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Abstract

Background Considerable progress has been made in our
understanding of the biological basis for cancer therapy-
induced mucosal barrier injury (mucositis). The last formal
review of the subject by MASCC/ISOO was published in
2007; consequently, an update is timely.

Methods Panel members reviewed the biomedical literature
on mucositis pathobiology published between January 2005
and December 2011.

Results Recent research has provided data on the contribu-
tion of tissue structure changes, inflammation and
microbiome changes to the development of mucositis. Ad-
ditional research has focused on targeted therapy-induced
toxicity, toxicity clustering and the investigation of genetic
polymorphisms in toxicity prediction. This review paper
summarizes the recent evidence on these aspects of
mucositis pathobiology.
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Conclusion The ultimate goal of mucositis researchers is
to identify the most appropriate targets for therapeutic
interventions and to be able to predict toxicity risk and
personalize interventions to genetically suitable patients.
Continuing research efforts are needed to further our
understanding of mucositis pathobiology and the
pharmacogenomics of toxicity.
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Introduction

Mucosal damage affecting the gastrointestinal tract is a
common toxicity of anti-neoplastic drug or radiation thera-
py. Injury to the mouth [oral mucositis (OM)] is among one

R. M. Logan
School of Dentistry, University of Adelaide, North Terrace,
Adelaide, SA 5005, USA

R. G. Nair

Discipline of Oral Medicine, Griffith University and Department
of Haematology and Oncology, Queensland Health, Gold Coast,
QLD, Australia

A. M. Stringer * R. Yazbeck
School of Pharmacy and Medical Sciences, University of South
Australia, Adelaide, SA, Australia

S. Elad
Division of Oral Medicine, Eastman Institute for Oral Health,
University of Rochester Medical Center, Rochester, NY, USA

R. V. Lalla

Section of Oral Medicine and Neag Comprehensive Cancer
Center, University of Connecticut Health Center, Farmington
Avenue,

Farmington, CT 06030, USA

@ Springer



2076

Support Care Cancer (2013) 21:2075-2083

of the best studied side effects of cancer therapy. Ulcerations
associated with OM result in significant pain which affects
patients’ ability to eat, necessitates analgesic use, adversely
affects quality of life and increases the cost whilst reducing
tolerability of cancer treatment. Mucositis can thus have a
profound negative effect on nutritional status, oral intake of
food and medications and maintenance of oral health in
patients. Clinically, the manifestations of OM form a con-
tinuum, where in its mild form it presents as erythematous
atrophic lesions and in its severe form as ulcerative lesions
which penetrate the submucosa. Loss of mucosal layer in-
tegrity in OM, especially in patients undergoing
myeloablative therapy, represents a clinically significant risk
factor for bacteraemia, fungaemia and sepsis [1, 2].

Mucositis is not limited to the mouth, and cytotoxic
treatment can broadly impact various mucosal tissues. Over
the last decade, the impact of injury to other areas of the
gastrointestinal (GI) tract including the esophagus, stomach
and small and large intestine has become increasingly rec-
ognized and better characterised. Symptoms include pain,
ulceration, nausea and vomiting, diarrhoea and rectal bleed-
ing [3, 4] and depend on the area affected. Systemic effects
of oral and GI mucositis include fatigue, malnutrition, sepsis
and occasionally death [4—6].

Mucositis of either the oral cavity or of the GI tract is
associated with increased use of healthcare resources and
not infrequently is a reason for hospital admission. As a
result, the incremental cost of mucositis is significant and
adds a measurable burden to resources required for the care
of patients with cancer.

Our current understanding of this condition is largely based
on OM animal models which described the multifactorial
nature of the condition and implicates a cascade of events in
multiple tissue regions [7-9]. These observations gave rise to
the five-phase model of OM developed by Sonis, which de-
scribes the sequence of genetic and histopathological events
following cytotoxic treatment. Subsequent studies confirmed
the complexity of mucositis pathogenesis and implicated mi-
crovascular injury [10], proinflammatory cytokines [11-14],
host-microbiome interactions [15—17] and extracellular ma-
trix alterations [18, 19] .

This paper describes emerging areas in oral and GI
mucositis research since the last review on pathobiology
from the Mucositis Study Group of MASCC/ISOO [20]
and provides an update on the pathobiology underlying mu-
cosal toxicity of cytotoxic and targeted anti-cancer therapies.

