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Abstract

Humans are a colonized with trillions of commensal microorganisms which exert a profound
effect on normal host physiology and immune function through an abundance of genetic and
metabolic by-products. Although the commensal microbiome has beneficial functions to host
physiology, perturbations of the composition of the commensal microbiome or the homeostatic
mucosal environment can lead to the induction of immune pathology and systemic inflammation.
In the context of cancer progression or response to immune therapy, this inflammation can be
detrimental, resulting in tumor growth and the promotion of immune suppression. On the other
hand, significant associations have been identified whereby certain commensal microorganisms
are able to enhance T cell function or are required for tumor control in cancer patients treated with
certain immune therapies and chemotherapies. The focus of this chapter is to highlight the role of
the commensal microbiome during tumor progression and in response to immune therapies.
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Introduction

The cellular environment within solid tumors influences response to therapy and outcome in
cancer. T cells are one of the only cell types capable of exerting spontaneous pressure
against an evolving tumor, and frequencies of intratumoral T cells associate with significant
survival benefit for multiple types of solid tumors (Zhang et al., 2003) (Brambilla et al.,
2016; Erdag et al., 2012; Mahmoud et al., 2011). However, the tumor microenvironment
(TME) diminishes anti-tumor T cell function through several mechanisms, including
metabolic constraint of T cell function, recruiting suppressive myeloid cells into the TME,
and establishing physical barriers that prohibit T cell entry into tumors. Thus, much of
cancer research today focuses on enhancing T cell-mediated killing of tumors through
immune therapy.

Corresponding author: Melanie R. Rutkowski; MR6 G526, 345 Crispell Dr, Charlottesville, VA 22903. 434-297-8103.
mr2ee@virginia.edu.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Buchta Rosean et al.

Page 2

Immune therapy for cancer has been considered since 1891 when William Coley reported
that administration of streptococcal organisms into sarcoma patients led to a reduction in
tumor burden (Coley, 1891). While this particular treatment is not used today, newer forms
of immune therapy are capable of achieving long-term disease-free survival for recurrent
metastatic cancer, and in some cases, complete remission of disease. The primary goal of
immune therapy is to re-invigorate T cell-mediated immune surveillance. However,
significant variability in efficacy still exists for multiple cancer types. Increased T cell
numbers and signatures of enhanced cytotoxic effector molecules, such as interferon (IFN)y
and granzyme B, correlate with increased response to immunotherapy and chemotherapy for
multiple tumors (Melero et al., 2014; Sistigu et al., 2014; Stoll et al., 2014). On the other
hand, studies have demonstrated that frequencies of myeloid cells (Kim et al., 2018; Krieg et
al., 2018) or PD-1/PD-L1 expression within tumors (Daud et al., 2016) also associate with
response to immune therapies. Although a multitude of tumor-associated biomarkers
currently predict the ability of immune therapies to enhance T cell-mediated killing of
established tumors, there is little consensus that any one particular mechanism associates
with response across multiple tumor types. Moreover, recent studies have demonstrated that
previously undefined host-intrinsic factors, such as the composition of the commensal
microbiome, also have a significant influence on the efficacy of immune therapy.

The commensal microbiota is composed of bacteria, archaea, viruses, fungi and other
eukaryotic species. Commensal microorganisms inhabit all mucosal barrier surfaces, with
the most abundant population residing within the gut. The number of commensal
microorganisms present in and on the human body is estimated to be approximately equal to
the number of somatic cells within the host (Sender et al., 2016). In addition to their vast
numbers, the microbiota also has incredible genetic diversity. For example, within the gut,
approximately 1,000 species of bacteria have been identified that contain roughly 2,000
genes per microbial species (Gilbert et al., 2018). Therefore, compared to the estimated
20,000 protein-coding genes in humans, commensals in the gut have 2,000,000 genes
(Turnbaugh et al., 2007). In essence, humans are a metaorganism — comprised of commensal
microorganisms and human cells — where the genetic and metabolic products of the
microbiota exert a profound influence upon normal host physiology, immune function, and
pathology.

Although the commensal microbiome has beneficial functions, perturbations of the
composition of the commensal microbiome or the homeostatic mucosal environment can
lead to the induction of immune pathology and systemic inflammation. In the context of
cancer progression or response to immune therapy, this inflammation can be detrimental,
resulting in tumor growth and aiding in immune suppression. The microbiota and their
microbial products have been implicated in the progression of inflammatory diseases, such
as inflammatory bowel disease and colitis, as well as in many types of cancers, including
colorectal, hepatocellular, and breast cancers. However, it is also clear that certain
commensal microorganisms enhance T cell function and are required for tumor control in
cancer patients treated with certain immune therapies. The focus of this chapter is to
highlight the role of the commensal microbiome during tumor progression and in response
to immune therapies.
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Systemic outcomes associated with microbiome composition and function

Healthy individuals and microbial homeostasis

To appreciate the effects of the commensal microbiome on tumor progression and response
to therapy, we will first discuss microbiome composition and function in healthy individuals.
The microbiota of the intestinal tract is important in the development of the gastrointestinal
immune system (Rhee et al., 2004). Commensal gut microbes have evolutionarily
established and maintained a symbiotic relationship with their human hosts, specifically in
the context of the human immune system (Silva et al., 2015). The microbiota provide a
myriad of benefits to the host, such as aiding in the digestion of food, production of specific
types of vitamins, protection from opportunistic pathogens, activation of different types of
immune cells, and promotion of intestinal barrier function (Kamada et al., 2013).

The majority of microbiome colonization occurs in the short period of time after birth
(Koenig et al., 2011). Human and mouse newborns initiate gut microbe colonization
following exposure to maternal and environmental microorganisms, and the composition of
the gut microbiome becomes well-established after weaning (Maynard et al., 2012; Weng
and Walker, 2013). The influence of host genetics upon microbiome composition is
suggested to contribute to microbiome composition. Although early studies suggested that
monozygotic twins showed no more similarity in their gut microbiome composition than
dizygotic twins (Ridaura et al., 2013; Turnbaugh et al., 2009; Turnbaugh et al., 2010), larger-
scale studies of twin cohorts demonstrated that genetic differences have a significant impact
on microbiome composition (Goodrich et al., 2016; Goodrich et al., 2014). Additional
studies (Falony et al., 2016; Zhernakova et al., 2016) and re-analysis of the large twin cohort
(Rothschild et al., 2018) have demonstrated that environmental factors such as diet,
medication use, and lifestyle choices also significantly shape the composition of the
microbiome. Genetic factors likely have an early influence on microbiome composition,
whereas the effects of environmental factors may persist throughout the lifetime of the host.
For example, it has recently been demonstrated that age-dependent Toll-like receptor (TLR)
5 expression within the intestinal epithelium negatively regulates the colonization of
flagellated bacteria in neonatal mice, whereas the effects of TLR5 expression against
flagellated commensals are reduced in adult mice (Fulde et al., 2018).

