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Abstract

Background: This prospective study investigated the association between gut
microbial changes and acute gastrointestinal toxicities in prostate cancer patients
receiving definitive radiation therapy (RT).

Methods: Seventy-nine fecal samples were analyzed. Stool samples were col-
lected at the following timepoints: pre-RT (prRT), 2weeks after the start of RT
(RT-2w), 5weeks after the start of RT (RT-5w), 1 month after completion of RT
(poRT-1m), and 3 months after completion of RT (poRT-3m). We computed the
microbial community polarization index (MCPI) as an indicator of RT-induced
dysbiosis.

Results: Patients experiencing toxicity had lower alpha diversity, especially at
RT-2w (p=0.037) and RT-5w (p=0.003). Compared to patients without toxicity,
the MCPI in those experiencing toxicities was significantly elevated (p =0.019). In
terms of predicted metabolic pathways, we found linearly decreasing pathways,
including carbon fixation pathways in prokaryotes (p=0.035) and the bacterial
secretion system (p=0.005), in patients who experienced toxicities.
Conclusions: We showed RT-induced dysbiosis among patients who experi-
enced toxicities. Reduced diversity and elevated RT-related MCPI could be help-
fully used for developing individualized RT approaches.
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1 | INTRODUCTION

Radiation therapy (RT) is one of the most essential man-
agement options in prostate cancer.'” Moreover, recent
advances in external beam RT technologies enabled
more efficient eradication of tumors while minimizing

treatment-related detrimental effects.*”’ Owing to the
change in cancer epidemiologic trends, the 5-year rela-
tive survival rates of prostate cancer have improved from
59.1% during 1993-1995 to 94.4% during 2015-2019.
However, the incidence (3.1 from 1999 to 15.5 in 2019)
and mortality (0.9 from 1999 to 1.5 in 2019) of prostate
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cancer have increased, according to the Korean nation-
wide cancer statistics reported in 2022.® Although the
beneficial and radical role of RT has been well demon-
strated in prostate cancer, treatment-related toxicities
are major concerns due to their detrimental effect on
patients' quality of life."*"** Some patients can experi-
ence gastrointestinal (GI) toxicities, which may lead to
treatment interruption or a decrease in patient quality
of life. 11314

In the field of GI medicine, the gut microbiome is an
emerging biomarker that is known to have a pivotal role
in the development of diverse human diseases.'>'® Several
recent studies have described a significant connection be-
tween treatment outcomes or toxicities and the composi-
tion of the gut microbiome.'” ™

We hypothesized that RT can potentially alter gut mi-
crobial composition or diversity and sought to unveil the
relationship between gut microbial changes and acute GI
toxicities in over a period of time. Because relatively high
RT doses are administered in definitive treatment of pros-
tate cancer compared to other pelvic malignancies, we
also hypothesized that we could identify toxicity-related
microbial features in the current study.

2 | METHODS

2.1 | Study design and patient eligibility

We obtained written informed consent from each patient
before study enrollment. The eligibility criteria were as
follows: patients who were aged >20years and provided
informed consent; patients who were pathologically
confirmed with pelvic malignancy before study entry;
and patients who were planned to undergo definitive
RT. Patients were excluded from the study with the fol-
lowing conditions: patients who had evidence of distant
metastasis; patients who were concomitantly diagnosed
with other untreated primary tumors; patients who did
not complete the planned RT course; patients who had
a previous receipt history of pelvic RT; and patients who
refused additional fecal sampling during and after treat-
ment (RT). According to the study protocol, stool samples
were collected at designated timepoints as follows: pre-RT
(prRT) (1st), 2weeks after the start of RT (RT-2w) (2nd),
5weeks after the start of RT (RT-5w) (3rd), 1 month later
from the end of RT (poRT-1m) (4th), and 3 months later
from the end of RT (poRT-3m) (5th). Between August
2019 and June 2021, a total of 17 patients were enrolled
in the study. All registered patients were male and were
diagnosed with prostate cancer. Among these patients,
one patient refused to continue further study involvement
after the first sampling and was excluded from the study.

Finally, 16 patients with 79 fecal samples (excluding one
lost sample) were collected and analyzed for this study.

