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Abstract

Purpose Mounting evidence suggests that the gut microbiome influences radiotherapy efficacy and toxicity by modulating
immune signalling. However, its contribution to radiotherapy outcomes in head and neck cancer (HNC) is yet to be investi-
gated. This study, therefore, aimed to uncover associations between an individual’s pre-therapy gut microbiota and (i) severity
of radiotherapy-induced oral mucositis (OM), and (ii) recurrence risk in patients with HNC.

Methods In this prospective pilot study, 20 patients with HNC scheduled to receive radiotherapy or chemoradiotherapy were
recruited. Stool samples were collected before treatment and microbial composition was analysed using 16S rRNA gene
sequencing. OM severity was assessed using the NCI-CTCAE scoring system. Patients were also followed for 12 months of
treatment completion to assess tumour recurrence.

Results Overall, 80% of the patients were male with a median age of 65.5 years. Fifty-three percent experienced mild/
moderate OM while 47% developed severe OM. Furthermore, 18% experienced tumour relapse within 1 year of treatment
completion. A pre-treatment microbiota enriched of Eubacterium, Victivallis, and Ruminococcus was associated with severe
OM. Conversely, a higher relative abundance of immunomodulatory microbes Faecalibacterium, Prevotella, and Phasco-
larctobacterium was associated with a lower risk of tumour recurrence.

Conclusion Our results indicate that a patient’s gut microbiota composition at the start of treatment is linked to OM sever-
ity and recurrence risk. We now seek to validate these findings to determine their ability to predict treatment outcomes in
HNC, with the goal of using this data to inform second-generation microbial therapeutics to optimise treatment outcomes
for patients with HNC.
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Introduction

Head and neck cancer (HNC) is the sixth most common
type of cancer with ~930,000 new cases and over 460,000
deaths reported worldwide annually [1]. Given the relative
ease by which these tumours can be accessed, radiotherapy
is commonly used to treat both early- and advanced-stage
HNC [2] with both curative and palliative intent [3]. While
largely effective, one of the major challenges in HNC radi-
otherapy is the heterogeneity in tumour response, recur-
rence rate, and severity of impactful toxicities.

Oral mucositis (OM), inflammation of the oral/oro-
pharyngeal mucosa, is a common, dose-limiting toxicity in
patients treated with radiotherapy for HNC [4]. Curiously,
the incidence and severity of OM vary between patients,
even in highly homogeneous cohorts [5]. Unfortunately,
it remains unclear what drives this variation in OM risk,
with traditional risk factors related to patient demograph-
ics, disease/treatment variables, and specific genetic vari-
ants unable to sensitively identify high-risk patients [6].
The same challenge is faced for radiotherapy efficacy, with
the cause of treatment failure and disease recurrence in
some patients still largely unexplained [7, 8]. This lack of
understanding severely impacts clinical decision-making,
patient monitoring, and the provision of optimal support-
ive care.

Both radiotherapy-induced toxicities and anti-tumour
responses are known to be influenced by host immune
responses, which are either exaggerated to drive mucosal
toxicity or impaired, thus failing to optimally clear residual
tumour load [9]. This knowledge has directed attention to
how the gut microbiota may contribute to individual treat-
ment responses, with the gut microbiota a profound regu-
lator of immune tone and immunogenic cell death [10].
Due to its immunomodulatory capacity and its impact on
pathways/mechanisms critical to cancer treatment efficacy,
such as drug metabolism and cell death and repair, the gut
microbiota is emerging as a major driver of treatment out-
comes in chemotherapy and immunotherapy, with distinct
microbial phenotypes predicting the efficacy and toxicity
of these therapies [11].

In the context of radiotherapy, the data is limited.
However, accumulating evidence strongly suggests that
the gut microbiota may also augment both the efficacy
and toxicity of radiotherapy [12, 13]. Of note, olfactory
signatures reflecting the structure of the gut microbiota
community have been associated with gastrointestinal
mucositis severity in patients undergoing pelvic radio-
therapy [14]. Additionally, recent evidence in preclinical
models demonstrates that the gut microbiota can modulate
the radiotherapy-induced anti-tumour immune responses
and hence impacting its anti-tumour activity [15, 16].
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Together, these data indicate that the gut microbiota may
similarly control radiotherapy outcomes as in chemother-
apy and immunotherapy.