Early-life factors influencing the composition of commensal microorganisms also influence
the early evolution of the immune system. For example, maternal acquisition of commensal-
specific IgG through breast milk limits the development of T cell responses against
commensal microorganisms (Koch et al., 2016). Mice that did not receive maternal 19G
developed transient immune dysregulation and systemic inflammation, which eventually
resolved in adult mice (Koch et al., 2016). The effect of the microbiome on immune function
was observed decades ago in germ-free mice that were bred and maintained in the complete
absence of microorganisms. These initial studies demonstrated that germ-free mice had
defects in the development of multiple lymphoid organs (Bauer et al., 1963), defective
myelopoiesis, and increased susceptibility to certain bacterial and viral pathogens due to
reduced myeloid function (Abt et al., 2012a; Balmer et al., 2014; Clarke et al., 2010a;
Ichinohe et al., 2011a; Khosravi et al., 2014).
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Mechanistic studies demonstrated that commensal production of short-chain fatty acids,
through fermentation of fiber, led to the development of mucosal-associated and peripheral
Foxp3+ regulatory T cells (Arpaia et al., 2013; Furusawa et al., 2013; Lathrop et al., 2011).
Additional studies have demonstrated that commensals are required for the development of
IL-17-producing ap T cells (Ivanov et al., 2009b; Shaw et al., 2012), y& T cells (Duan et al.,
2010) and invariant NKT cells (Olszak et al., 2012; Wei et al., 2010). Immune surveillance
and sensitivity to antigens are also influenced by the composition of microbiome. Certain
commensals also provide tonic stimulation to innate immune cells, through TLR or
nucleotide-binding, oligomerization domain-containing protein (NOD) signaling pathways,
resulting in decreased activation thresholds and increased anti-viral and bactericidal function
(Abt et al., 2012b; Clarke et al., 2010b; Ichinohe et al., 2011b). Corresponding studies in
humans have demonstrated that the composition of the gut microbiome attenuates the ability
of immune cells to produce specific cytokines in response to pathogenic stimuli (Schirmer et
al., 2016). For example, it was shown that degradation of tryptophan to tryptophol by
commensal species is associated with reduced IFNvy production when PBMCs were
stimulated with fungal pathogens (Schirmer et al., 2016). Additionally, palmitoleic acid
synthesis reduced production of the proinflammatory cytokines IL-6, IL-1p, and tumor
necrosis factor (TNF)a from monocytes (Schirmer et al., 2016). These effector cytokines are
not only important for normal immune function and the maintenance of immune
homeostasis, but have also been implicated in cancer progression or anti-tumor immune
responses. Similarly, Bifidobacterium, a commensal determinant of immune responsiveness
in melanoma patients treated with PD-1/PD-L1 blockade (Matson et al., 2018; Sivan et al.,
2015), was linked with T cell production of IFNy (Schirmer et al., 2016). These studies in
healthy individuals offer insight into potential mechanisms whereby commensal
microorganisms influence tumor-promoting inflammation and anti-tumor T cell immunity
(Figure 1a).

Commensal dysbiosis and immune pathology

Changes within the composition and/or the functional attributes of the microbiome associate
with several diseases, including cancer. Commensal dysbiosis, the shift from commensal
homeostasis to an environment in which the balance of symbionts and pathobionts has been
perturbed or negatively altered, has adverse effects on the host. This is in part due to the fact
that the beneficial capabilities of many resident, symbiotic microbes are lost (Silva et al.,
2015). Many of these benefits are involved in maintaining or aiding effective immune
responses within the gut and systemic periphery. Commensal microorganisms have dynamic
control on immune homeostasis through induction of inflammatory and/or regulatory
immune responses at mucosal surfaces. For example, segmented filamentous bacteria (SFB),
which are more abundant in the small intestines of mice from Taconic Biosciences, are
required for the robust generation of mucosal-associated Th17 T cells (Ivanov et al., 2009a).
This occurs through presentation of SFB-associated antigens to CD4 T cells, resulting in
polarization of mucosal-associated Th17 T cells (Goto et al., 2014; Lecuyer et al., 2014).
Conversely, polysaccharide A from the symbiont Bacteroides fragilis promotes the
differentiation of Foxp3+ regulatory T cells which restrain pathogenic Th17 responses at
mucosal surfaces, promoting mucosal tolerance (Round et al., 2011). These studies
underscore the dynamic relationship between inflammatory and regulatory commensals,
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highlighting a scenario where commensal dysbiosis can result in mucosal or systemic
pathology through the loss of immune homeostasis (Figure 1b) (Silva et al., 2015).

Dysbiotic shifts within the microbiome that enable the outgrowth of pathogenic or pathogen-
associated commensals are frequently related to specific diseases, including cancer. In
addition to the gut, dysbiosis of the microbiota can also occur within the reproductive tract,
skin, lungs, and other mucosal surfaces where commensals reside. Fusobacterium has been
associated with oral infections (Griffen et al., 2012; Moore and Moore, 1994), adverse
pregnancy outcomes (Dixon et al., 1994; Han et al., 2010), and gastrointestinal disorders
(Kostic et al., 2013; McCoy et al., 2013). Within the intestines, colorectal cancer has been
associated with increased prevalence of Fusobacterium, Porphyromonas,
Peptostreptococcus, Parvimonas, and Enterobacter genera (Lozupone et al., 2013). It was
reported that skin colonization of Staphylococcus epidermidis, a commensal capable of
producing 6- A-hydroxyaminopurine, inhibited the proliferation of melanoma tumor cell
lines and reduced tumor growth in mouse models of melanoma (Nakatsuji et al., 2018).
Although skin and tumor samples from melanoma patients were not assessed, this study
demonstrated the potential protective effects that local commensal microorganisms may
have in preventing oncogenesis.

Patients with breast cancer have also been reported to have a distinct breast tissue
microbiome. Differences were demonstrated within tissues adjacent to breast malignancies
when compared to normal tissue within the same individual (Xuan et al., 2014a), or when
compared to tissues taken from women with benign disease (Hieken et al., 2016). As
reviewed by Fernandez et a/, multiple follow-up studies in women with breast cancer have
validated that breast cancer patients harbor a distinct microbiome within the mammary tissue
and distally within the gut (Fernandez et al., 2018). Significant alterations in the oral
microbiome have been reported in pancreatic cancer, where patients with cancer have
significantly reduced levels of Neisseria elongataand Streptococcus mitis (Farrell et al.,
2012). Although the significance of these findings has yet to be experimentally validated,
these reports provide comprehensive evidence that multiple cancers are associated with
changes to the local and systemic microbiome. Further investigation is required to elucidate
whether these changes promote tumorigenesis or occur in response to cancer. Clarifying the
role for specific tissue- and gut-specific commensal microorganisms in the prevention or
progression of these cancers could pave the way towards targeting the microbiome for
therapeutics, as discussed below.

Alterations in the microbial composition of the female reproductive tract associate with
reproductive disorders such as endometritis and adenomyosis (Chen et al., 2017). Increased
levels of proinflammatory cytokines such as IFN+y, IL-18, TNF-a, and granulocyte
macrophage-colony stimulating factor (GM-CSF) also associate with dysbiosis within the
reproductive tract (Anderson et al., 2011). One study that evaluated the composition of
bacterial species within the cervical microenvironment found that dysbiosis associates with
alterations in the cervical mucosal barrier, increasing the levels of proinflammatory
cytokines and proteins associated with proteolysis and increased cell death within the
cervical microenvironment (Borgdorff et al., 2016). Similarly, changes in lung microbial
diversity and composition in patients with asthma associate with increased airway
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hyperresponsiveness (Huang et al., 2011) and increased inflammation (Simpson et al.,
2016). Although these studies did not evaluate the effects of local dysbiosis on cancer
occurrence or outcome, these results suggest that changes to the microbiome composition
affect local tissue immunity and pathology.

Commensal dyshiosis can occur in response to antibiotic usage, changes in diet, obesity, and
genetic polymorphisms (Buchta Rosean and Rutkowski, 2017). Commensal dysbiosis is
associated with reduced gene richness and microbial diversity, as has been shown in obese
individuals (Le Chatelier et al., 2013). It was demonstrated that in obesity, microbial gene
signatures are altered that associate with mucus degradation, oxidative stress management,
and decreased production of immune regulatory molecules, while frequencies of
inflammatory bacterial species are increased. These associations link the dysbiotic reduction
of gene richness to increased inflammation and mucosal damage (Le Chatelier et al., 2013).
Thus, dysbiosis driven by alterations in host diet can ultimately lead to both intestinal and
systemic inflammation through disruption of homeostasis within the intestinal
microenvironment.

Intestinal barrier damage and translocation of microbial products

One consequence of commensal dysbiosis is the negative impact it can have on maintaining
the integrity of the intestinal barrier. When this barrier is compromised, bacteria can
translocate from the intestinal lumen to peripheral, systemic sites (Hand and Belkaid, 2010).
Bacterial translocation activates pattern recognition receptors on cells, most notably the
membrane-bound TLRs and the cytoplasmic NOD-like receptors. Many of the receptors that
fall under these two categories have been implicated in tumor initiation and tumor
proliferation (Schwabe and Jobin, 2013) due to their ability to promote inflammation.
Indeed, translocation of commensal bacteria due to reduced intestinal barrier function has
been associated with both autoimmune diseases and cancer (Tlaskalova-Hogenova et al.,
2011).