2.2 | Treatments

All registered study population underwent curative RT.
RT was performed using two arcs of the volumetric modu-
lated arc therapy (VMAT) technique with 10 megavoltage
photons. The Roach equations were applied to estimate
seminal vesicle (SV) and pelvic lymph node (LN) involve-
ment and criteria of approximately >20% were considered
as potential risk of involvement. Target volumes and dose
prescriptions (total and fractional doses) were decided ac-
cording to the National Comprehensive Cancer Network
(NCCN) prostate cancer risk classification and Roach
equations. RT fields were deemed local fields if the pa-
tients received RT to the prostate or prostate/SV and large
fields if the patients received RT to the pelvic LN stations
along with the prostate/SV. Total RT doses were[PTV]1)
and 45-50.4 Gy at 1.8 Gy per fraction in the low-dose area
(PTV2). Treatment characteristics are summarized in
Table 1. Antihormonal treatment was administered as ne-
oadjuvant therapy in 12 (75%) patients, and therapy was
maintained thereafter during the entire sampling period.

2.3 | Restriction of diet and medication
Because dietary habits and medications can lead to po-
tential shifts in microbiome abundance and distribution,
we instructed that they should maintain the usual dietary
pattern. We examined all medication histories of patients
and instructed them that maintenance of preexisting
medication due to chronic illnesses is allowed but intake
of additional new drugs such as antibiotics, antacids, or
probiotics is not recommended during sampling periods
if possible.

2.4 | Toxicity assessment and follow-up

Patient history taking, physical examination, and toxic-
ity evaluation were routinely performed at each follow-
up. Bowel and urinary toxicity were recorded based on
patient-reported toxicity outcomes every week during RT.
After RT, patient follow-up was conducted at 2weeks,
5weeks, 3months, 6 months, and every 6 months thereaf-
ter or more frequently upon clinical needs. Bowel toxicity
was mainly compared between patients with toxicity and
those without toxicity. Toxicity was regarded as positive
(+) when bowel habit change was prominent compared
with baseline (> grade 1 acute lower gastrointestinal
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TABLE 1 Baseline patient, tumor and treatment characteristics
(N=16).

Characteristics N (%)
Age (year)
Mean +SD 73.1+7
cT-stage cT1 4(25)
cT2 6 (37.5)
cT3a 1(6.3)
cT3b 4(25)
cT4 1(6.3)
cN-stage cNO 12 (75)
cN1 4(25)
Total Gleason Score 6 5(31.3)
7 9 (56.3)
8 2(12.5)
Initial PSA (ng/mL)
Mean +SD 49.1+115.3
Number of total biopsy core
Median (range) 12 (8-20)
Biopsy cancer percentage (%)
Mean +SD 44.5+27.2
RT volume Prostate 6(37.5)
Prostate/SV 2(12.5)
Prostate/SV/ 8 (50)
Pelvic LNs
Total RT dose (high-dose 69.6 3(18.8)
area) (Gy) 72 12 (75)
74.4 1(6.3)
Total RT dose (low-dose 0 8 (50)
area) (Gy) 45 5(31.3)
50.4 2(12.5)
54 1(6.3)
Use of antihormonal No 4(25)
treatment Yes 12 (75)

Abbreviations: PSA, prostate specific antigen; RT, radiation therapy.

toxicity by Radiation Therapy Oncology Group Common
Toxicity Criteria). Laboratory tests (including prostate-
specific antigen [PSA]) and imaging studies were per-
formed when clinically indicated.