While not directly investigated in HNC, microbiota-
dependent modulation of radiotherapy outcomes is sup-
ported by anecdotal data. For example, the use of antibiot-
ics is associated with earlier progression and lower survival
among patients with locally advanced HNC treated with
chemoradiotherapy [17]. , Further, the use of probiotics has
shown promising results in reducing the severity of OM
among patients with HNC [18]. Despite this, the associa-
tion between the pre-therapy gut microbiota and treatment
outcomes in HNC has yet to be investigated. This study,
therefore, aimed to explore the association between the pre-
treatment gut microbiota, OM severity, and tumour recur-
rence in an HNC cohort.

Materials and methods
Ethical approval

This study was approved by the Royal Adelaide Hospital
Human Research Ethics Committee (HREC/17/RAH/533
(R20171131)) and was conducted according to the Declara-
tion of Helsinki. The study protocol was sufficiently dis-
cussed with participants and informed consent was obtained
from each participant before enrolling in the study.

Patients and biospecimen collection

Patients were recruited from the Radiation Oncology Depart-
ment at the Royal Adelaide Hospital between October 2018
and December 2019. Adult patients diagnosed with HNC
and scheduled to receive radiotherapy alone or combined
therapies were eligible and underwent screening. Patients
were excluded if they had a medical history of chronic gas-
trointestinal disorders or intestinal symptoms (unrelated to
cancer/treatment) or had previous colonic surgery. Pre-treat-
ment stool samples were collected by patients in DNA/RNA
Shield Faecal Collection Tubes (Zymo Research, USA) and
stored at —80 °C until processing.

Clinical data collection

Patients were provided with an induction survey to collect
demographic information and behavioural/lifestyle factors
(see supplementary materials). Clinical data for tumours
and treatment characteristics were obtained from medical
case notes held at the Royal Adelaide Hospital. OM was
scored using the National Cancer Institute Common Termi-
nology Criteria for Adverse Events (NCI-CTCAE) v5.0 [19],
which grades OM as grade 1(G1): asymptomatic or mild



Supportive Care in Cancer (2023) 31:98

Page3of 14 98

symptoms; intervention not indicated; grade 2 (G2): moder-
ate pain or ulcer not interfering with oral intake; modified
diet indicated; grade 3 (G3): severe pain; interfering with
oral intake; grade 4 (G4): life-threatening consequences;
urgent intervention indicated; grade 5 (G5): death. Patients
were also followed to assess tumour recurrence within 12
months of treatment completion.

DNA extraction and 16S rRNA sequencing

To extract genomic DNA, 2 mL of the sample was first trans-
ferred to a sterile microcentrifuge tube and centrifuged at
16,000 g for 20 min at 4 °C. The supernatant was then
separated and kept in a tube (not discarded) while the pel-
let was used for DNA extraction. DNA extraction was per-
formed using Qiagen DNeasy PowerLyzer PowerSoil kit
(Qiagen, Germany) as per manufacturer instructions with
few modifications. First, Powderbead and C1 solutions were
added to the pellet and mixed by brief vortexing. To lyse
bacteria cells, the pellet mixture was heated at 65°C for 10
min. Then, the mixture was added into the PowerBead tube
and homogenised using QIAGEN Tissuelyser LT (Qiagen,
Germany) at 50 oscillation/s for 6 min. The remaining steps
were performed as indicated in the kit protocol. The retained
supernatant was added back along with the C4 solution dur-
ing the MB Spin column loading step. To increase the purity
of extracted DNA, samples were precipitated using ethanol
and sodium chloride, resuspended in nuclease-free water,
and stored at —20°C.

DNA concentration was quantified using Qubit 2.0 Fluo-
rometer (Life Technologies, Australia). Samples were sent to
the South Australian Genomics Centre for 16S rRNA gene
sequencing, performed via Illumina Miseq (San Diego,
USA) using primers targeting the hypervariable V3-V4
region:

Forward:

TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG
CCTACGGGNGGCWGCAG

Reverse: GTCTCGTGGGCTCGGAGATGTGTATAA
GAGACAGGACTACHVGGGTATCTAATCC

The bioinformatics analysis was performed using Qiagen
CLC Genomics Workbench 21.0.3. Briefly, trimmed and fil-
tered pair-end reads were mapped back to the operational
taxonomic units (OTUs) using the Greengenes 97% simi-
larity reference database (v13.8, 2013). The alpha and beta
diversity were assessed by the Shannon diversity index and
principal coordinates analysis (PCoA) (generalised UniFrac
distances) respectively. PERMANOVA analysis was used to
measure the significance of beta diversity between groups.
Linear discriminant analysis effect size (LEfSe) analysis was
conducted using Galaxy online tool using default settings
(http://huttenhower.sph.harvard.edu/galaxy/) [20].