Methodology
A literature search for relevant papers indexed in Medline

was conducted using OVID/MEDLINE. The search includ-
ed papers from January 2005 to December 2011. The key
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search terms included were: stomatitis, mucositis, mucous
membrane, neoplasms, antineoplastic agents, hematopoietic
stem cell transplantation, anticancer, tumour, chemotherapy,
radiotherapy, oncology, metastases, leukemia, lymphoma
and radiation therapy. A total of 282 papers were originally
identified. Papers were evaluated for relevance qualitatively
throughout the review process. One hundred twenty-two
papers were excluded after evaluating the title/abstract and
162 retrieved for detailed analysis. A further 20 papers were
excluded prior to review, 142 papers were sent out for
review and 106 included in the final manuscript. Structured
inclusion criteria for papers were not suitable for this review,
and papers were selected based on relevance. All papers
were reviewed by two independent reviewers and responses
recorded on a specially designed review form. Upon com-
pletion of reviews, the emerging areas in mucositis patho-
biology research were identified. The review findings were
sorted under two sections: those which provide an update on
the biological causes underpinning mucositis pathology in
general, and those which provide an update on mucositis
pathobiology due to particular cancer therapies.

Results
Overview of the emerging mediators of toxicity

Individual patients often demonstrate different degrees of
mucosal injury across anatomic sites within the gastrointes-
tinal tract. This observation has led to a burst in research
activity which is focused on identifying and exploring the
biological controllers and mediators unique to specific mu-
cosal tissues.

Tissue structure
Cell kinetics

Cytotoxic agents induce cell death in both tumour and
healthy tissues via apoptosis [21]. Rapidly proliferating cells
are more susceptible meaning the oral and GI mucosa is
particularly vulnerable [22]. There are differences in sus-
ceptibility along the alimentary tract with early damage
occurring in the small intestine and to a lesser extent in the
colon (day 2-3), and later damage in the oral cavity (day 7—
10). There is an increase in the number of cells undergoing
apoptosis throughout the alimentary tract corresponding
with a decrease in the number of cells that are mitotically
active [23-27]. Early studies investigating the effect of
epidermal growth factor (EGF) on mucositis have shown
that EGF stimulated epithelial cell proliferation and signif-
icantly increased the severity of mucositis indicating the
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importance of renewal rate of the epithelium in determining
susceptibility of the mucosa to injury. It is well established
clinically that oral mucositis encompasses apoptosis in the
basal layer of the buccal and gut mucosa [23, 27, 28]. More
recently, it has been shown that radiotherapy-induced glos-
sitis is associated with endothelial cell apoptosis in local
tissues, and this was correlated with the Oral Mucositis
Index [29]. In the small intestine, studies have demonstrated
that chemotherapy causes crypt hypoplasia, followed by
rebound crypt hyperplasia and finally restoration of normal
tissue [23, 27, 30]. Some agents with anti-apoptotic proper-
ties have shown ability to alleviate mucositis severity in
animal models, including AMP-18 [31] and minocycline
[32]. These studies yet again highlight the importance of
intricate regulation of cell kinetics in maintaining mucosal
layer integrity and demonstrate its contribution to mucosal
injury following cytotoxic drugs.

The extracellular matrix (ECM) plays a significant role in
signalling between tissues and is a complex structural net-
work of fibrous proteins, proteoglycans and glycoproteins
[33]. It is vital for maintenance of normal tissue morphology
and wound healing. Until recently, cancer therapy-induced
changes in ECM proteins and their subsequent effect on cell
kinetics had not been well characterised. In a recent study by
Al-Dasooqi and colleagues, ECM protein expression and its
effects on cell kinetics were investigated. The findings indi-
cated substantial augmentation in cell kinetics, particularly
cell cytostasis and substantial apoptosis was noted, in re-
sponse to irinotecan. Furthermore, this was accompanied by
a decrease in fibronectin early on following treatment and an
increase in collagen deposits during the period of maximal
damage [18]. The changes in ECM expression were attrib-
uted to deregulated expression of matrix metalloproteinases
following chemotherapy [18, 19]. These studies suggest that
treatment aimed at maintaining extracellular tissue compart-
ments may be an effective intervention for chemotherapy-
induced intestinal injury.

