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ARTICLE INFO ABSTRACT

Keywords: Chemotherapy-induced cognitive impairment (CICI) is an ill-defined complication of chemotherapy treatment
Microbiome that places a significant psychosocial burden on survivors of cancer and has a considerable impact on the ac-
Chemotherapy tivities of daily living. CICI pathophysiology has not been clearly defined, with candidate mechanisms relating to

Microbiota-gut-brain axis
Chemotherapy-induced cognitive impairment
Neuroinflammation

both the direct cytotoxicity of chemotherapy drugs on the central nervous system (CNS) and more global, in-
direct mechanisms such as neuroinflammation and blood brain barrier (BBB) damage. A growing body of re-
search demonstrates that changes to the composition of the gastrointestinal microbiota is an initiating factor in
numerous neurocognitive conditions, profoundly influencing both CNS immunity and BBB integrity.
Importantly, chemotherapy causes significant disruption to the gastrointestinal microbiota. While microbial
disruption is a well-established factor in the development of chemotherapy-induced gastrointestinal toxicities
(largely diarrhoea), its role in CICI remains unknown, limiting microbial-based therapeutics or risk prediction
strategies. Therefore, this review aims to synthesise and critically evaluate the evidence addressing the micro-

biota-gut-brain axis as a critical factor influencing the development of CICIL

1. Introduction

Chemotherapy is an integral part of cancer care for a variety of solid
and non-solid tumours. It is routinely used in the neoadjuvant and
adjuvant settings, with both curative and palliative intent (Wigmore,
2013). Despite improvements in clinical efficacy, its use is limited by
non-selective cytotoxicity and associated adverse effects impacting
nearly all body systems (Nurgali et al., 2018). Cognitive impairment is a
particularly burdensome complication of chemotherapy, with neuro-
cognitive symptoms affecting quality of life both during treatment and
long after its cessation (Holmes, 2013). Cognitive symptoms are most
commonly reported to affect processing speeds, memory, executive
function, learning and concentration (Ahles et al., 2010; Apple et al.,
2017, 2018; Kesler et al., 2011).

Critically, both the existence and impact of chemotherapy-induced
cognitive impairment (CICI) has been underestimated by healthcare
professionals in the past and has led survivors of cancer to question the
existence of their symptoms, creating a significant psychosocial burden

(Selamat et al., 2014). Standard neuropsychological testing often fails
to capture the full breadth of symptoms and their impact on cancer
survivorship. As such CICI remains an under-reported and enigmatic
complication of chemotherapy with limited understanding among
clinicians and researchers (Selamat et al., 2014).

Despite considerable research interest over the past decade, the
fundamental mechanisms underlying CICI are yet to be fully elucidated.
Historically, research has focused on the direct cytotoxic properties of
anti-cancer agents (Ren et al., 2019), although these have failed to form
the basis for an effective CICI intervention. More recently, advances in
our understanding of neurocognitive disease has supported neuroin-
flammatory-based mechanisms. Importantly the immunomodulatory
properties of the gastrointestinal microbiota, and its ability to control
neuroinflammation, has gained increasing popularity as a factor
thought to initiate the underlying pathology of various neurocognitive
conditions (Luczynski et al., 2016).

In the setting of CICI, the extensive connections between the mi-
crobiota, the gastrointestinal system and the brain, known as the
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microbiota-gut-brain axis, presents as a novel mechanistic hypothesis,
given that the microbiota is significantly disrupted during che-
motherapy (Secombe et al., 2019). Furthermore, epidemiological data
demonstrate overlap in gastrointestinal and neurological side effects in
patients receiving chemotherapy, suggesting a common molecular basis
(Aprile et al., 2008). Despite significant advances in our understanding
of the microbiota-gut-brain axis in other neurocognitive diseases (Dinan
and Cryan, 2017), the same level of appreciation has not been achieved
for CICIL highlighting an area in need of enhanced understanding.