Statistical analysis

The statistical analysis was performed using GraphPad prism
9. For quantitative data, unpaired 7-test, Mann-Whitney,
ANOVA, or Kruskal-Wallis tests were used depending on
the Gaussian distribution of the dataset. Fisher’s exact test
was used to analyse categorical datasets. Correlation analy-
ses were calculated by Pearson correlation coefficients in
Python 3.9.6. A p-value of <0.05 was considered statisti-
cally significant.

Results
Patient characteristics

A total of 20 patients were recruited in this study. Patient
characteristics are summarised in Table S1. Briefly, 80%
of the patients were males with a median age of 65.5 years.
Among patients, 75% were either smokers or ex-smokers
and 85% reported drinking less than 10 drinks per week.
Tumours were located either in the oral cavity (20%), oro-
pharynx (25%), nasal cavity (10%), salivary glands (30%), or
HN skin (15%). Half of the patients had early-stage disease
(I/1) and the remaining had late-stage disease (III/IV). All
patients completed the planned radiotherapy course except
for one who discontinued treatment after completing two
fractions and hence they were excluded from treatment-
related factors analysis. Patients were treated with either
radiotherapy alone (31.6%), postoperative radiotherapy
(47.4%), chemoradiotherapy (15.8%), or postoperative
chemoradiotherapy (5.3%). Overall, patients received an
average of 58.62 + 8.78 Gy cumulative dose in 2.53 + 1.21
fraction over 5.53 + 1.46 weeks with 79% treated for cura-
tive intent.

Among 19 patients who completed treatment, two
received palliative treatment (36 Gy; 6 Gy/F) over 2 weeks.
Due to the low exposure, they were excluded from treatment
outcomes analyses. Among 17 patients included, 17.7%,
35.3%, 29.4%, and 17.7% experienced G1, G2, G3, and
G4 OM respectively. Furthermore, three patients (17.6%)
developed recurrence within 12 months post-treatment
completion.

Characterisation of HNC patients’ gut microbiota

First, we characterised the gut microbiota of all 20 patients.
At the genus level, patients’ gut microbiota was predomi-
nantly composed of Bacteroides (39.9%), unclassified Rumi-
nococcaceae (71.4%), Faecalibacterium (6.8%), Parabacte-
roides (5.6%), and unclassified Lachnospiraceae (4.8%)
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«Fig. 1 The gut microbiome composition of HNC patients. A The gut
microbiota relative abundance at the genus level for all patients. B-C
Male patients had a significantly higher number of OTUs (unpaired
t-test) and higher alpha diversity (Mann-Whitney test) than female
patients. D Female patients have distinctive microbial pattern com-
pared to males. The differential microbial features according to sex
(E), age (F), tumour site (G), tumour stage (H), HPV status (I), and
treatment type (J). LDA, linear discriminant analysis; CRT, chemora-
diotherapy; PORT, postoperative radiotherapy; RT, radiotherapy. *p
<0.05; #*#*¥p < 0.001

(Fig. 1A). The average number of positive OTUs was 603.9
[229-864 range] and the average Shannon index value was
3.2 [1.3-4.1 range] (Figs. S1A and S2A).

Sex was the only factor associated with a significant dif-
ference in microbial diversity and richness between patients.
Female patients had significantly lower OTUs richness (p=
0.0007) and alpha diversity (p= 0.0289). Moreover, the gut
microbiota of male and female patients clustered in distinc-
tive patterns as shown by PCoA (p= 0.0052) (Fig. 1B-D).
Furthermore, five genera, mainly Prevotella and Phascolarc-
tobacterium, were enriched in males while unclassified Lac-
tobacillales and P-75-a5 were increased in females (Fig. 1E).