In addition to its impact on kinetics, earlier studies by
Afshar et al. demonstrated the importance of the ECM in
affecting epithelial differentiation during healing [36, 36]. It
seems likely that among its functions, the ECM mediates
mesenchymal—epithelial communication.

Epithelial junctional integrity

Tight junctions play a vital role in maintaining epithelial
layer integrity and function. These are intercellular occlud-
ing junctions which act as a selectively permeable barrier to
fluid flow between cells. A variety of physiological and
pharmacological stimuli can modulate the barrier properties
of tight junctions leading to intestinal hyperpermeability.
Tight junction functions have been shown to be altered in
many acute and chronic diseases of the gut. Recent

experimental studies have demonstrated a reduced expres-
sion of the tight junction proteins claudin-1, occludin and
zonula occludin during the acute phase of mucositis [36,
37]. A number of studies have demonstrated a change in
tight junction permeability due to TNF-« and IL-1f3
[38—41]. Moreover, these changes in tight junctions were
prevented by MEK-1, MEK-2, JNK and NFkB inhibitors
[36]. It is unknown to what extent tight junction alterations
contribute to the clinical manifestations of mucositis, how-
ever, a novel peptide derived from the 18-kDA antrum
mucosal protein (AMP-18) has been shown to attenuate oral
mucositis, possibly as a result of its tight junction-protective
properties in an animal model of acute radiation injury [31].
Intestinal permeability testing has also been suggested as an
indicator of toxicity [42].

Inflammation

According to the five-phase model for mucositis develop-
ment, it has been suggested that the transcription factor
NFkB acts as a ‘gatekeeper’ for various pathways (one of
which are the pro-inflammatory cytokines). Logan and col-
leagues (2008) demonstrated that peaks in NFkB expression
preceded peaks in pro-inflammatory cytokines in oral and
intestinal tissue following chemotherapy [43]. Once pro-
inflammatory cytokines are upregulated, they have been
suggested to provide positive feedback by activating NFxB
and amplifying injurious pathways [44, 45]. NFkB has also
been shown to upregulate cyclooxygenase-2 (COX-2), an
inducible enzyme involved in inflammation through its role
in prostaglandin production. COX-2 expression was shown
to dramatically increase, particularly in submucosal fibro-
blasts and endothelial cells of the oral mucosa, 10 and
16 days after targeted radiation [46]. Furthermore, changes
in COX-2 expression paralleled with the development of
ulcerative mucositis, suggesting an amplification role for
this enzyme [46]. These results have also been demonstrated
clinically where a statistically significant increase in NFxB
and COX-2 was noted in the oral mucosa of patients under-
going chemotherapy [47]. However, the selective COX-2
inhibitor celecoxib was found ineffective for the treatment
of oral mucositis in a preclinical model [48].

In recent years, it has been shown that pro-inflammatory
cytokines play a key role in both oral and GI toxicities. Gene
expression and tissue levels of TNF-o and IL-13 were
shown to closely correlate with oral and gut mucosa injury
following radiation [8, 12, 49]. The pro-inflammatory cyto-
kines TNF, IL-13 and IL-6 were also associated with the
development of chemotherapy-induced GI mucositis [11,
50, 51]. Furthermore, elevated levels of pro-inflammatory
cytokines, in particular TNF, IL-13 and IL-6, have been
identified as being excellent markers of the inflammatory
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response induced by chemotherapy [51]. Anti-inflammatory
agents directed at pro-inflammatory cytokine inhibition
have shown promise for reducing mucositis severity in
animal models; however, results are not uniformly positive
[48, 52, 53].

Few studies have looked specifically at anti-
inflammatory cytokines and toxicities, but these have dem-
onstrated a shift in the balance between pro and anti-
inflammatory cytokines with a net shift towards pro-
inflammatory cytokines [54]. IL-10 is one of the more
researched anti-inflammatory cytokines in mucositis.
DeKoning and colleagues demonstrated that IL-10-
deficient mice experience an increased weight loss and more
severe intestinal damage following methotrexate treatment
in comparison to wild-type controls [55]. Furthermore, cy-
tokines directed at inhibiting pro-inflammatory cytokines
may be useful as interventions for mucositis [56]. For ex-
ample, IL-11, a cytokine secreted by bone marrow stromal
cells, has demonstrated ability to reduce the severity of GI
mucositis in an animal model, although this was not seen
clinically [57, 58]. The putative mechanism of action of IL-
11 is partly through its ability to inhibit cytokine release and
downregulate inflammatory mediators such as TNF. Anoth-
er anti-inflammatory agent known as anti-inflammatory
amino acid decapeptide (RDP58) also inhibits the produc-
tion of certain cytokines and has demonstrated effectiveness
in ameliorating symptoms (primarily diarrhoea) and intesti-
nal inflammation in mice following chemotherapy [59].