Under homeostatic conditions within the intestinal lumen, commensal microbes and their
by-products do not induce immune pathology. However, some bacterial components or by-
products such as lipopolysaccharide (LPS), peptidoglycan, and flagellin, when present
systemically, illicit systemic inflammation. Additionally, some bacterial components have
been implicated in the initiation and/or progression of multiple types of cancers (Buchta
Rosean and Rutkowski, 2017). A well-studied example is LPS, a cell wall component of
Gram-negative bacteria. LPS has been shown to increase both tumor angiogenesis and
metastasis through stimulation of endothelial cells to produce vascular endothelial growth
factor (VEGF) (Pollet et al., 2003). VEGF increases the permeability of host vasculature,
which aids in tumor cell dissemination and eventual metastatic disease (Harmey et al.,
2002). In macrophages and other immune cells, LPS stimulation enhances production of
proinflammatory cytokines such as IL-6, TNFa,, and IL-8 — all of which have been
implicated in tumor progression and immune regulation. Thus, it is likely that continued
exposure of bacterial LPS and the subsequent chronic inflammation associated with
systemic LPS signaling can negatively impact the host during cancer progression.
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Flagellin, a protein that forms the flagellum of many motile flagellated bacteria, has been
categorized as having both beneficial and harmful effects on the host immune system
depending upon the concentration, location, and targets throughout the host. Immune and
epithelial cell inflammatory cytokine production is activated through recognition of flagellin
via TLR5. Translocation of flagellated bacteria or shed flagellum from the gut into
circulation has been implicated in inducing systemic immune responses (Grimes et al., 2016;
Svard et al., 2015). It has been shown that sustained or out of context TLR5-mediated
inflammation promotes lung inflammation (Liaudet et al., 2003) in addition to inducing
cardiac (Rolli et al., 2010) and liver pathology (Xiao et al., 2015). Thus, there is precedence
to suggest that in certain inflammatory contexts, TLR5 engagement by translocated flagellin
can lead to excessive inflammation. Supporting this, it was previously demonstrated that
IL-6-mediated inflammation during ovarian cancer and in soft tissue sarcomas occurs in
response to TLR5-mediated recognition of commensal microbes, resulting in sustained T
cell dysfunction and enhanced tumor growth (Rutkowski et al., 2015). TLR5™~ mice or
antibiotic-sterilized wild-type mice had reduced IL-6 signaling, functional anti-tumor T
cells, and reduced tumor burden. These findings suggest that interactions with the host
microbiome, through TLR5 signaling, regulate the pro-tumorigenic, IL-6-mediated
inflammatory axis in certain types of cancer.

Peptidoglycan, a cell-wall component in many species of bacteria, has been shown to prime
the innate immune system systemically when it is recognized by NOD1. NOD1 is a pattern
recognition receptor that affects the functioning of neutrophils, which play an important role
in innate immunity and in the killing of extracellular pathogens. Peptidoglycan shed from
commensal bacteria is excreted or transported out of the gut into the systemic periphery,
where it is recognized by NOD1 and prompts neutrophil killing under basal conditions
(Clarke et al., 2010a) while also enabling the survival of circulatory phagocytic cells during
homeostasis (Hergott et al., 2016). Systemic levels of peptidoglycan in the absence of
infection were shown to prime the immune system to promote a more rapid response to
extracellular pathogens and/or infections. Dysbiosis can thus present a consequence whereby
the levels of bacteria that produce peptidoglycan are reduced, resulting in decreased priming
of neutrophils and phagocytic cells during tumor progression.

Role of microbiota in cancer initiation and progression

Through influence on host inflammatory and pathogenic responses, gut dysbiosis greatly
impacts the initiation and progression of multiple types of cancer (Sheflin et al., 2014). It
has been shown that certain microbes within the gut can induce inflammation, enhance
cellular proliferation, and produce by-products that impact the host immune response. When
imbalanced, it is these traits that can subsequently lead to the promotion of tumorigenesis
and cancer progression (Zou et al., 2018).

The impact of the microbiome on cancer progression in colorectal cancer (CRC) is well-
studied. In CRC, dysbiosis results in a decrease in regulatory commensal species, leading to
increased inflammation. More specifically, this inflammation arises due to the production of
secondary bile acids, such as deoxycholic acid (DCA), from Clostridium species (Yoshimoto
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et al., 2013). DCA also has pro-inflammatory roles in other cancer types, as it promotes the
development of hepatocellular carcinoma (HCC) in obese mice (Yoshimoto et al., 2013).

Additionally, Fusobacterium nucleatum induces inflammation and proliferation in CRC
through invasion of cancer cells and activation of p-catenin signaling through FadA binding
to E-cadherin (Rubinstein et al., 2013). Inflammation in this context results in increased
production of nitric oxide synthase, increasing the number of facultative anaerobic bacteria
present in the gut and further promoting dysbiosis (Winter et al., 2013). Pro-inflammatory
responses driven by the host immune system can also disrupt the intestinal barrier, which
can allow for the translocation of different strains of gut bacteria to distal sites (Brenchley
and Douek, 2012). This often intensifies the overall inflammatory response that is observed
in the host, as bacteria and their by-products become systemically distributed (Sheflin et al.,
2014). In the case of CRC, it has been demonstrated that barrier disruption and microbial
invasion of adenomas leads to IL-23 production by tumor-associated myeloid cells, inducing
pro-tumorigenic, IL-17-producing Th17 cells (Grivennikov et al., 2012). Further mechanistic
insight into the role of the microbiome during liver cancer confirmed that secondary bile
acids increase liver cancer metastasis and reduce anti-tumor immune surveillance through
inhibition of CXCL186, resulting in reduced accumulation of NKT cells into the tumor
microenvironment (Ma et al., 2018). Interestingly, primary bile acids had an opposing effect
on CXCL16 expression, and conversion of primary bile acids into secondary bile acids by
Clostridium species associated with higher incidence of liver tumor progression and reduced
immune surveillance (Ma et al., 2018).

Multiple studies have begun to demonstrate an association between commensal dysbiosis
and cancer. However, no study has determined whether pre-existing dysbiosis influences
cancer development and progression, or if the presence of cancer and cancer-associated
inflammation contributes to commensal dysbiosis. Although this “chicken and the egg”
relationship between dysbiosis and cancer remains undefined, differences in microbial
composition between cancer patients and healthy controls exist. In CRC, microbial
composition associated with inflammatory gene expression patterns as compared with
healthy controls, with CRC patients having elevated expression of CXCL1, IL-17a and
IL-23 (Flemer et al., 2017). In breast cancer, dysbiosis has been demonstrated in both the gut
as well as the breast tissue in cancer patients as compared to healthy controls. One study
found a significant reduction in the overall number of bacteria and an alteration in the
proportions of specific bacterial species during dysbiosis, such as Sphingomonas
yanoikuyae, in breast tumors when compared to healthy tissue (Xuan et al., 2014b). There
was also a decrease in antibacterial responses within the tumor-adjacent tissue, as marked by
a reduction in the expression of genes associated with microbial sensors and receptors (Xuan
et al., 2014b). Although the mechanistic relevance of microbiome changes in tumor-bearing
individuals has yet to be elucidated, these studies provide evidence that cross-talk between
tumors and the microbiota occurs.

Dysbiosis within the female reproductive tract has also been implicated in the severity and
progression of endometrial cancer, and vaginal microbial compositional changes have been
observed in women with cervical cancer (Kyrgiou et al., 2017; Walther-Antonio et al.,
2016). A recent study that evaluated ovarian cancer tumor samples using a pathogen array
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and next-generation sequencing identified a unique microbial signature associated with
ovarian cancer compared to matched and non-matched ovarian control samples (Banerjee et
al., 2017). Mechanistically, it was shown that interactions with gut commensal
microorganisms, through TLR5 signaling, amplified IL-6-mediated tumor inflammation,
myeloid-induced immune dysfunction, and the promotion of ovarian tumor growth
(Rutkowski et al., 2015). Thus, these studies suggest that both local and systemic
commensal microorganisms influence ovarian tumor progression.