Although there was no significant difference in the
microbial richness and diversity based on other factors
(Figs. S1B-M and S2C-N), specific genera were found to be
enriched in specific subgroups. For instance, Faecalibacte-
rium, Paraprevotella, and Ruminococcus-2 were enriched in
<50, 55-65, and >65 age groups respectively (Fig. 1F). Fur-
thermore, patients with cutaneous tumours had an increased
abundance of unclassified RF32 while SMB35 was increased
among patients with salivary gland tumours (Fig. 1G). Phas-
colarctobacterium was increased in early-stage disease while
Enterococcus was enriched in the advanced disease group
(Fig. 1H). Moreover, Phascolarctobacterium was enriched
in patients with HPV+ tumours (Fig. 1I). The unclassified
Enterobacteriaceae was enriched in patients treated with
radiotherapy alone while Faecalibacterium and Phasco-
larctobacterium were increased in those treated with post-
operative radiotherapy and chemoradiotherapy respectively
(Fig. 1J). Differential compositional changes based on other
patient-related factors were also observed (Fig. S3A-H).

Risk factors associated with OM

Three patients were excluded from OM severity analysis
(discontinued treatment/received low radiation doses).
Patients were divided into either mild/moderate OM
(G1-2) or severe OM (G3-4). In this cohort, there was no
significant impact of all factors, except treatment type, on
OM severity. Expectedly, 75% of patients with tumours
in the oral cavity or oropharynx developed severe OM
compared to only 22% of patients with tumours in other
sites, but the difference was not statistically significant.

However, those treated with chemoradiotherapy had sig-
nificantly more severe OM (100%) compared to those who
received radiotherapy without chemotherapy (30.8%) (p=
0.029) (Table 1).

Gut microbiota traits associated with OM

Characterising the gut microbiota based on OM sever-
ity, the most abundant genera in the G1-2 OM group
were Bacteroides (40%), Parabacteroides (7.8%), Fae-
calibacterium (6.9%), unclassified Ruminococcaceae
(6.8%), and unclassified Clostridiales (4.7%) compared
to Bacteroides (41.9%), Faecalibacterium (7.9%), unclas-
sified Ruminococcaceae (7.2%), Prevotella (5.5%), and
unclassified Lachnospiraceae (4.2%) in G3—4 OM group
(Fig. 2A) (Table S2). Although there was no significant
difference in the OTUs richness, alpha, and beta diver-
sity between groups (Fig. S4A-C), Eubacterium, Victi-
vallis, Ruminococcus, Oxalobacter, unclassified Victi-
vallaceae, and unclassified desulfovibrionaceae were
significantly increased in patients with G3—4 OM while
unclassified RF32, Alistipes, and unclassified ML615J-28
were increased in those with G1-2 OM (Fig. 2B) (Tables
S4-S5).

Among the six genera enriched in the G3—4 OM group,
the relative abundance of Eubacterium (p= 0.019), Victi-
vallis (p= 0.016), and Ruminococcus (p= 0.027) was sig-
nificantly higher in G3—4 compared to G1-2 OM group
(Fig. 2C-E). Eubacterium and Ruminococcus genera were
most abundant in patients with G3 OM while Victivallis was
most abundant among patients with G4 OM (Fig. 2F-H). In
contrast, the relative abundance of unclassified RF32 genus
(p= 0.032) was significantly higher among patients with
G1-2 OM and was most abundant among patients with G2
OM (Fig. 2I-J). Correlation analysis showed a significant
positive correlation between the relative abundance of Vic-
tivallis and OM severity grade (r= 0.67, p= 0.003) (Fig. 3).

Risk factors associated with tumour recurrence

Among 17 patients included in tumour recurrence analy-
sis, 14 patients did not develop tumour recurrence while
3 patients had recurrence within 12 months of treatment
completion. Overall, there was no significant association
between any of the patients and treatment-related factors
and tumour recurrence (Table 2). Those who developed
recurrence had tumours in the oropharynx, nasal cavity, or
salivary gland. One of them had early-stage disease and two
had advanced-stage disease. All of these patients received
similar treatment; however, 2 out of these three patients had
treatment breaks or delays.
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Table 1 Risk factors associated

with OM severity G1-2 (n=9) G3-4 (n=8) p value
Age (year; mean + SD) 67.89 +10.83 62.13 +£9.73 0.269
BMI (mean + SD) 28.62 +5.95 25.54 +3.28 0.241
Sex, n (%)
Male 6 (46.1) 7 (53.9) 0.577
Female 3(75.0) 1(25.0)
Tobacco smoking, n (%)
Non-smoker 2 (50.0) 2 (50.0) >0.999
Ex-smoker/smoker 7 (53.9) 6 (46.1)
Alcohol (# drinks/week), n (%)
<10 8 (57.1) 6(42.9) 0.577
>10 1(33.3) 2 (66.7)
Antibiotics (B/D radiotherapy), n (%)
Yes 4 (50.0) 4 (50.0) >0.999
No 5 (55.6) 4 (44.4)
Tumour site, n (%)
Within the oral cavity (oral cavity/oropharynx) 2 (25.0) 6 (75.0) 0.057
Outside the oral cavity (parotid gland/nasal cavity/ 7 (77.8) 2(22.2)
HN skin)
Treatment type, n (%)
Radiotherapy 9 (69.2) 4(30.8) 0.029*
Chemoradiotherapy 0 4 (100)
Cumulative dose (Gy; mean + SD) 59.89 +4.26 62.84 +4.47 0.184
Treatment period (week; mean + SD) 5.78 + 0.67 6.13 +1.13 0.445