Given the chronicity of the symptoms and the increasing focus on
optimising cancer survivorship and minimising late treatment effects,
developing translational research techniques that identify methods of
personalised risk prediction and targetable mechanisms to alleviate
symptom burden for this complication is warranted. Therefore, the
current review aims to synthesise and critically evaluate preclinical and
clinical evidence addressing dysregulated microbiota-gut-brain com-
munication in the context of CICI highlighting areas with translational
potential in the provision of personalised cancer care.

2. The clinical relevance of CICI: prevalence and risk factors

While CICI is experienced by almost all subsets of patients with
cancer treated with chemotherapy, it has been most extensively char-
acterised in individuals with breast cancer due to the high survival rates
and unique characteristics of the chemotherapy agents typically used
throughout treatment. A perceived cognitive decline, as determined by
the Functional Assessment of Cancer Therapy-Cognitive Function
(FACT-Cog) tool, was reported in 45 % of individuals with breast cancer
(Janelsins et al., 2017). Although CICI is transient for most patients,
with symptoms typically resolving 6-12 months following treatment
cessation, there is evidence of these symptoms persisting up to 20 years
post-chemotherapy in some individuals (Koppelmans et al, 2012;
Lange and Joly, 2017).

Due to under-reporting, the subtle nature of cognitive symptoms
and limitations of neurocognitive testing, risk factors for the develop-
ment of CICI are poorly defined. Of the limited data available, in-
creasing age, low baseline cognitive reserve, depression and anxiety
prior to chemotherapy treatment are associated with elevated CICI risk
(Ahles et al., 2010; Janelsins et al, 2017). Single nucleotide poly-
morphisms of the catechol-O-methyltransferase (COMT) and apolipo-
protein E (APOE) genes, which have known roles in cognitive function,
have also been associated with CICI in survivors of breast cancer (Ren
et al.,, 2019; Lengacher et al., 2015). However, this neuronal genetic
predisposition and the aforementioned CICI risk factors fail to ade-
quately account for the number of people developing CICI in survivors
of breast cancer and other cancers.

The need for clinicians to evaluate cognitive ability post-treatment
and refer those with signs of CICI for cognitive assessment, rehabilita-
tion and group training has been recognised by expert committees in
published guidelines relating to the management of CICI (Runowicz
et al., 2016). While these guidelines are pivotal in improving the re-
cognition of CICI as an important aspect of supportive cancer care, they
fail to provide universal recommendations for the longitudinal mon-
itoring of neurocognitive side effects or comprehensive management
protocols for CICI, reflecting substantial inadequacies in our current
understanding of CICL

3. Pathobiology of CICI: current understanding and emerging
candidates

3.1. Anatomical observations

Imaging studies using standard and functional magnetic resonance
imaging (MRI) have identified structural and metabolic changes in in-

ed breast cancer when compared to
rease in overall left hippocampal
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volume, hyporesponsiveness of the dorsolateral prefrontal cortex
during a task involving planning skills and significant alterations in
cerebral blood flow to specific regions of the frontal cortex during a
short term memory task (Kesler et al., 2011; de Ruiter et al., 2011;
Silverman et al., 2007). Such changes were associated with decreases in
executive function, specifically planning skills, and deficits in verbal
memory respectively (Kesler et al., 2011; de Ruiter et al., 2011). De-
myelination and decreased fibre density of frontal and temporal white
matter tracks have also been detected using diffusion tensor imaging in
individuals with chemotherapy-treated breast cancer, which may ex-
plain decreases in processing speeds (Ahles et al., 2010; Deprez et al.,
2011; Li et al., 2018). Cancer itself is also known to cause cognitive
impairment, although, the use of non-chemotherapy treated cancer
patients as controls in these studies separates cancer-related cognitive
impairment from CICI, suggesting that the structural and metabolic
changes observed in the hippocampus, pre-frontal cortex and white
matter tracks are likely attributable to chemotherapy-related cytotoxi-

