) (ENHANCE 1). ] Clin
Oncol (2020) 38, n. 15_suppl:1015-5. doi: 10.1200/JCO.2020.38.15_suppl.1015
Cortes J, Cescon DW, Rugo HS, Nowecki Z, Im SA, Yusof MM, et al.
KEYNOTE-355 Investigators. Pembrolizumab Plus Chemotherapy Versus
Placebo Plus Chemotherapy for Previously Untreated Locally Recurrent
Inoperable or Metastatic Triple-Negative Breast Cancer (KEYNOTE-355):
A Randomised, Placebo-Controlled, Double-Blind, Phase 3 Clinical Trial.
Lancet (2020) 396(10265):1817-28. doi: 10.1016/S0140-6736(20)32531-9
Cimino-Mathews A, Thompson E, Taube JM, Ye X, Lu Y, Meeker A, et al. PD-
L1 (B7-H1) Expression and the Immune Tumor Microenvironment in
Primary and Metastatic Breast Carcinomas. Hum Pathol (2016) 47(1):52—
63. doi: 10.1016/j.humpath.2015.09.003

Li X, Li M, Lian Z, Zhu H, Kong L, Wang P, et al. Prognostic Role of
Programmed Death Ligand-1 Expression in Breast Cancer: A Systematic
Review and Meta-Analysis. Target Oncol (2016) 11(6):753-61. doi: 10.1007/
§11523-016-0451-8

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Ladoire S, Arnould L, Apetoh L, Coudert B, Martin F, Chauffert B, et al.
Pathologic Complete Response to Neoadjuvant Chemotherapy of Breast
Carcinoma is Associated With the Disappearance of Tumor-Infiltrating
Foxp3+ Regulatory T Cells. Clin Cancer Res (2008) 14(8):2413-20.
doi: 10.1158/1078-0432.CCR-07-4491

Asano Y, Kashiwagi S, Goto W, Kurata K, Noda S, Takashima T, et al.
Tumour-Infiltrating CD8 to FOXP3 Lymphocyte Ratio in Predicting
Treatment Responses to Neoadjuvant Chemotherapy of Aggressive Breast
Cancer. Br J Surg (2016) 103(7):845-54. doi: 10.1002/bjs.10127

Emens LA. Breast Cancer Immunotherapy: Facts and Hopes. Clin Cancer Res
(2018) 24(3):511-20. doi: 10.1158/1078-0432.CCR-16-3001

Panebianco C, Andriulli A, Pazienza V. Pharmacomicrobiomics: Exploiting
the Drug-Microbiota Interactions in Anticancer Therapies. Microbiome
(2018) 6(1):92. doi: 10.1186/s40168-018-0483-7

Wilkinson EM, Ilhan ZE, Herbst-Kralovetz MM. Microbiota-Drug
Interactions: Impact on Metabolism and Efficacy of Therapeutics. Maturitas
(2018) 112:53-63. doi: 10.1016/j.maturitas.2018.03.012

Gately S. Human Microbiota and Personalized Cancer Treatments: Role of
Commensal Microbes in Treatment Outcomes for Cancer Patients. Cancer
Treat Res (2019) 178:253-64. doi: 10.1007/978-3-030-16391-4_10

Dubin K, Callahan MK, Ren B, Khanin R, Viale A, Ling L, et al. Intestinal
Microbiome Analyses Identify Melanoma Patients at Risk for Checkpoint-
Blockade-Induced Colitis. Nat Commun (2016) 7:10391. doi: 10.1038/
ncomms10391

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(6):1368-
79. doi: 10.1093/annonc/mdx108

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(6371):104-8. doi: 10.1126/
science.aa03290

Routy B, Le Chatelier E, Derosa L, Duong CPM, Alou MT, Daillére R, et al.
Gut Microbiome Influences Efficacy of PD-1-Based Immunotherapy Against
Epithelial Tumors. Science (2018) 359(6371):91-7. doi: 10.1126/
science.aan3706

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(10):848-55. doi: 10.1016/j.ne0.2017.08.004

Cren PY, Bertrand N, Le Deley MC, Geénin M, Mortier L, Odou P, et al. Is the
Survival of Patients Treated With Ipilimumab Affected by Antibiotics? An
Analysis of 1585 Patients From the French National Hospital Discharge
Summary Database (PMSI). Oncoimmunology (2020) 9(1):1846914.
doi: 10.1080/2162402X.2020.1846914

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.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of

the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Vitorino, Baptista de Almeida, Alpuim Costa, Faria, Calhau and
Azambuja Braga. 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

January 2022 | Volume 11 | Article 815772