B/D, before or during radiotherapy, unpaired 7-test, Fisher’s exact test, *p< 0.05

Gut microbiota traits associated with tumour
recurrence

Characterising the gut microbiota based on tumour recur-
rence, the most abundant genera among patients with no
recurrence (no REC) were Bacteroides (39%), Faecali-
bacterium (8.9%), unclassified Ruminococcaceae (7.2%),
Parabacteroides (5.9%), and Prevotella (4.9%) compared to
Bacteroides (50%), unclassified Clostridiales (6.4%), unclas-
sified Ruminococcaceae (6.0%), Parabacteroides (5.7%),
and Blautia (4.5%) in recurrence (REC) group (Fig. 4A)
(Table S3). Generally, there was no significant difference
in the number of OTUs, alpha, and beta diversity between
groups (Fig. SSA-B and Fig. 4B). However, Faecalibacte-
rium, Prevotella, and Phascolarctobacterium were enriched
in patients with no recurrence, and Adlercreutzia, Pseudo-
ramibacter_Eubacterium, Desulfitobacter, Eggerthella,
Megasphaera, and p-75-a5 were increased in patients with
recurrence (Fig. 4C) (Tables S4-S5). The relative abundance
of Faecalibacterium (p= 0.029), Prevotella (p= 0.031),
and Phascolarctobacterium (p= 0.019) was significantly
higher in patients with no recurrence (Fig. 4D-F). Further-
more, patients who did not develop recurrence also had a
significantly higher Prevotella to Bacteroides (P/B) ratio
(p= 0.047) (Fig. 4G). Conversely, the relative abundance
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of Adlercreutzia (p= 0.006) and Eggerthella (p= 0.006)
genera was significantly higher in patients with recurrence
(Fig. 4H-I). There was no significant difference between
recurrence and no recurrence groups in the relative abun-
dance of other genera (Fig. SSC-F).

Discussion

Despite the recent technological advances in cancer radio-
therapy, variability in radiotherapy outcomes in terms of
efficacy and toxicity remains a key challenge. Here, we build
on the growing consensus that an individual’s unique, pre-
treatment gut microbiota is associated with radiotherapy
responses, identifying enrichment and reduction in key taxa
linked with distinct treatment outcomes.

Although there was no difference between patients with
mild/moderate or severe OM in both the microbial rich-
ness and diversity, six bacterial genera were enriched in
patients with severe OM. Among these microbes, Eubac-
terium (E. biforme species), Victivallis, and Ruminococcus
genera were the most significantly increased. Eubacterium,
a genus of gram-positive anaerobic bacteria belongs to the
Erysipelotrichaceae family with Eubacterium biforme (E.
biforme) classified as main species within this genus [21].
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Fig.2 Association between the gut microbiota and OM sever-
ity. A The gut microbiota relative abundance at the genus level for
G1-2 and G3-4 OM groups. B The differential microbial features
for G1-2 and G3-4 OM groups. The relative abundance of Eubac-
terium (C), Victivallis (D), and Ruminococcus (E) was significantly
higher in G3—4 group. F-H Change in the average relative abundance

of Eubacterium (F), Victivallis (G), and Ruminococcus (H) according
to OM severity grade. I The relative abundance of unclassified RF32
was significantly higher in G1-2 group. J Change in the average rela-
tive abundance of unclassified RF32 according to OM severity grade.
LDA, linear discriminant analysis. *p < 0.05. Mann-Whitney test;
Line represents the median
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Eubacterium has been recently reclassified as Holdemanella
and E. biforme as Holdemanella biformis (H. biformis) [22].
We refer to them here as Eubacterium and E. biforme based
on the reference database used for the analysis. Both ben-
eficial and detrimental effects of this bacterium have been
reported. It has been reported that E. biforme can produce
C18-30H, a free long-chain fatty acid with potential anti-
inflammatory properties, which in turn reduces colitis sever-
ity in mice [23]. Conversely, other studies have reported
that an increase in Eubacterium is associated with severe
cystic fibrosis [24], nonalcoholic steatohepatitis [25], irri-
table bowel syndrome [26], and HIV infection [27]. In vitro
incubation of peripheral blood mononuclear cells from HIV
positive and negative subjects with E. biforme bacterial
lysates was associated with a higher tumour necrosis factor