city.
3.2. Molecular candidates

While imaging studies have provided critical insight into the central
manifestations of CICI, the molecular mechanisms underpinning these
changes are less clearly defined with other factors such as depression,
anxiety, concurrent treatments (including radiation, hormone or im-
munotherapy), confounding our ability to pinpoint a distinct cause
(Holmes, 2013; Lange and Joly, 2017; McGinnis et al., 2017). CICI
molecular candidates may relate directly to the mechanism of action of
traditional chemotherapy drugs. Such agents may result in DNA da-
mage and associated deficits in DNA repair mechanisms, as well as
telomere shortening of both neurons and supportive cells (Ren et al.,
2019; El-Agamy et al., 2019). The mechanism of action and neuro-
cognitive side effects of common chemotherapy classes is displayed in
Table 1. However, due to the use of combination chemotherapy for the
treatment of solid and non-solid tumors, our ability to attribute neu-
rocognitive side effects, observed in clinical studies, to specific classes
of drugs is limited. The cognitive domains impaired following treatment
with common chemotherapy regimens has been comprehensively de-
scribed in a recent systematic review by Huehnchen et al. (Huehnchen
et al., 2020). Seeing as these are a direct result of chemotherapy agent
mechanism of action, and thus efficacy, attention has now shifted to
identifying other mechanisms of CICI that are potentially targetable.

3.3. Emerging neuroinflammatory mechanisms

It is well documented that direct cytotoxic damage initiates sec-
ondary pathological mechanisms which serve to exacerbate off-target
tissue injury, typically mediated by reactive oxygen species (ROS). In
the context of CICI, indirect inflammatory based mechanisms have re-
cently been proposed to contribute to symptomology, with particular
focus on blood brain barrier (BBB) disruption and neuroinflammation
(Wardill et al., 2016a).

Chemotherapeutic agents have long been considered unable to cross
the BBB due to their molecular mass, a hypothesis based on their poor
efficacy in treating CNS malignancies. However, evidence of systemi-
cally administered chemotherapeutic agents in the CNS contests this
(Gangloff et al., 2005; Miura et al., 2018). Importantly, like other tight
junction mediated barriers, the BBB is highly malleable with alterations
in its permeability mediated by numerous physiological and patholo-
gical factors. Indeed chemotherapy agents, such as oxaliplatin and ir-
inotecan, are able to alter BBB permeability (Branca et al., 2018;
Wardill et al., 2016b). Similarly, numerous proinflammatory mediators
which are known to be released in high levels during chemotherapy,
such as tumour necrosis factor alpha (TNFa) (Logan et al., 2008a,
2007), are also able to disrupt BBB integrity (Varatharaj and Galea,
2017; Rochfort et al., 2014). Consequently, chemotherapy appears to be
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CNS

Fig. 1. The BBB and neuroinflammation in CICI: (1) peripheral inflammatory mediators and the chemotherapy agent present in systemic circulation increase BBB
permeability through tight junction disruption and increased caveolae-mediated transcytosis. (2) The mediators and chemotherapy agent cross the BBB and enter the
CNS. (3) Proinflammatory cytokine TNFa and the chemotherapy agent activate resident microglia which initiate a neuroinflammatory response. (4) Activated
microglia cause activation of astrocytes and together, microglia and astrocytes release proinflammatory cytokines and ROS which contribute to neuroinflammation
and further BBB damage. (5) The chemotherapy agent, once present in the CNS, contributes to neuroinflammation and causes direct toxicity to neurons. (6) As a
result of neuroinflammation and cytotoxicity neurons are damaged, and apoptosis may occur. Abbreviations: MMPs; matrix metalloproteinases; IL-1p: interleukin-1
beta; 1L-6: interleukin-6; TNFa: tumour necrosis factor alpha; CNS: central nervous system; ROS: reactive oxygen species.

able to disrupt the BBB via direct and indirect mechanisms.