Cancer therapies impacted by the microbiome

Microbes are beginning to be appreciated for their roles in efficacy of cancer treatment.
Although the majority of papers on this subject have been published in the last decade,
microbes and microbial products have been used as cancer therapeutics for over a hundred
years. As previously mentioned, in 1891, Coley successfully used Streptococcus erysipelas
and Bacillus prodigiosus toxins as a treatment for sarcoma (Coley, 1910). In addition to its
use as a tuberculosis vaccine, Bacillus Calmette-Guerin, a live attenuated strain of
Mycobacterium bovis, has been used to treat bladder cancer for almost forty years
(Redelman-Sidi et al., 2014). More recently, several studies have shown impaired anti-tumor
responses in antibiotic-treated or germ-free mice, demonstrating a beneficial role for the
commensal microbiome in regulating protective responses to cancer therapy. In this section,
we will review the current literature on the types of cancer therapies that are known to be
impacted by microbes, the mechanisms by which the microbiome can impact cancer therapy,
and potential microbial-driven therapeutics that could enhance the efficacy of cancer
treatment (Figure 2).

Chemotherapies

Platinum compounds—~Platinum-based compounds such as oxaliplatin and cisplatin
exert their cytotoxic effects through the formation of DNA-platinum adducts that result in
DNA damage and the upregulation of pathways that promote apoptosis (Siddik, 2003).
Additionally, oxaliplatin induces immunogenic cell death, promoting anti-tumor immune
responses by activating antigen-presenting cells and their cognate T cells in a TLR4-
dependent mechanism (Tesniere et al., 2010). A murine EL4 lymphoma model was used to
investigate the impact of the microbiota on the efficacy of platinum compounds (lida et al.,
2013).

The anti-tumor effects of oxaliplatin and cisplatin were significantly reduced in microbiota-
deficient mice, both in germ-free animals and in mice that had been treated with broad-
spectrum antibiotics to deplete commensal microbes. Although DNA-platinum adducts were
formed at comparable levels in both experimental groups, antibiotic-treated mice had a
significant reduction in gene expression modification and cytotoxicity compared with
control animals. Additionally, tumor-infiltrating myeloid cells from antibiotic-treated
animals showed markedly diminished production of reactive oxygen species (ROS) (lida et
al., 2013): a crucial contributing factor to the efficacy of platinum compound therapy
(Santoro et al., 2016). Oxaliplatin was also largely ineffective in GR-1* myeloid cell-
depleted mice and in mice deficient for the NADPH oxidase NOX2, demonstrating the
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previously unknown importance of myeloid-derived ROS in the anti-tumor effects of
platinum compound therapy (lida et al., 2013).

The authors hypothesized that commensal microbes prime myeloid cells for ROS
production, presumably through ligation of pattern recognition receptors. Indeed, signaling
through MyD88, an adaptor protein crucial for the activity of most pattern recognition
receptors, was found to be necessary for the reduction in tumor burden in response to
oxaliplatin (lida et al., 2013). In a similar study, recolonizing antibiotic-treated mice with
Lactobacillus acidophilus, a bacterial species commonly used in probiotics, restored the anti-
tumor effects of cisplatin in a murine lung cancer model (Gui et al., 2015), further
demonstrating the importance of commensal microbes in determining efficacy of this
therapy.

Cyclophosphamide—The DNA-alkylating agent cyclophosphamide has been in use as
an anti-cancer therapy for almost sixty years. At high doses, cyclophosphamide has
immunosuppressive properties and thus is also used to treat certain autoimmune disorders.
However, at low doses, it acts to promote anti-tumor immunity through depletion of
regulatory T cells and activation of effector T cells (Scurr et al., 2017). Additionally, like
oxaliplatin, cyclophosphamide induces immunogenic cell death, further promoting anti-
tumor immune responses (Kroemer et al., 2013). Viaud et a/ demonstrated that the anti-
cancer effects of cyclophosphamide are largely dependent on microbial translocation from
the gut (Viaud et al., 2013).

In a mouse model of MCAZ205 sarcoma, cyclophosphamide treatment resulted in significant
damage to the gut mucosa that disrupted gut barrier integrity, allowing for translocation of
bacteria from the lumen of the intestine into mesenteric lymph nodes and the spleen.
Additionally, cyclophosphamide altered the composition of the commensal bacteria in the
small intestine, resulting in dysbiosis (Viaud et al., 2013). Specifically, cyclophosphamide
treatment resulted in a decrease in both the Firmicutes phylum and species of lactobacilli
and enterococci as well as a significant enrichment in species of Gram-positive bacteria,
including Enterococcus hirae (Daillere et al., 2016; Viaud et al., 2013). These Gram-postive
bacteria translocated into mesenteric lymph nodes where they primed both pro-inflammatory
“pathogenic” Th17 (pTh17) and memory Thl cells in a MyD88-dependent manner with
subsequent activation of tumor-specific CD8" T cells. Additionally, translocation of £. Airae
resulted in a reduction in immunosuppressive regulatory T cells and y& T cells within the
tumor (Viaud et al., 2013).

A follow-up study from the same group identified the importance of an additional bacterial
strain, as cyclophosphamide treatment resulted in an overrepresentation of the Gram-
negative species Barnesiella intestinihominis within the colon of tumor-bearing animals.
High levels of B. intestinihominis correlated with enhanced systemic Th1 cells, cytotoxic
CD8* T cells, and tumor-infiltrating 8 T cells that produced IFN+y while also correlating
with reduced regulatory T cells in the tumor microenvironment. This study also
demonstrated that both £. hirae and B. intestinihominis are regulated by intestinal NOD2
receptors, preventing their egress from the gut under homeostatic conditions (Daillere et al.,
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2016). The cumulative effects of the presence of these bacteria promote a proinflammatory
environment within the tumor, driving anti-tumor immune responses.

As expected, cyclophosphamide-mediated anti-tumor responses were blunted in both germ-
free and antibiotic-treated mice due to reduced proinflammatory pTh17 responses and
enhanced tumor burden in models of MCA205 sarcoma and P815 mastocytoma.
Interestingly, treatment with broad-spectrum antibiotics or colistin (specifically targeting
Gram-negative bacteria) or vancomycin (specifically targeting Gram-positive bacteria) alone
were all sufficient to blunt responses to cyclophosphamide, demonstrating that multiple
bacterial species promote response to this treatment. Adoptive transfer of pTh17 cells into
antibiotic-treated mice was sufficient to rescue cyclophosphamide efficacy (Viaud et al.,
2013). Additionally, recolonization of antibiotic-treated mice with £. Airaeor B.
intestinihominis partially restored the effects of cyclophosphamide, resulting in decreased
MCA205 tumor burden and enhanced cytotoxic CD8* T cell responses, respectively. These
findings are clinically relevant, as T cell-mediated immune responses against £. hiraeand B.
intestinihominis are positive predictors of progression-free survival in chemotherapy-treated
patients with ovarian and lung cancers (Daillere et al., 2016).

Many cancer patients receive radiation therapy, either as a primary treatment (targeted
radiation) to reduce localized tumor burden or as a tool (total-body irradiation) to
lymphodeplete patients prior to hematopoietic stem cell transplantation or adoptive T cell
transfer therapy. Radiation is genotoxic, resulting in tumor cell death. Additionally, radiation
can kill additional non-targeted cells through the bystander effect, in part due to activation of
the immune system by radiation-induced inflammation (Demaria and Formenti, 2012;
Vacchelli et al., 2013). These, off-target effects, such as damage to the intestinal mucosa, can
result in substantial toxicity, and the microbiota is known to be involved in this process.