@ Springer

o (TNF-a) to interleukin 10 ratio as compared to incubating
cells with lipopolysaccharides or three other bacterial spe-
cies, suggesting a pro-inflammatory property of this spe-
cies [27]. Another genus that showed a strong correlation
with OM severity is Victivallis. Victivallis, a genus of gram-
negative anaerobic bacteria, belongs to the Victivallaceae
family. It is the only genus in the Victivallaceae family and
includes one well-characterised species, Victivallis vaden-
sis [28]. Currently, little is known about the function and
impact of this on the human gastrointestinal tract; however,
an increase in the abundance of the Victivallaceae family
or its genus and species has been linked to inflammatory
conditions including colorectal cancer [29], Hashimoto’s
thyroiditis [30], and cerebral ischemic stroke [31]. Although
this genus is present in a low abundance, the detection rate
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Table 2 Patient and treatment-

. . No REC REC p value
related factors associated with (n=14) (n=13)
tumour recurrence
Age (year; mean + SD) 63.57 + 10.65 72.67 +5.69 0.178
Sex, n (%)
Male 12 (92.3) 1(7.7) 0.121
Female 2 (50) 2 (50)
BMI (mean + SD) 28.09 +4.88 21.56 + 1.12 0.088
Smoking, n (%)
Non-smoker 3(75.0) 1(25.0) >0.999
Ex-smoker/smoker 11 (84.6) 2(15.4)
Alcohol (# drinks/week), n (%)
<10 11 (78.6) 3(21.4) >0.999
>10 3 (100) 0
Antibiotics (B/D radiotherapy), n (%)
Yes 8 (100) 0 0.206
No 6 (66.7) 3(33.3)
Tumour site, n (%)
Oral cavity 3 (100) 0 -
Oropharynx 4 (80) 1 20)
Nasal cavity 1 (50) 1 (50)
Salivary gland 4 (80) 1(20)
HN skin 2 (100) 0
Tumour stage, n (%)
Early stage (I/1I) 8 (88.9) 1(11.1) 0.577
Advanced disease (III/IV) 6 (75) 2 (25)
HPV+, n (%) 4 (100) 0 -
Treatment type, n (%)
Radiotherapy 10 (76.9) 3(23.1) 0.541
Chemoradiotherapy 4 (100) 0
Cumulative dose (Gy; mean + SD) 61.41 +3.39 60.67 +9.24 0.665
Dose/fraction (Gy/F) 2.11 +0.23 2.13+0.12 0.337
Treatment period (week; mean + SD) 6.00 + 0.78 5.67 £ 1.51 0.941
Treatment intent, n (%)
Curative 13 (86.7) 2(13.3) 0.331
Palliative 1 (50) 1 (50)
Treatment gaps/breaks, n (%)
Yes 2 (50) 2 (50) 0.121
No 12 (92.3) 1(7.7)

REC, recurrence, B/D, before or during, unpaired 7-test, Fisher’s exact test

(OTUs>0) was 62.5% of patients with severe OM compared
to only 11.1% of those with mild/moderate OM. This sug-
gests that Victivallis may contribute to OM severity despite
its low abundance and warrants further investigation. Rumi-
nococcus, a genus of strictly anaerobic gram-positive cocci
of the Lachnospiraceae family [32], was also increased in
patients with severe OM. It comprises five species includ-
ing R. gnavus and R. torques [33]. Both species are muco-
lytic and have been linked to the pathogenesis of chronic
inflammatory conditions including inflammatory bowel
disease [34]. R. gnavus can also secrete a pro-inflammatory

polysaccharide inducing the production of TNF-a through
the toll-like receptor 4-dependent pathway; hence, contrib-
uting to Crohn’s disease pathogenesis [35]. This suggests
that these mucolytic and pro-inflammatory species poten-
tially contribute to OM pathogenesis through degradation of
mucus layer and activating systemic inflammation. Together,
present results suggest that these three genera could contrib-
ute to OM severity, potentially due to their pro-inflamma-
tory properties. Further studies are needed to validate this
association and to determine the mechanism by which these
microbes may influence OM pathogenesis.
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Fig.4 Association between the gut microbiota and tumour recur-
rence at 12 months. A The relative abundance of the gut microbiota
at the genus level for No REC and REC groups. B PCoA of No REC
and REC groups. C LEfSe analysis showing the differential genera
enriched in No REC and REC groups. D-G The relative abundance
of Faecalibacterium (D), Phascolarctobacterium (E), Prevotella (F),