Microbiome changes

Observations noting shifts in the oral and GI flora of
myelosuppressed patients were reported almost 50 years
ago [60]. Their impact on the oral mucosa was reported
thereafter [61]. Additional studies have continued to inves-
tigate shifts in the ecological balance of the oral and gut
flora following anti-cancer treatment [16, 17, 62—66].

Oral flora

Changes in shifts in the oral bacterial flora associated with
neutropenia and mucosal surface changes are well docu-
mented [67]. Furthermore, OM has been identified as an
independent risk factor for the development of infections
[68, 69]. A recent study by Napenas and colleagues (2010)
studied the profile of the oral bacterial flora following
anthracycline therapy in an outpatient cancer population.
They found that over 60 % of bacterial flora identified on
patients’ buccal mucosa was exclusively seen post-
chemotherapy suggesting an alteration in the nature of oral
flora [65]. Shifts in oral bacterial flora in cancer patients
have also been attributed to antibiotic use [70], neutropenia
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[71] and xerostomia [70]. Bacterial substitution (of mainly
coagulase-negative staphylococci for streptococci) has also
been reported on the oral mucosa after hematopoietic cell
transplantation, and this was clearly associated with OM
[70]. Other reports note that quantitative mucosal changes
in oral bacteria follow, rather than precede, the development
of OM. This suggests that components of the oral flora
colonize ulcerative lesions and may aggravate their severity,
but are unlikely to be their primary etiology [72]. The failure
of most antimicrobial interventions tested for oral mucositis
also supports the notion that the microbial flora are not a
primary causative factor for oral mucositis [73].

Gut microbiome

The gut microbiota and its influence on GI mucositis is
becoming an increasingly recognised field of research [16,
74]. It was previously believed that the gut microbiota plays
little role in the pathobiology of mucositis, with bacterial
translocation being a secondary outcome of mucosal layer
degradation following inflammation and apoptosis. Howev-
er, recent studies have shown a shift from commensal bac-
teria, in particular Bifidobacterium spp., towards Salmonella
spp. and Escherichia coli following chemotherapy treatment
[15]. Stringer and colleagues (2009) demonstrated that de-
creases in commensal bacteria, represented by
Bifidobacterium spp., inversely followed the pattern of di-
arrhoea induced by chemotherapy. These results strongly
suggest a role for gut microbiome changes in diarrhoea
induction. It is not yet clear how commensal bacteria influ-
ence the different stages of mucositis development; howev-
er, it has been suggested that these are capable of
influencing inflammatory processes, intestinal permeability,
mucus layer composition, epithelial repair mechanisms and
regulation of immune effector molecules including Toll-like
receptors [66]. A possible explanation for these observations
requiring additional investigation is that clinical manifesta-
tions of diarrhoea are not exclusively the result of mucositis
and that, as in the non-oncology population, disruptions in
the normal microbial flora may result in disturbed bowel
function. Data supporting such a hypothesis have been
derived from intervention studies using probiotic factors,
which have proven effective in reducing cancer therapy-
induced diarrhoea in the preclinical and clinical settings
[75, 76]. An additional factor affecting the role of the
microbiota may be the effect of the tumour on the immune
response. Gibson and colleagues demonstrated that tumour-
bearing rats experienced greater toxicity to irinotecan than
non-tumour-bearing rats [27].

An association between GI mucositis and systemic infec-
tion has been well established and confirmed by recent
studies [77]. Clinical data consistently demonstrate that
chemotherapy cycles complicated by mucositis are
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associated with significantly higher risk of infections and
use of antibiotics [1]. Furthermore, the most frequently
occurring infection in cycles complicated by mucositis in-
volves gram-positive cocci, an infection which accounts for
three of every four episodes of bacteraemia in patients
treated for haematological malignancies [78]. The ulcerative
phase of mucositis has been suggested to be a major con-
tributor, allowing the translocation of residential microor-
ganisms and their products from the alimentary tract into the
bloodstream. This is reported to most probably occur at the
periodontium, other soft tissues of the oral cavity, oesopha-
gus, ileum, cecum and rectum [77].