BBB damage, and a resulting increase in permeability, is a critical
event in facilitating peripheral and central communication (Varatharaj
and Galea, 2017), with peripherally derived factors, such as proin-
flammatory cytokines or the chemotherapeutic agent itself, allowed
access to the CNS, where they can initiate a neuroinflammatory re-
sponse (see Fig. 1) (Lively and Schlichter, 2018; Gibson et al., 2019;
Banjara and Ghosh, 2017; Dheen et al., 2007; Kirkley et al., 2017).
Accordingly, breakdown or disruption of the BBB is an important event
in facilitating microbiome-gut-brain axis communication, with micro-
bial derived products able to gain direct access to the CNS. While the
importance of the microbiome-gut-brain axis is accepted in various
neurocognitive conditions (Luczynski et al., 2016), it is only recently
emerging as a potential contributor to the underlying pathology of CICI
(Jordan et al., 2018) and thus a potential target in the provision of
supportive cancer care and treatment of CICI.

4. The microbiota-gut-brain axis

The gastrointestinal microbiota, a collection of bacteria, viruses,
archaea and other microorganisms present within the gastrointestinal
tract, is made up of almost one hundred trillion microorganisms (Ley

een a host and their indigenous

lved with humans and as such, a
View PDF
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microbes offering bidirectional benefits. The intimate connection which
exists between the CNS and the gastrointestinal microbiota, termed the
microbiota-gut-brain axis (Rhee et al., 2009), is an extensive bidirec-
tional communication system by which the microbiota can exert pro-
found influence over the CNS, effecting behavioral, emotional and
cognitive domains. Experimental evidence has revealed many potential
pathways of communication between the microbiota and the brain,
encompassing microbial-derived metabolites (Long-Smith et al., 2019)
and their impact on the neural, hormonal and immune-related signal-
ling routes previously recognised as the gut-brain axis (Mayer, 2011)

4.1. Microbiota-brain communication

Microbial metabolites: Gastrointestinal microbes are able to produce
a variety of bioactive molecules, including neurotransmitters, facil-
itating neurochemical communication between microbes and the host’s
CNS (Cryan et al., 2019). Short-chain fatty acids (SCFAs) can enter
systemic circulation and may interact with the brain via this route
(Sarkar et al., 2016) whereas transformed secondary bile acids and
branched chain amino acids may influence brain function through
regulating gastrointestinal barrier permeability and immune status
(Cryan et al., 2019; Sarathy et al., 2017).

SCFAs appear to be of particular relevance to cognitive function as
these microbial-derived metabolites, produced through bacterial
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fermentation of dietary fibre (Dalile et al., 2019), are capable of mod-
ulating CNS maturation, innate immunity and BBB permeability. In
germ-free mice, maturation of microglia, the resident macrophages of
the CNS, is significantly altered with markedly different gene expres-
sion profiles and abnormal morphology (Erny et al., 2015). These mi-
croglia also show an inability to activate in response to viral or bacterial
exposure, indicating that the presence of a functional microbiome is
necessary for an appropriate CNS innate immune response to be
mounted. Interestingly, the administration of the SCFAs (sodium pro-
pionate, sodium butyrate and sodium acetate) fully restored microglial
maturity and function (Erny et al., 2015). Similarly, the development
and function of the BBB is severely altered in germ-free mice, with
increased permeability due to reduced expression of occludin and
claudin-5; two key junctional proteins that maintain a selective and
semi-permeable barrier. Critically, recolonisation with conventional GI
microbiota restored normal BBB permeability and tight junction protein
expression (Braniste et al., 2014). Similarly, the SCFA sodium propio-
nate prevented lipopolysaccharide-induced tight junction disruption in
vitro (Hoyles et al., 2018). Therefore, it is possible that SCFAs are im-
portant in mediating the influence of the microbiome over CNS innate
immunity and BBB permeability, both of which are likely to be im-
portant in explaining CICI development, as discussed above.