Among the compositional changes observed is the
increased abundance of Unclassified RF32 in patients with
mild/moderate OM. Since this genus was also increased
in patients with HN skin tumours, and all developed mild/
moderate OM, we believe that this genus is associated with
tumour site rather than OM severity. Although the LEFSe

@ Springer

and P/B ratio (G) was significantly higher in No REC group. H-I
The relative abundance of Eggerthella (H) and Adlercreutzia (I) was
significantly higher in REC group. LDA, linear discriminant analy-
sis. *p< 0.05; **p< 0.001; Mann-Whitney test; Line represents the
median

analysis revealed the Alistipes, and unclassified ML615J-28
were also enriched in patients with mild/moderate OM, the
comparison of relative abundance did not yield a signifi-
cant difference between groups. Overall, this study did not
identify any bacterial taxa to be specifically associated with
mild/moderate OM.
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In terms of tumour recurrence, there was no difference in
microbial richness and diversity between patients. Interest-
ingly, patients who did not develop recurrence had a signifi-
cantly higher abundance of Faecalibacterium, Prevotella,
and Phascolarctobacterium. Additional analysis at the spe-
cies level identified that Faecalibacterium Prausnitzii (F.
prausnitzii) and Prevotella Copri (P. copri) were enriched
in patients with no recurrence. Generally, these three genera
comprise gram-negative bacteria and have been linked to
better immunotherapy outcomes in patients with melanoma
and non-small cell lung cancer [36-38]. For instance, in
patients with melanoma treated with anti-PD-1 immunother-
apy, responders had an increased abundance of Faecalibac-
terium and Phascolarctobacterium, with Faecalibacterium
associated with prolonged progression-free survival [36, 38].
Furthermore, an increase in P. copri was associated with a
preferred response in a cohort of patients with non-small cell
lung cancer treated with anti-PD-1 immunotherapy [37]. We
also noticed that those who did not develop recurrence had a
significantly higher P/B ratio, which is an enterotype associ-
ated with a favourable response to anti-PD-1/PD-L1 immu-
notherapy in patients with gastrointestinal cancers [39].
Current evidence suggests that these microbes modulate
immunotherapy anti-tumour response through enhancing
CDS8™ T cell expansion and function [37, 36]. This could be
similar in the context of radiotherapy as anti-tumour immune
response also plays a central role in radiotherapy-induced
tumour control [13]. In a preclinical study, targeting gram-
positive bacteria with vancomycin improved radiotherapy
anti-tumour activity by enhancing tumour-associated antigen
presentation to CD8* T cells [15]. Conversely, Adlercreut-
zia and Eggerthella (E. Lenta), both belonging to the Egg-
erthellaceae family, were increased in those who developed
recurrence. Previous studies have reported that these genera
are enriched in non-responders treated with immunotherapy
for metastatic melanoma [38]. Together, the current results
suggest that certain gut microbes are positively or negatively
associated with the risk of recurrence in HNC patients.

Fig.5 Potential mechanisms by
which the gut microbiota influ-
ences radiotherapy outcomes

in patients with HNC. Gut
microbiota could regulate both
systemic inflammation and
anti-tumour immune responses
hence modulating radiotherapy
toxicity (OM) and efficacy "Fig-
ure created with BioRender.

com

Oral mucositis (OM)