Targeted anti-cancer agents and mucosal injury

The early promise that targeted therapies would increase
cure rates while minimising toxicity has not been complete-
ly fulfilled [79]. Toxicities include those due to the presence
of target receptors on healthy tissues, the promiscuous
cross-reactivity of tyrosine kinase inhibitors and the adverse
effects of immunostimulation. Both stomatitis and diarrhoea
have been reported. Among patients receiving certain
mTOR inhibitors to treat various solid tumours, the rate of
stomatitis was 66 % [80]. These ulcers resembled those of
aphthous stomatitis and were distinct from those seen in
conventional mucositis. Further, unlike conventional
mucositis, oral lesions secondary to targeted agents are often
accompanied by a skin rash. These observations suggest that
the pathogenic mechanisms of targeted therapy-induced
toxicity are not necessarily the same as for other cancer
treatments, and there remains a vast gap in our knowledge
regarding the biological mechanisms responsible [81-83].
The term “stomatitis” has been used in several recent pub-
lications for oral lesions secondary to targeted agents to
distinguish them from mucositis secondary to conventional
chemotherapy and radiation therapy.

Targeted cancer therapy is often administered concurrently
with chemotherapy or radiation, which appears to increase the
frequency and severity of toxicities. For example, lapatinib, a
reversible dual HER1/HER2 tyrosine kinase inhibitor, has
been shown to cause diarrhoea in 42 % of patients when
administered as a single agent [84]. In a phase III trial, where
lapatinib was administered in combination with capecitabine,
there was a significant increase in diarrhoea incidence, with
60 % of patients experiencing diarrhoea in the combination
group [85]. The use of trastuzumab in combination treatments
has also demonstrated an increase in incidence as well as
severity of toxicities experienced. Al-Dasooqi and colleagues
demonstrated single-agent trastuzumab induces gastrointesti-
nal toxicities following 12 % of administrations. These include
diarrhoea, abdominal pain and vomiting [86]. Moreover,
phase II studies investigating the efficacy and tolerability of

trastuzumab in combination with paclitaxel have shown diar-
rhoea to be the most frequent toxicity manifesting in 30 % of
patients [87]. Toxicity profiling for newer combination regi-
mens where trastuzumab is given with carboplatin or
capecitabine has shown significant induction of mucositis,
diarrhoea and vomiting at grade 3—4 intensity [88, 89].

The biological mechanisms underpinning these toxicities
are largely unknown. Animal models are currently being
utilized and developed. A recently developed, clinically
relevant rat model of receptor tyrosine kinase inhibitor-
induced diarrhoea has already identified differences in the
mechanisms of damage following targeted drugs and con-
ventional chemotherapy agents [90]. This model is currently
being utilised to determine the exact pathogenesis of
lapatinib-induced diarrhoea and to evaluate potential protec-
tive strategies.

Links to other toxicities

Until recently, the bulk of investigations into mucositis
mechanisms have been in relation to the oral cavity and
digestive tract, with little or no research on other mucosal
surfaces which are generally less susceptible (the exception
being bladder toxicity and haemorrhagic cystitis from cy-
clophosphamide). The respiratory and genitourinary tracts
are mucosal surfaces which are affected by cytotoxics and
may share a common injury pathobiology with the alimen-
tary tract [91]. In the clinic, mucosal-related toxicities often
occur concurrently following cytotoxic treatment, and this
has prompted the need for investigating the common mech-
anisms of different regimen-related mucosal toxicities.

One of the first studies to recognise that toxicities arise in
clusters rather than in isolation was carried out by Aprile
and colleagues (2008). In a cohort of colorectal cancer
patients, findings indicated the occurrence of localised (ul-
ceration, abdominal pain, diarrhoea and malabsorption) as
well as systemic (fatigue, nausea, infection and depression)
toxicities in clusters. The recognition of concurrent occur-
rence of tissue-based and systemic toxicities has caused a
shift in the potential applications of toxicity models to
investigate regimen-related toxicity rather than tissue-
specific toxicity [5]. Understanding toxicity clusters in re-
sponse to different chemotherapy and/or radiotherapy regi-
mens in different cancer types will aid in advancing
mechanistic research and perhaps will also push forward
the development of a systemic biomarker of toxicity.