Radiation can alter the composition of the microbiome, with one group describing decreased
total gut bacteria with specific decreases in Enterobacteriaceae and Lactobacillus strains
after irradiation of the ileum in mice (Johnson et al., 2004). Similarly, a study in patients
with gynecological cancers found that radiation treatment significantly reduced diversity
within the gut, with decreases in Firmicutes and enrichment for Fusobacterium (Nam et al.,
2013). Another group demonstrated a local enrichment in Proteobacteria and decreases in
Firmicutes and Bacteroidetes species after radiation treatment in mice, resulting in increased
production of proinflammatory cytokines within the gut. Additionally, transfer of post-
radiation microbiota into germ-free animals enhanced their susceptibility to mucosal
inflammation after radiation treatment, demonstrating the impact of the microbiome on
radiation-related gut toxicity (Gerassy-Vainberg et al., 2018). Pre-existing alterations in
microbial composition can also predict susceptibility to gut toxicity after radiation treatment,
with decreased levels of diversity and species richness correlating with enhanced mucosal
inflammation in two small cohorts of patients undergoing pelvic radiotherapy (Manichanh et
al., 2008; Wang et al., 2015).

Germ-free mice are resistant to radiation-induced gut toxicity, with fewer apoptotic intestinal
epithelial cells and reduced infiltration of lymphocytes as compared with specific pathogen-
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free mice. Germ-free mice survive substantially longer than conventionally-raised mice after
radiation therapy, with higher doses of radiation needed to result in mortality. Angiopoietin-
like 4, also known as Fiaf, is secreted by intestinal epithelial cells and promotes endothelial
survival and integrity (Kim et al., 2000). Expression of Fiaf is regulated by the presence of
bacteria, with certain species promoting or suppressing protein expression. Germ-free mice
lacking Fiafwere susceptible to gut toxicity after radiation, demonstrating its ability to
suppress mucosal inflammation after radiotherapy (Crawford and Gordon, 2005). Similarly,
mice lacking TLR3 were resistant to gut toxicity after ionizing radiation therapy, with
enhanced survival and decreased apoptosis of intestinal crypts after treatment (Takemura et
al., 2014). In mice with a replete microbiome, the enhanced intestinal permeability caused
by radiation treatment results in bacterial translocation from the lumen of the intestine into
draining lymph nodes, resulting in significant mucosal inflammation, toxicity, and immune
activation against bacterial species (Barker et al., 2015; Paulos et al., 2007).

However, this immune activation can be beneficial, as in the case of radiation preceding
adoptive T cell transfer. Adoptive transfer of cytotoxic, tumor-specific CD8* T cells can be
an effective therapy to dramatically reduce tumor burden. In order for these transferred cells
to survive, an immunological niche must be created through lymphodepletion of the host by
chemotherapy and/or radiation. Total-body irradiation improves the efficacy of adoptive T
cell transfer in both humans and mice as a result of bacterial translocation of Gram-negative
species into draining mesenteric lymph nodes, resulting in activation of innate immune cells
through a TLR4-dependent mechanism. Paulos et a/showed that in mice, treatment with
broad-spectrum antibiotics or genetic deletion of TLR4 were both sufficient to ameliorate
the anti-tumor promoting effects of total-body irradiation prior to T cell transfer,
demonstrating the importance of commensal bacteria in promoting response to this therapy
(Paulos et al., 2007). This phenomenon has also been observed in humans, as patients with
metastatic melanoma responded better to transfer of tumor-infiltrating lymphocytes when
chemotherapeutic lymphodepletion was combined with total-body irradiation (Dudley et al.,
2008). With the advent of chimeric antigen receptor (CAR)-T cell therapy, use of
lymphodepleting radiation in combination with chemotherapy may be effective at enhancing
anti-tumor immune responses in these patients following T cell transfer (reviewed in (Flynn
etal., 2017)).

Hematopoietic stem cell transplant

In certain cancers, primarily hematologic malignancies, transfer of hematopoietic stem cells
from a genetically-similar donor can be curative when other treatment options fail. However,
decreased diversity of gut microbiota is associated with reduced survival and increased
incidence of graft versus host disease (GVHD) in patients receiving allogeneic
hematopoietic stem cells transplantation (HSCT) (Holler et al., 2014; Jenq et al., 2012;
Shono et al., 2016; Taur et al., 2014). Importantly, HSCT recipients are frequently pre-
treated with broad-spectrum antibiotics, immunosuppressants, and total-body irradiation: all
of which are known to impact the composition of the gut microbiota and result in dyshiosis.

Taur et al stratified HSCT recipients into groups of high, intermediate, or low gut bacterial
diversity. Low diversity, a hallmark of gut commensal dysbiosis, associated with a
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significant reduction in 3-year survival as compared to the group with high microbial
diversity. Furthermore, the microbial composition after engraftment significantly differed
between subjects who lived or died after transplant, with survivors showing decreases in
Proteobacteria and enrichment in Actinobacteria (Taur et al., 2014). A follow-up study from
the same group found similar results, with enrichment for the Blautia genus associated with
reduced risk for GVHD and enhanced survival (Jeng et al., 2015).

Additional studies also demonstrated a loss of bacterial diversity in HSCT recipients, with
some groups identifying enrichments in Enterococci (Heimesaat et al., 2010; Holler et al.,
2014; Taur et al., 2012), Lactobacilli (Jenq et al., 2012), Streptococci (Taur et al., 2012),
and/or Proteobacteria (Taur et al., 2012) after treatment. Lactobacilli (Jenq et al., 2012) and
Bacteroidetes (Biagi et al., 2015) were found to be protective against GVHD, while
enrichments in Enterococci associated with the development of both GVHD (Heimesaat et
al., 2010; Holler et al., 2014) and bacteremia (Taur et al., 2012), presumably through a
TLR9-dependent mechanism (Heimesaat et al., 2010). The species of predominating
bacteria post-transplant greatly depended on the classes of antibiotics used pre- and post-
HSCT, which may inform future clinical decisions for patients receiving HSCT (Shono et
al., 2016; Taur et al., 2012).

Immunotherapy

CpG-ODN and anti-IL-10R—Unmethylated 5’-cytosine-phosphate-guanosine-3’ (CpG)
sites are rare in vertebral DNA, but are abundant in bacterial DNA and are recognized by the
pattern recognition receptor TLR9. Although expression levels differ between mice and
humans (Rehli, 2002), TLR9 is primarily expressed on antigen-presenting cells, including
myeloid cells and B cells, and its ligation induces expression of pro-inflammatory cytokines
and a robust anti-microbial immune response. Synthetic CpG oligodeoxynucleotides (ODN)
mimic microbial DNA and are currently being examined for use as adjuvants for vaccines
against cancer and infectious pathogens (Scheiermann and Klinman, 2014). CpG-ODN have
shown limited efficacy as a monotherapy, but they enhance anti-tumor immune responses
when used in combination with other therapeutics. lida ef a/examined the impact of the
microbiome on combined immunotherapy using intratumoral CpG-ODN and systemic
blocking antibodies against the 1L-10 receptor (CpG/alL-10R).

CpG/alL-10R treatment effectively controls the growth of subcutaneous MC38 colon cancer
in mice by inducing tumor necrosis factor (TNF)-dependent hemorrhagic necrosis. The TNF
is produced in large part by formerly immunosuppressive tumor-infiltrating myeloid cells
that have been reprogrammed to a more pro-inflammatory phenotype (Guiducci et al.,
2005). However, this treatment is rendered ineffective in germ-free and antibiotic-treated
mice. In these mice with a deficient microbiome, tumor-infiltrating myeloid cells showed
diminished inflammatory cytokine production, including production of TNF, and thus the
anti-tumor adaptive immune response and resulting hemorrhagic tumor necrosis were
blunted. The efficacy of treatment did not rely solely on the adaptive immune system,
however, as CpG/alL-10R therapy was similarly ineffective in antibiotic-treated Rag1~/~
mice, while vehicle-treated Ragl~~ mice exhibited partial responses to therapy. However,
TNF'= mice were resistant to treatment with CpG/alL-10R whether the animals had been
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treated with antibiotics or not, demonstrating the necessity of this cytokine for efficacy of
CpG/alL-10R treatment (lida et al., 2013).