Mild OM ~  Severe OM

Reduced systemic
inflammatory
response

inflammatory
response

Anti-inflammatory

microbes microbes

Enhanced systemic

Pro-inflammatory

This study aimed to assess the feasibility of utilising the
baseline gut microbiota to predict radiotherapy outcomes in
order to identify patients at higher risk of developing severe
OM or experiencing tumour recurrence and hence allows
for taking prophylactic actions to improve treatment out-
comes for these groups of patients. However, gut microbiota
may undergo compositional changes throughout the course
of treatment, and this could also affect HNC radiotherapy
toxicity and efficacy. The composition of the gut microbiota
at baseline or during treatment could influence the pathogen-
esis of OM by regulating systemic inflammatory responses.
For instance, pro-inflammatory gut microbes present in the
baseline gut microbiota or enriched after exposure to treat-
ment could exacerbate the inflammatory processes in the
oral cavity and therefore result in more severe OM. This
could be mediated by changes in the local intestinal envi-
ronment such as intestinal inflammation and disruption of
the intestinal barrier integrity or by the systemic effects of
the gut microbiota on the host’s immune system [40]. Con-
versely, gut microbes with anti-inflammatory properties
positively influence OM by promoting intestinal homeosta-
sis and reducing systemic inflammatory signals resulting in
a mild OM (Fig. 5). The gut microbiota could also impact
radiotherapy efficacy by modulating the systemic immunity
and subsequently the anti-tumour immune responses (Fig. 5)
[13, 41]. Although the gut microbiota effect on radiotherapy
efficacy has not been investigated in the context of HNC,
current preclinical data indicate that the gut microbiota
can modulate radiotherapy-induced anti-tumour immune
responses including dendritic cells function and activation
of tumour-specific CD8" T cell and interferon-y pathway
[15, 16] and as such enhancing tumour control and reducing
the risk of recurrence.

Although this study mainly focused on the gut micro-
biota, the oral microbiota could also have an impact on radi-
otherapy outcomes in HNC, particularly the development
and severity of OM [42]. Furthermore, emerging evidence
indicates that there is an association between oral and gut
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microbiota. Oral microbiota can translocate into the gut,
particularly in the presence of oral pathological conditions
(e.g. periodontitis or oral mucositis) or systemic inflamma-
tion [40, 43]. This leads to gut microbial dysbiosis and dis-
ruption of intestinal homeostasis and this in turn could nega-
tively impact OM outcomes. As such, studying both oral and
gut microbiota together will help identify the oral and gut
microbial signatures of those with unfavourable radiotherapy
outcomes. Moreover, both oral and gut microbiota could be
targeted to improve radiotherapy response and reduce its
toxicities in patients with HNC.

Overall, this is the first study to characterise the asso-
ciation between gut microbiota and radiotherapy out-
comes in patients with HNC. It demonstrates that specific
gut microbes are associated with OM severity and risk of
tumour recurrence and, as such, supports that the gut micro-
biota could be exploited to predict radiotherapy outcomes.
Another strength of the study is that it assessed microbial
signatures associated with both efficacy and toxicity of radi-
otherapy, which is a critical approach to achieving optimal
outcomes for cancer treatments [44]. However, the study
is not without limitations. We recognise the small sample
size of our cohort and the presence of different confound-
ing factors at baseline and, therefore, emphasise our results
must be interpreted with caution. The small sample size
may result in biases in the association between OM severity,
tumour recurrence, and patients and treatment-related risk
factors as well as the microbial signature. Moreover, base-
line confounding factors including heterogeneity in tumour
primary sites and type of treatment received could impact
OM severity and recurrence risk analysis. Therefore, future
studies should validate these findings in a larger cohort
with minimal variation in the baseline factors. Ideally, the
effect of the gut microbiota could be investigated in a large
cohort of patients with tumours in a specific site, e.g. oral
cavity or oropharynx, and treated with a specific treatment,
e.g. radiotherapy alone or chemoradiotherapy. This will
allow studying the gut microbiome impact on both OM and
treatment outcomes in a more homogeneous cohort. Other
factors known to influence the gut microbiota such as age
range, comorbidities, and lifestyle-related factors should
be taken into account when designing these studies. Addi-
tionally, longitudinal studies to analyse the gut microbiome
throughout the course of treatment will give an insight into
the treatment-induced alterations in the gut microbiota and
its association with therapeutic outcomes.

Conclusion
Our study demonstrates that a gut microbiota enriched

of Eubacterium, Victivallis, and Ruminococcus is asso-
ciated with severe OM. Additionally, enrichment for

@ Springer

Faecalibacterium, Prevotella, and Phascolarctobacterium
confers lower recurrence risk. These pilot data, therefore,
reinforce the emerging hypothesis that an individual’s
unique microbiota can be used to predict treatment outcomes
and be used to direct the provision of proactive supportive
care. Moving forward, these data should be used to identify
candidate microbes suitable for second-generation probiotics
aimed at pre-conditioning the microbiota to optimise treat-
ment outcomes.
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