Neural pathways: The vagus nerve provides extensive innervation to
the gastrointestinal tract and thus acts as a direct route for commu-
nication within the microbiota-gut-brain axis (Fulling et al., 2019).
Microbes within the lumen of the small and large intestine are able to
signal to vagal afferents directly or via a functional synapse with the
intrinsic primary afferent neurons of the enteric nervous system (Perez-
Burgos et al.,, 2014; McVey Neufeld et al., 2015). In experimental
models where the composition of the microbiota has been altered, by
direct small intestine infusion of Lactobacillus rhamnosus (now referred
to as Lacticaseibacillus rhamnosus based on an updated taxonomic clas-
sification (Zheng et al., 2020)) or in germ-free animals, both intrinsic
primary afferent neurons and vagal afferents show altered firing pat-
terns (McVey Neufeld et al., 2015, 2013). In the context of CICI, vagal
afferent signalling has been proposed to influence memory through a
neural connection between the medial nucleus tractus solitarius and
hippocampal neurons (Suarez et al., 2018). As such, it is possible that
chronic changes to Vagal afferent signalling seen in response to mi-
crobial disruption, may impact memory, and thus cognitive function via
this neural circuit. For a more comprehensive review, Breit et al. (Breit
et al., 2018) elegantly outline the role of the vagus nerve as a modulator
of the gut-brain axis in both psychiatric and inflammatory disorders.

Hormonal communication: The hypothalamic-pituitary-adrenal
(HPA) axis, which is primarily recognised for its role in coordinating
the neuroendocrine response to stress, has also been implicated in mi-
crobiota-gut-brain communication (Cryan et al., 2019). A link between
the HPA axis and the gastrointestinal microbiota was first established in
germ-free mice, which exhibited hyperactivity of the HPA axis when
subjected to restraint stress (Sudo et al., 2004). It has long been re-
cognised that stress and HPA activity are related to cognitive perfor-
mance (de Souza-Talarico et al., 2011), with higher levels of activity,
and associated cortisol levels, being linked to both lower cognitive
performance (Keller et al., 2017) and a higher risk of developing dis-
eases characterised by cognitive impairment, such as Alzheimer’s dis-
ease (Ouanes and Popp, 2019). Accordingly, it is possible that the
gastrointestinal microbiota, and changes to microbial homeostasis, may
influence cognitive function by disrupting the HPA axis and altering
stress circuitry.

While the mechanisms by which the gastrointestinal microbiota
influence cognition require further clarification, there is mounting
evidence of a link between microbiota composition and various neu-
rological functions, including mood and cognition (Goh et al., 2020; Liu
et al., 2019). For example, there is a wealth of data supporting the

ymptoms in individuals with major
2020). A significantly altered
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microbiota composition has also been seen in individuals with Alzhei-
mer’s disease, linking certain microbial profiles with impaired cognitive
function (Liu et al., 2019). Whilst this interaction has not been well
studied in the setting of supportive cancer care, emerging evidence
suggests that the microbiota may in fact be a critical mediator of CICI.

5. Symptom clusters: the link between CNS and gastrointestinal
side effects

Perhaps the most convincing evidence suggesting the microbiota’s
contributory role in CICI development, is the mechanistic link proposed
to exist between CICI and chemotherapy-induced gastrointestinal
toxicity (Wardill et al., 2016a; Bajic et al., 2017, 2018). Gastrointestinal
toxicity is an umbrella term used to describe the constellation of gas-
trointestinal symptoms caused by chemotherapy agents that includes
diarrhoea, constipation, gastrointestinal bleeding and pain, which lar-
gely result from cytotoxic injury to intestinal epithelial cells (clinically
referred to as mucositis) (Logan et al., 2008b). The hypothesised link
between CICI and gastrointestinal mucositis was built upon clinical
observations of both neurological (memory, executive function and
learning impairments) and gastrointestinal (diarrhoea, abdominal
bleeding and pain) symptom clusters; a phenomenon whereby patients
simultaneously present with both clusters of symptoms suggestive of
common causes (Aprile et al., 2008).