Oral gavage with the bacterial component LPS, the ligand for TLR4, partially rescued the
diminished anti-tumor response to CpG/alL-10R, including the decreased TNF production
from myeloid cells, seen in antibiotic-treated mice. Thus, bacteria or bacterial products
prime tumor-associated myeloid cells to respond to TLR9 stimulation with CpG-ODN, at
least in part through ligation of TLR4. The authors went on to identify bacterial genera that
correlated with 7nfexpression in the tumor. Both the Gram-negative (LPS-containing)
Alistipes and Gram-positive Ruminococcus genera were overrepresented in the gut in
treatment-responsive mice and positively correlated with 77fexpression, suggesting that
additional TLR4-independent mechanisms exist to prime myeloid cells for response to CpG/
alL-10R. Conversely, an overrepresentation of Gram-positive Lactobacillus species
negatively correlated with 7nfexpression. When antibiotic-treated mice were mono-
colonized with Alistjpes shahii, tumor-infiltrating myeloid cells produced more TNF, and
CpG/alL-10R was more effective at reducing MC38 tumor burden. However, reconstitution
of intact mice with Lactobacillus fermentum had the opposite effect, reducing the myeloid-
driven TNF response within the tumor. Thus, although commensal microbes are necessary to
prime myeloid cells for response to CpG/alL-10R, different bacterial species can have
opposing effects on the immune system.

Checkpoint blockade—The discovery of immune checkpoints revolutionized approaches
to cancer therapy, with Drs. James Allison and Tasuku Honjo recently awarded the 2018
Nobel Prize in Physiology or Medicine for their pioneering work using antibodies against
cytotoxic T-lymphocyte-associated antigen 4 (CTLA-4) and programmed death 1 (PD-1),
respectively. The CTLA-4 and PD-1 signaling pathways function to inhibit effector T cell
function and proliferation. Antibodies directed against these proteins block interactions with
the cognate ligand or receptor, releasing the inhibition of tumor-specific T cells and allowing
for reinvigoration of the immune response (Sharma and Allison, 2015). Additionally, anti-
CTLA-4 may exert its anti-tumor effects, at least in part, through macrophage-mediated
depletion of immunosuppressive regulatory T cells in the tumor microenvironment, as this
cell type characteristically expresses high levels of CTLA-4 (Simpson et al., 2013).

Monoclonal antibodies against CTLA-4 and PD-1 or its ligand PD-L1 have shown
remarkable efficacy in a subset of patients with many types of cancer including advanced
melanoma (Brahmer et al., 2012; Weber et al., 2008), renal cell carcinoma (Yang et al.,
2007), and non-small cell lung cancer (Lynch et al., 2012; Topalian et al., 2012), with
additional types of cancer currently being tested in clinical trials. However, there is a
substantial variability in responsiveness to checkpoint blockade therapy (Robert et al., 2014),
and identifying factors that influence responsiveness is of high importance. Two landmark
papers in Science provided the first evidence that alterations in commensal gut bacteria
could influence responses to checkpoint blockade through CTLA-4 and PD-1 (Sivan et al.,
2015; Vetizou et al., 2015).

CTLA-4: Vetizou et al reported that while CTLA-4 blockade was an effective therapeutic in
mouse models of sarcoma, melanoma, and colon cancer, tumors did not respond to this
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treatment in germ-free mice or in mice that had been previously treated with antibiotics.
Following anti-CTLA-4 therapy in animals with an intact microbiome, mucosal damage and
subsequent shifts in the composition of the gut microbiota were noted, with decreases in
Bacteroidales and Burkholderiales and relative enrichment in species of Clostridiales.
However, despite this overall decrease in Bacteroidales, anti-CTLA-4 treatment resulted in
enrichment of specific species of Bacteroides. When antibiotic-treated or germ-free animals
were orally recolonized with strains of Bacteroides fragilis, Bacteroides thetaiotaomicron, or
Burkholderia cepacia, the anti-tumor effects of anti-CTLA-4 treatment were restored, while
reconstitution with control bacteria, such as Escherichia coli, had no effect. Interestingly,
responses to anti-CTLA-4 in antibiotic-treated mice varied depending on the type of
antibiotic used for pre-treatment, with animals treated with vancomycin having increased
efficacy of CTLA-4 blockade as vancomycin specifically targets Gram-positive bacteria,
allowing for retention and outgrowth of Gram-negative species such as Bacteroides and
Burkholderia.

The presence of these species, in particular B. fragilis, promoted Th1 responses in secondary
lymphoid structures and activated and matured tumor-infiltrating dendritic cells, likely
through inducing production of IL-12. Responses to anti-CTLA-4 could also be partially
restored through adoptive transfer of B. fragilis-specific CD4* T cells into antibiotic-treated
or germ-free mice. Neutralization of IL-12 partially abrogated treatment efficacy in the
context of B. fragilis, demonstrating the importance of this cytokine to anti-CTLA-4-
mediated anti-tumor responses. The crucial bacterial component driving these anti-tumor
responses was found to be the extracellular polysaccharides of species of Bacteroides.
Interestingly, it appears that these polysaccharides do not exert their immunostimulatory
effects solely through ligation of their classical receptors TLR2 or TLR4, as mice deficient
in these receptors had similar responses to anti-CTLA-4 as those seen in control animals.
These polysaccharides are sufficient to restore responsiveness to treatment, however, as
immunization with B. fragilis polysaccharides enhanced responses to anti-CTLA-4 in mice
previously treated with antibiotics.

The authors observed similar effects in melanoma patients treated with anti-CTLA-4, with
treated patients having enhanced ex vivo T cell responses against species of Bacteroides as
compared to untreated patients or healthy controls. Additionally, patients associated into
distinct clusters, or enterotypes, of gut bacterial composition: enterotype A had significant
enrichment of Prevotella species, while enterotypes B and C were predominately controlled
by species of Bacteroides. In some patients, anti-CTLA-4 treatment shifted gut microbiota
composition from that of enterotype B at pre-treatment to enterotype C following treatment.
Performing fecal microbiota transfer from patients with these enterotypes into tumor-bearing
germ-free mice demonstrated that only transfer of enterotype C was capable of promoting
responsiveness to anti-CTLA-4 treatment, with concurrent engraftment of B.
thetaiotaomicron and/or B. fragilis observed in these animals (Vetizou et al., 2015). Thus,
anti-CTLA-4 therapy can result in alterations to the composition of gut bacteria that affect
responsiveness to treatment in the host.

PD-1/PD-L1: Similar studies using PD-1/PD-L1 blockade showed differences in tumor
outgrowth in mice purchased from two different vendors. Although these animals were of
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the same strain and genetically near-identical, mice from different vendors are known to
have differences in the composition of their commensal microbiome (Ericsson et al., 2015).
While mice sourced from Jackson Laboratories showed moderate outgrowth of B16.S1Y
melanoma and sensitivity to treatment with PD-L1 blockade, mice from Taconic Biosciences
had greatly enhanced tumor growth kinetics and blunted responses to anti-PD-L1. This
enhanced tumor growth was diminished after co-housing with or fecal transfer from Jackson
mice, although co-housing and fecal transfer from Taconic animals did not enhance tumor
growth in Jackson mice. Sivan et a/ showed that the efficacy of anti-PD-L1 blockade in
Jackson mice was a result of enriched Bifidobacterium species in the gut, specifically B.
longumand B. breve. These Bifidobacterium served to activate and mature dendritic cells
that promoted the expansion of tumor-specific CD8* T cells and their subsequent
accumulation into tumor lesions. Oral gavage of a probiotic cocktail including B. breve and
B. longum was sufficient to slow tumor growth and enhance the efficacy of PD-L1 blockade
in Taconic mice (Sivan et al., 2015).