Advances in mucosal injury risk prediction

While the frequency and severity of mucositis vary
depending on the type and dose of cancer therapy, the
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clinical observation of variable mucositis rates among pa-
tients with similar malignancies and treatment regimens has
resulted in a number of attempts to identify specific risk
factors. The narrow range between therapeutic and toxic
doses of antineoplastic agents makes identification of risk
factors especially significant [92]. Risk factors for mucositis
may be placed into two treatment categories: those associ-
ated with treatment and those that are patient-related [93].
Treatment-associated variables include drug and dosing
schedule, route of administration, formulation, use of con-
comitant therapies and agents, radiation schedule, port and
radiation source [92]. Reported patient-related risk factors
include age, bodyweight, body mass, gender, renal and
hepatic function, local oral factors and genetics [92]. Also,
patients’ ability to metabolise and eliminate drugs may
impact their risk for toxicity, and a pharmacogenetically
based approach to risk assessment can be used to identify
patients at risk for prolonged or severe toxicity. For exam-
ple, deficiencies in dihydropyrimidine dehydrogenase, the
enzyme responsible for catabolizing 5-FU in liver, are asso-
ciated with increased toxicity [94]. Importantly, however,
the percentage of patients affected by mutations impacting
chemotherapy drug metabolism is small and far less than the
population which goes on to develop toxicities.

An alternative approach is based on the observation that
the presence of certain single nucleotide polymorphisms
(SNPs) is associated with toxicity risk. SNP-based toxicity
risk has been studied using both candidate gene and
genome-wide association approaches [95, 96]. To date, the
use of SNPs as mucositis risk predictors has been evaluated
in a relatively small number of studies [95, 97-101]. Most
of these studies are not confirmed and are predominantly
associated with metabolic pathways of a small number of
drugs. Recently, an entirely different analytical method has
been proposed in which Bayesian networks learned from
SNP array outputs were predictive of oral mucositis risk in
patients undergoing hematopoietic stem cell transplantation
[91]. This technique was used by Alterovitz et al. (2011) to
identify gene clusters which differentiated responders from
non-responders in a mucositis clinical trial [102]. Ongoing
research is required in this area and should be based on our
current knowledge in the pathobiology of mucositis. The
ultimate goal of this research is to be able to personalise
cancer treatment and avoid severe and potentially life-
threatening drug toxicity for patients.

Biomarkers of mucosal injury
The conceptual application of biomarkers to assess the
severity and course of cancer therapy-related injury is not

new. A range of biomarkers have been investigated includ-
ing citrulline, calprotectin and the pro-inflammatory
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cytokines [51, 103, 104]. For a biomarker to have clinical
utility, it should have some actionable clinical value. Alter-
natively, as a research tool, robust biomarkers would serve
as real-time surrogates of mucosal injury. In this respect,
there has been some success.

An emerging class of biomarkers for mucositis is the pro-
inflammatory cytokines and matrix metalloproteinases
(MMPs). These have augmented expression profiles in the
alimentary tract in animal models of mucositis [19, 50]. Pre-
liminary findings from a pilot human study suggest that TNF,
IL13, MMP-3 and MMP-9 are potential biomarkers of gas-
trointestinal toxicity induced by S-fluorouracil, capecitabine
or irinotecan. Apoptotic and inflammatory markers detectable
in cytologic smears have also been suggested as potential
biomarkers of OM [105]. Prospective studies are now required
to assess the feasibility of biomarkers for mucositis in partic-
ular and regimen-related toxicity in general.

Conclusions

The ultimate goal of mucositis researchers is to be able to
predict toxicity risk and personalise toxicity interventions to
genetically suitable patients. Continuing research efforts are
needed to further our understanding of mucositis pathobiol-
ogy and the pharmacogenomics of toxicity. This can be
achieved by performing high-quality pre-clinical research
in validated and clinically relevant animal models and in-
vestigating the potential of these findings for toxicity pre-
diction and attenuation in the clinic.
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