Experimentally, neurological and gastrointestinal symptom clusters
have been observed with a study demonstrating the development of
central neurotoxicity in a model of gastrointestinal mucositis (Wardill
et al., 2016b). Importantly, a more recent pre-clinical study has de-
monstrated a strong relationship in paclitaxel treated mice, between
structural differences in colonic tissue, such as increased crypt depth,
and microglial activation in the dentate gyrus and prefrontal cortex;
two regions of the brain intrinsically linked with the symptoms of CICI
(Loman et al., 2019). Importantly, microbiota composition during
chemotherapy treatment, and its interactions with the host’s innate
immune system, have been heavily implicated in the development of
gastrointestinal mucositis (Secombe et al., 2019; Brandi et al., 2006;
Pedroso et al., 2015).

6. Chemotherapy-microbiota interactions

Recently, the direct relationship between non-antibiotic drugs and
the microbiota has received significant attention, with evidence of
changes to microbiota composition following the intake of drugs (Maier
et al., 2018), and suggestions that the microbiota can influence the
action of drugs, impacting metabolism and efficacy (Clarke et al.,
2019). Importantly, gastrointestinal mucositis is characterised by sig-
nificant microbial disruption (Secombe et al., 2019; Brandi et al., 2006;
Pedroso et al., 2015) and aberrant immune signalling; both of which are
compounded by other aspects of cancer therapy including prophylactic
and empirical antibiotic use, altered food/nutrition status (either ca-
chexia or need for total parental nutrition) and the tumour micro-
environment. While the exact microbial changes caused by che-
motherapy vary in different patient cohorts, these changes are all
largely underpinned by decreased diversity/richness and a shift to-
wards a gram-negative dominated enterotype with deficiencies in the
commensal taxa (such as Lactobacillus, Bifidobacterium and Clostridium
cluster XIV) and expansion of pathobionts (including Escherichia coli (E.
coli) Staphylococcus and Bacteriodetes) (Lin et al., 2012; Montassier
et al., 2015; Stringer et al., 2013, 2009a; Stringer et al., 2007, 2009b;
Stringer et al., 2008; Zwielehner et al., 2011). Secombe et al. (Secombe
et al., 2019) provide a comprehensive review of the changes to mi-
crobial composition and its communication with the innate immune
system during chemotherapy treatment.

While the specific changes vary, chemotherapy-induced microbial
disruption impairs the protective, immunomodulatory effects that a
diverse microbiota would normally provide to its host and increases the
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abundance of damaging products produced by pathogenic microbes. Of
particular relevance to supportive cancer care and CICI is the increase
in lipopolysaccharide, a key driver of intestinal inflammation via its
interaction with toll-like receptor 4 (Secombe et al, 2019). Im-
portantly, lipopolysaccharide is well recognised for its ability to de-
grade tight junction proteins, resulting in an increase in intestinal
permeability enabling systemic translocation of lipopolysaccharide to
peripheral circulation (Chelakkot et al., 2018), where it is able to
modulate BBB permeability, activate glia and induce neuroinflamma-
tion (Varatharaj and Galea, 2017). This mechanistic interaction be-
tween the gastrointestinal system and the brain has prompted in-
vestigation of the microbiome as a therapeutic target for CNS
dysfunction, and subsequently the term ‘psychobiotic’ has been formed.

7. Psychobiotics and their relevance to CICI

Whilst psychobiotics are strictly defined as a microbial intervention
with psychological benefits to the host, probiotic interventions have
also been shown to induce cognitive benefits and therefore may have
relevance to the treatment of CICI. The impact of orally administered
microbial strains on cognition has been elegantly demonstrated by
numerous preclinical studies. Savignacet al. (Savignac et al. (2015)),
showed that treatment with the gram-positive Bifidobacterium longum
improved memory and learning in mice with anxiety. Furthermore, age-
related deficits in hippocampal long term potentiation, a model of
neuronal plasticity which may underlie memory consolidation, were
attenuated in rats receiving the probiotic VSL#3, which contains 8
gram-positive bacterial strains (Distrutti et al., 2014). In contrast, the
gram-negative, enteric pathogen Citrobacter rodentium has been shown
to induce memory and learning deficits in mice (Gareau et al., 2011).