Three follow-up studies confirmed these findings and expanded into clinical studies that
examined the impact of the microbiome on PD-1/PD-L1 blockade in human patients.
Gopalakrishnan et a/and Matson et a/ sequenced the fecal microbiota of metastatic
melanoma patients undergoing PD-1 and PD-L1 blockade, respectively. In Gopalakrishnan’s
study, responding patients, with longer progression-free survival after treatment, had
significantly greater alpha diversity of bacterial species within the gut, with specific
enrichment of the Ruminococcaceae family, Clostridiales order, and Faecalibacterium genus.
In contrast, patients that did not respond to treatment had lower bacterial diversity with
enrichment for the Bacteroidales order. The gut microbial composition of responding
patients was associated with enhanced systemic and intratumoral T cell responses and
upregulation of pathways involved with antigen processing and presentation. These
responses were transferrable, as fecal transplantation from responders and non-responders
into tumor-bearing germ-free mice transferred responsiveness or non-responsiveness to anti-
PD-L1 therapy, respectively. Mice that received responder fecal transplants had increased
numbers of CD8* T cells that correlated with decreased BRAFV600E/PTEN~/~ melanoma
burden after treatment when compared with mice that received a fecal transplant from non-
responders (Gopalakrishnan et al., 2018).

Conversely, Matson et al identified different bacterial species as being critical for response
to therapy in their patients with advanced melanoma, with Bifidobacterium longum,
Collinsella aerofaciens, and Enterococcus faecium, among others, found to be enriched in
the feces of patients that responded to anti-PD-L1. Although the sample size was small, all
patients that carried the species Akkermansia muciniphila responded to treatment, in
agreement with findings from Routy et a/, discussed below. Despite these differences in
bacterial strains identified to be important for response, transfer of responder vs. non-
responder feces into tumor-bearing germ-free mice was similarly capable of transferring
responsiveness to treatment, as animals that received fecal transplants from responding
patients had a reduction in B16.SIY tumor burden after PD-L1 blockade. These responding
animals had increased tumor-specific CD8" T cells in the tumor microenvironment whereas
numbers of immunosuppressive Foxp3+ regulatory T cells remained unchanged, allowing
for a more effective anti-tumor immune response (Matson et al., 2018).
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Similar findings were reported by Routy et a/in patients with advanced urothelial
carcinoma, non-small cell lung cancer, and renal cell carcinoma. Patients who had been
treated with antibiotics within several months before, during, or after treatment with
PD-1/PD-L1 blockade had shorter progression-free survival and lower overall survival rates
compared with patients who had not received antibiotics. After sequencing fecal samples
from these patients, the genera Akkermansia and Alistjpes were enriched and the bacterial
species A. muciniphila specifically was found to be highly represented in patients that
responded to checkpoint blockade. Ex vivo T cell recall responses to A. muciniphila also
correlated with enhanced survival in patients undergoing treatment. Similar to what was
found by Gopalakrishnan et a/and Matson et a/, when fecal transplantation was performed
using fecal samples from treatment responders or non-responders into tumor-bearing germ-
free mice, mice that received fecal transplants from responding patients were then also able
to respond to PD-1 blockade while mice receiving transplants from non-responding patients
remained resistant to treatment. However, anti-PD-1 responses could be restored in animals
receiving non-responder transplants with concurrent oral administration of A. muciniphila.
These animals showed increased tumor-infiltrating immune cells that were promoted by
CCR9*CXCR3*CD4* T cells within the tumor microenvironment after PD-1 blockade. This
study was the first to demonstrate that in humans, antibiotic-induced dysbiosis can
negatively affect responses to checkpoint blockade therapy (Routy et al., 2018). As
antibiotics are so frequently prescribed to cancer patients, these findings have tremendous
clinical relevance.

Potential for microbial-driven therapeutics to enhance cancer treatment

efficacy

Pre- pro- and postbiotics

In recent years, the use of pre- pro- and postbiotics has gained traction as a method of
altering the bacterial species within one’s individual microbiome. The most commonly
recognized member of this trio is probiotics: live bacteria that can be orally administered
with the intention of shifting the composition of the gut microbiota (Fuller, 1991). Prebiotics
also aim to shift microbiome composition through expansion of selected beneficial types of
bacteria. Prebiotics, or food components that cannot be digested by the human body, are
selectively fermented by specific types of bacteria, promoting their health and expansion
(Collins and Gibson, 1999). Postbiotics are the most recent addition to the group, and are
defined as bacterial products or metabolites that have beneficial activity within the human
host (Klemashevich et al., 2014). As the previously-discussed studies have identified a
multitude of different bacterial species as being associated with or necessary for response to
various cancer treatments, it has become clear that microbial-driven responses to cancer
therapies are likely a direct result of bacterial community composition and interaction, not
specific differences on the species level. However, use of both pre- and probiotics have
shown some efficacy in preventing infection and ameliorating cancer treatment-related side
effects in a number of studies.

In addition to the previously mentioned studies that tested administration of various bacterial
species (particularly Bifidobacterium) on enhancing responses to cancer therapy, several
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additional studies have examined the impact of various strains of Lactobacillusin cancer
treatment in mice. L. rhamnosus given both prior to and following HSCT improved overall
survival and reduced the incidence of GVHD following transplant (Gerbitz et al., 2004). As
previously mentioned, L. acidophilus treatment was also associated with reduced tumor
burden and longer survival in a mouse model of lung cancer, enhancing responses to
cisplatin (Gui et al., 2015). Additionally, Yeung et al demonstrated that administration of L.
caseior L. acidophilusin combination with Bifidobacterium bifidum was sufficient to
attenuate toxicity associated with fluorouracil (5-FU) chemotherapy. Mice treated with
either probiotic culture had reduced diarrhea, intestinal damage, and release of
proinflammatory cytokines as compared with mice treated with saline (Yeung et al., 2015).
However, other reports have shown no benefit of probiotics in this model, with the caveat
that different probiotic strains were tested in these studies (Maioli et al., 2014; Mauger et al.,
2007; Prisciandaro et al., 2012). Despite the efficacy of Lactobacillus strains in these studies,
L. fermentum associated with decreased responses to CpG-ODN treatment, demonstrating
the importance of identifying potentially beneficial bacterial strains in the context of a
specific treatment (lida et al., 2013).

Studies in humans have also focused on probiotic treatment with strains of Lactobacillus and
Bifidobacterium. Similar to what was shown in mice, L. rhamnosus reduced intestinal
toxicity after 5-FU treatment, with subjects experiencing reduced diarrhea and abdominal
discomfort (Osterlund et al., 2007). Lactobacillus administration also reduced intestinal
symptoms in the context of pelvic cancers treated with radiation (Delia et al., 2007), and
head and neck squamous cell carcinoma treated with radiation and cisplatin (Sharma et al.,
2012). Combining Lactobacillus and Bifidobacterium species as a probiotic treatment has
also shown efficacy at reducing side effects in cancer treatment. Treatment with both L.
acidophilus and B. bifidum reduced diarrhea in subjects undergoing pelvic radiotherapy
(Chitapanarux et al., 2010). This combination treatment was also effective at reducing
chemotherapy-related side effects, with treatment with L. caseiand B. breve (in combination
with galacto-oligosaccharide prebiotics) associating with reduced diarrhea, lymphopenia,
and febrile neutropenia in patients with esophageal cancer undergoing chemotherapy
(Motoori et al., 2017). Similarly, colorectal cancer patients undergoing chemotherapy had
reductions in diarrhea incidence after administration of a cocktail containing ten different
species of Lactobacillus and Bifidobacterium (Mego et al., 2015). Current clinical trials are
focusing on the efficacy of probiotic treatment at promoting anti-cancer responses and
reducing side effects in the treatment of cancers including colorectal cancer (NCT03742596,
NCT03705442), breast cancer (NCT03358511), kidney cancer (NCT02944617),
gynecologic cancers (NCT02351089), and non-small cell lung cancer (NCT03642548).

Fecal microbiota transplantation

To avoid the confounding issues involved with transferring specific bacterial species as
probiotics, some groups have examined fecal microbiota transplantation (FMT) as a
potential therapeutic to shift the composition of the gut microbiome. Transplanting fecal
microbiota from a healthy subject into a diseased subject can alter the composition of
commensal microbes in the transplant recipient (Khoruts et al., 2010). These transplants
have been effective at treating Clostridium difficile infections, presumably by increasing
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both the diversity of the gut microbiome and competition for resources within the
gastrointestinal tract (Kassam et al., 2013; van Nood et al., 2013). It stands to reason that
this therapy could be similarly effective in cancer patients undergoing therapies such as
checkpoint blockade, ionizing radiation, or HSCT, where previously-discussed studies have
shown the impact of bacterial composition and diversity on responses to treatment. Indeed,
results from initial studies of FMT for treatment of GVHD following HSCT were promising,
despite the small sample size, with most subjects showing complete response (Kakihana et
al., 2016). Additionally, several ongoing clinical trials are examining the effects of FMT on
enhancing anti-tumor responses in patients with advanced melanoma (NCT03341143,
NCT03353402), avoiding gut toxicity in patients with acute myeloid leukemia
(NCT02928523), and preventing or treating infection and GVHD in patients undergoing
HSCT (NCT03678493, NCT03720392, NCT03214289).

However, FMT can have wide-ranging and unpredictable effects, commonly resulting in
mild side effects including fever, diarrhea, and vomiting (van Nood et al., 2013), with
potentially serious side effects including gastrointestinal bleeding or perforation (Kelly et al.,
2014). Additionally, bacterial transfer is sufficient to drive increases in systemic
inflammatory markers that can have deleterious effects (Angelberger et al., 2013; Vermeire
et al., 2016). Moreover, due to the immunosuppressed status of many cancer patients, donors
need to be screened for the presence of pathogens, including viral and fungal pathogens, that
could result in infection after transplant (Quera et al., 2014; Schwartz et al., 2013). Further
complicating matters, administration of FMT is not currently approved by the FDA. The
FDA is now evaluating methods of regulation for these transplants, including designating
feces as a medication that requires approval as an Investigational New Drug (IND) (Smith et
al., 2014). As this review has demonstrated, microbiota composition is exceptionally
personalized, with many individual-to-individual differences in species number, richness,
and localization within the gastrointestinal tract. Thus, FMT treatment outcomes for cancer
patients are likely to be both unpredictable and inconsistent. With murine data demonstrating
that fecal transfer also results in transfer of pathological conditions, including obesity,
anxiety behaviors, and allergic skin disease, use of FMT to enhance responses to cancer
therapy should be approached with caution (Bercik et al., 2011; De Palma et al., 2017,
Ellekilde et al., 2014; Plantamura et al., 2018; Ridaura et al., 2013).

Bacterial engineering

While probiotics and FMT aim to promote anti-cancer responses by reconfiguring the gut
microbiome, bacteria can also be an effective cancer therapeutic outside of their role as a
commensal microorganism. One area of interest lies in engineering bacteria for effective
targeting of cancer tissue and delivery of therapeutic cargo, effectively transforming bacteria
into anti-cancer factories. Bacteria can easily be stably transfected with vectors encoding
many products, including RNAI (Xiang et al., 2006; Zhang et al., 2007), cytokines (Hu et al.,
2009; Loeffler et al., 2007, 2008; Yoon et al., 2007), toxins (Nguyen et al., 2010),
antiangiogenic factors (Jia et al., 2005; Li et al., 2003), and antibodies (Massa et al., 2013).
One benefit to using bacteria in this way is their quick replication rate, providing
amplification of the transgene within the target microenvironment (Dang et al., 2001; Zhao
et al., 2005). Anaerobic bacteria are particularly well-suited to invade hypoxic tumor
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microenvironments. Bacteria such as Shigellaand Listeria monocytogenes can enter into the
cytoplasm of mammalian host cells to deliver their engineered payloads, and some bacterial
species also possess secretion systems, which can deliver a therapeutic product into a target
cell without the need for the bacteria itself to enter the cell (Blanco-Toribio et al., 2010).

However, this therapeutic strategy is not without risks. A fine balance must be struck
between the number of introduced bacteria that are necessary to elicit a therapeutic effect
and the number at which the bacteria overwhelm the host immune system, particularly in the
context of host immunosuppression which is common in cancer patients. A broader
overview of this subject is well-reviewed in (Forbes, 2010).

Concluding Statements

The cooperation between the host and the commensal microbiome influence health and
disease. Commensal microorganisms are central to the maintenance of immune homeostasis
and tolerance, while providing signals to the immune system that enable the elimination of
invading pathogens. When the equilibrium between the host and its commensal population is
disrupted, due to disease or life-style related factors, commensal dysbiosis and related
pathologies occur. Although this field is nascent, several studies have helped to uncover the
importance of commensal microorganisms in maintaining immune homeostasis, host
physiology, metabolism, cancer progression, and response to immune therapies.
Understanding the implications of commensal dysbiosis in the context of cancer progression
will pave the way towards harnessing the beneficial effects of specific microorganisms to aid
in cancer treatment and eventually prevention. Importantly, these studies may also uncover
commensal-associated biomarkers, in the context of specific microbial signatures or
metabolic byproducts, that aid in the diagnosis and treatment of multiple types of cancers.
Undoubtedly, more research is required to elucidate methods to manipulate the microbiome
in order to achieve better patient outcomes.
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Figure 1: Commensal microorganismsarecrucial for the maintenance of immune homeostasis.
A) Microbial antigens activate microbe-specific T cells to produce IFNvy and/or IL-17 or

induce myeloid cells through stimulation of TLR and NOD signaling pathways to produce
inflammatory cytokines such as TNFa, IL-1B, and IL-6. Microbial metabolites such as
palmitoleic acid, short chain fatty acids, and degradation of tryptophan to tryptophol result
in reduced inflammation through modulation of innate-mediated inflammation, the
generation of regulatory FoxP3+ T cells, or reducing IFNy production from T cells. B) A
balanced commensal microbiome results in balanced inflammatory and immune regulatory
signals, which result in local and systemic immune homeostasis. However, factors such as
poor diet, lifestyle factors, antibiotic usage, and disease can all negatively influence the
balance of the commensal ecosystem resulting in dysbiosis. Intestinal leakage and

Adv Cancer Res. Author manuscript; available in PMC 2021 January 22.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Buchta Rosean et al.

translocation of commensals, enrichment for inflammatory commensals, and a loss of
immune regulatory commensals results in local and systemic inflammation.
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Figure 2: Microbiota-mediated regulation of anti-cancer therapies and immune therapy.
Recent human and mouse studies have identified commensal microorganisms or microbiota-

dependent mechanisms that enhance the efficacy of immune therapies, radiation therapy, and
chemotherapy. Systemic delivery of the TLR9 agonist, CpG Oligodeoxynucleotide (ODN)
in combination with IL-10 blockade is partially TLR4 dependent. A/istipesand
Ruminococcus genera were found to be overrepresented in treatment-responsive mice,
whereas mono-colonization with A. shahii was sufficient to restore response to this therapy
in mice that were treated with antibiotics. For PD-1/PD-L1 blockade, studies have
demonstrated that mono-colonization with Bifidobacterium longum, B. breve, and
Akkermansia muciniphila were sufficient to enhance the efficacy of this therapy in tumor-
bearing mice. For blockade of CTLA4 signaling, gavage of antibiotic-treated mice with
Bacteroides fragilis, B. thetaiotamicron, and Burkholderia cepacian were sufficient to restore
efficacy of this therapy in antibiotic-treated or germ-free mice. Radiation therapy on the
other hand can alter microbiome composition and associate with gut toxicity, commensal
translocation, and pathologic inflammation. However, total body irradiation is sufficient to
improve the efficacy of adoptive T cell transfer due to the translocation of gram-negative
species into the mesenteric lymph nodes and TLR4 signaling. For chemotherapies,
oxaliplatin-induced cell death is dependent upon TLR4 signaling whereas the anti-tumor
responses are MyD88 dependent. Recolonization of antibiotic-treated mice with
Lactobacillus acidophilus is sufficient to restore the efficacy of cisplatin in tumor-bearing
antibiotic-treated mice. The beneficial effects of cyclophosphamide require the translocation
of gram-positive bacteria from the gut into secondary lymphoid organs, where commensals
such as Enterococcus hirae act to prime T cells in a MyD88-dependent manner.
Additionally, gram-negative Barnesiella intestinihominis associates with enhanced
cyclophosphamide-mediated anti-tumor immunity. Mono-colonization with either
microorganism is able to partially restore the immunogenic effects of cyclophosphamide in
antibiotic-treated mice.
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