Currently, comprehensive clinical trials are lacking but small pilot
studies have revealed promise for probiotic intervention as a potential
treatment of cognitive impairment in various disease states. For ex-
ample, multi-strain probiotic supplementation has been shown to im-
prove cognitive function in a small number of individuals with
Alzheimer’s disease, hepatic encephalopathy and those who are HIV
positive (Akbari et al., 2016; Roman et al., 2019; Ceccarelli et al.,
2017). Furthermore, a three month daily regime of probiotic treatment
in individuals with bipolar disorder improved executive function, at-
tention and processing speeds (Reininghaus et al., 2020). While the
results require validation, they highlight the influence that certain
microbial strains can have on the CNS, reiterate the importance of
microbial stability on neurocognitive function and thus warrant further
investigation in the setting of CICIL.

Despite the lack of interventional clinical trials, controlled studies
have investigated changes to microbial composition and performance in
various cognitive battery tools (Table 2). Within each study, distinct
associations between microbial strains and good or poor cognitive
performance were highlighted. However, these were not frequently
replicated between studies, even when similar population groups were
investigated (Liu et al., 2019; Zhuang et al., 2018). This could be re-
lated to the heterogeneity in what defines ‘good’ or ‘poor’ performance,
the cognitive tests used and the cross-sectional design of these trials.
Consequently, longitudinal studies would be beneficial in identifying
microbial profiles associated with cognitive function over the course of
different diseases. This could allow the development of probiotic
treatments, in the same mold as psychobiotics, tailored specifically to
cognitive deficits, and may be of use in treating CICIL.

8. The microbiota-gut-brain axis in supportive cancer care:
shortcomings and avenues for personalised care

While the influence of microbiota composition over both cognition
and the development of gastrointestinal mucositis is compelling, a role

reviously been reported. However,
d psychoneurological symptoms (a
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constellation of symptoms including depression, anxiety, fatigue and
pain) in cancer have been identified and may provide insight into the
microbiota’s role in CICL. Recent findings have provided the first evi-
dence for an association between post-treatment gastrointestinal mi-
crobiota and fear of cancer recurrence, a significant yet unmet psy-
chological need of survivors of cancer (Okubo et al., 2019). Fear of
cancer recurrence encompasses depression, anxiety and post-traumatic
stress related symptoms and while not necessarily impacting cognition,
similar brain regions, such as the hippocampus, are involved in both
fear of cancer recurrence and CICI. In survivors of breast cancer, severe
fear of cancer recurrence was associated with lower microbial diversity,
increased Bacteroidetes (gram-negative) and decreased Firmicutes (gram-
positive) at phylum level (Okubo et al., 2019). Whilst only correlative
with high order microbial taxa, these findings support the proposed role
of chemotherapy-induced microbial disruption in CICI and highlights
the need to understand the dynamics of the microbiota-gut-brain axis
and its contribution to acute and chronic neurocognitive, cancer-related
side effects.

The concept that an individual’s unique microbiome composition
determines their risk of disease and/or response to treatment/inter-
vention is an increasingly popular hypothesis under investigation in a
variety of clinical scenarios, including supportive cancer care (Wardill
and Tissing, 2017). For example, an individual’s microbiome compo-
sition has been shown to predict their response to diet interventions,
and therefore can be used to tailor dietary advice to the individual
(Hughes et al., 2019a; Hughes et al., 2019b). This concept reflects the
high degree of individualisation in the microbiome, reflecting the cu-
mulative impact of host genetics and an increasingly long list of en-
vironmental factors known to profoundly shape the composition of the
microbiome. In the setting of supportive cancer care, an individual's
baseline microbiome has been directly correlated with outcomes of
treatment, including radiation-induced gastrointestinal toxicity, im-
munotherapy colitis and blood stream infection (Kumagai et al., 2018;
Li et al., 2019; Montassier et al., 2016), with authors suggesting that an
individual’s microbial enterotype determines their baseline immune
tone and sensitivity to inflammatory triggers.

Exploiting the microbiome as a potential risk predictor of che-
motherapy-induced toxicities, including CICI, holds great clinical po-
tential. A major obstacle in cancer therapy is the heterogeneity in
treatment response, particularly in terms of treatment toxicity
(Secombe et al., 2019). Despite intensive research efforts to uncover
genetic reasons for this phenomenon, it remains largely unclear why
some individuals with cancer are highly susceptible to toxicity and
others are not. Based on current evidence and emerging mechanistic
detail, the microbiome holds great promise in identifying patients at
risk of toxicities, including CICI, enabling targeted and proactive sup-
portive care interventions and tailored treatment regimens for high risk
individuals (Wardill and Tissing, 2017). This could involve identifica-
tion of patients with cancer at risk of developing severe CICI based on
their pre-treatment microbial profile, thus allowing for the manage-
ment of this risk early in their treatment plan. Remodelling of their
microbial profile to reduce risk could be achieved through the use of
microbiota-targeted therapeutics, such as probiotics, prebiotics, post-
biotics and faecal microbiota transplantation (FMT).

As discussed above, probiotic interventions, which deliver live
exogenous microbes, have been shown to induce cognitive benefits in
preclinical models (Savignac et al., 2015; Distrutti et al., 2014) and thus
may have relevance in the treatment of CICIL Similarly, prebiotics and
postbiotics, which deliver compounds promoting the beneficial activity
of host microbes and microbiota-derived metabolites, respectively
(Wong and Levy, 2019), may also have the potential to counteract the
negative effects of chemotherapy treatment on microbiota composition.
However, with heterogeneity in treatment response, achieving pre-
dictable outcomes on both the microbial community and host health
using these therapies remains a significant challenge in need of further
refinement (Wong and Levy, 2019).
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FMT, which involves transfer of a faecal suspension into the gas-
trointestinal tract to manipulate microbiota composition, has proven to
be more successful as a microbiota-based therapeutic (Wong and Levy,
2019; Wardill et al., 2019) and is now routinely used for the treatment
of recurrent or refractory Clostridium difficile infection (Cammarota
et al., 2017; Trubiano et al., 2016; Quraishi et al., 2017). In the setting
of clinical oncology, the use of FMT in the management of both treat-
ment-related toxicities such as gastrointestinal mucositis and im-
munotherapy colitis, as well as secondary complications of therapy,
specifically graft versus host disease and blood stream infection, has
been proposed. However, this has been met with caution due to the
immunocompromised status of individuals undergoing cancer therapy
and the perceived risk of bacterial translocation and sepsis (Wardill
et al., 2019). As such, the safety of FMT as an adjunctive supportive
care intervention for individuals undergoing cancer therapy would
need to be established in this population prior to it presenting as a vi-
able treatment for CICI. Nevertheless, characterisation of the micro-
biota-gut-brain axis’ role in CICI and identification of pre-treatment
microbial profiles associated with CICI development, is necessary to
fully appreciate how the microbiota could be targeted to prevent CICI in
patients with cancer.

9. Summary

Given the superior outcomes being achieved by cancer treatment,
clinical focus has increasingly shifted to cancer survivorship and CICI is
a significant complication of chemotherapy that requires wider ac-
knowledgment. Further appropriate research efforts are warranted to
better understand its pathobiology which, to date, remains unclear. A
chronic state of increased BBB permeability and neuroinflammation is
an attractive, and increasingly convincing, hypothesis for the devel-
opment of CICL. However, further investigation and comprehensive
characterisation of the putative molecular mediators discussed is still
required. Finally, although the microbiota-gut-brain axis has not been
well studied in the setting of CICI, evidence linking the microbiome to
cancer related outcomes, such as gastrointestinal mucositis, and other
neurodegenerative conditions suggests that the microbiota may in fact
be a critical mediator of CICI which warrants further attention.
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