2.5 | Sample collection, DNA
extraction, and 16S rRNA gene
amplicon sequencing

Fecal samples were collected from individual patients in
autoclaved tubes and stored at —80°C. Bacterial genomic
DNA from the fecal samples was extracted and quantified
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by the QIAamp DNA Stool Mini Kit (Qiagen, Hilden,
Germany) according to the manufacturer's instructions
for next-generation sequencing (NGS) analysis. NGS li-
brary sequencing was performed following the manufac-
turer's Illumina iSeq library preparation protocol provided
by Illumina (San Diego, CA, USA). Partial 16S rRNA gene
sequences were amplified from extracted DNA using the
StepOne Plus Real-Time PCR System (Applied Biosystems,
Foster City, CA, USA), which targets the V4 region of the
16S rRNA gene sequence. The amplicons were purified
using AMPure beads to remove unused primers. An addi-
tional 8 cycles of PCR were performed using Illumina bar-
coded adapters to prepare the sequencing libraries. Mixed
amplicons were pooled, and sequencing was performed
with the Illumina iSeq100 sequencing system (Illumina,
San Diego, California, USA). Classification and identi-
fication of 16S rRNA gene sequences for phylogenetic
analysis and taxonomic assignment of the quality-filtered
sequences were processed in the Microbiome Taxonomic
Profiling (MTP) pipeline of EzBioCloud (https://help.
ezbiocloud.net/ezbiocloud-apps/).

2.6 | Statistical analysis and
bioinformatics

The Shannon index was compared at each timepoint using
the Wilcoxon rank-sum test. Beta diversity distance was
measured by principal coordinates analysis (PCA) based
on generalized UniFrac® from the species level of taxa,
including unclassified OTUs. Data were normalized to the
maximal read count. To identify beta set significance, we
performed permutational multivariate analysis of vari-
ance (PERMANOVA) in a pairwise manner. The num-
ber of permutations was 999, and interset p values were
estimated.

To find differential microbiota between groups, we
used the publicly available toolbox “Statistical Inference
of Associations between Microbial Communities And
host phenoTypes”® (SIAMCAT, https://github.com/
zellerlab/siamcat). SIAMCAT provides an analysis pipe-
line for preprocessing, association testing, and statisti-
cal modeling of microbiome data. In the current study,
we performed association testing between groups using
SIAMCAT, which provides the abundances of the differ-
ential features. Features were filtered based on abundance
using a cutoff of 0.01. The statistical significance was cal-
culated by a Wilcoxon test using the Benjamini-Hochberg
multiple correction method.

We computed the microbial community polariza-
tion index (MCPI), which was adopted from a previous
Nakatsu et al. study,* as an indicator of RT-induced dys-
biosis. Based on the association test, differential microbial
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taxa were selected as representative microbiota for each
group. Then, the MCPI of the sample j was computed as
follows:
(TMA; inT)
MCPlj=In| —————— +1
(MA;inN) +&

where Al-j is the abundance of microbial taxa i in toxicity,
and no toxicity groups denoted as T, and N, respectively.
MCPI was compared using analysis of variance (ANOVA).

A linear mixed effect (LME) model was adopted in the
current study to evaluate time effects after RT with respect
to microbial features within subjects. In terms of toxicity,
the model was fitted by an interaction term with quadratic
days after RT x field, the use of antihormone therapy, the
event of toxicity, and age. In terms of the RT field, the in-
teraction term with quadratic days after RT x toxicity was
used instead. The dependent variable was the abundance
of a microbiota, and the random-effect variable was the
subject number. After LME models were fitted, predic-
tive margins and contrast of predictive margins between
groups were calculated and plotted. The significance with
respect to the contrast of predictive margins was estimated
by the chi-squared test. LME model establishment and
Wilcoxon rank-sum tests were performed by using STATA
17 (StataCorp LLC, TX, USA).

Functional biomarker discovery was performed by
the Kruskal-Wallis H test to find differential Kyoto
Encyclopedia of Genes and Genomes (KEGG) orthology
according to timepoints. Based on orthology with a raw
p value <0.05, Minpath* and PICRUSt** tools were used
to infer metabolic pathway abundances. Significant path-
ways with raw p value <0.05 were collected, and their
predicted abundances were plotted. This comparative
functional biomarker analysis was performed within the
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EzBioCloud Apps platform (https://help.ezbiocloud.net/
ezbiocloud-apps/).

3 | RESULTS

Among seven patients who experienced acute GI tox-
icities, six were in grade 1 and one was grade 2 (9days
treatment interruption due to toxicity). Three patients
experienced persistent acute GI symptoms until RT com-
pletion, and symptoms were subsided in four patients.
Among seven patients, five received large field RT and
the remaining two received local field RT. As shown in
Table S1, we found that all patients experiencing toxic-
ity recovered 4-week after RT. With median follow-up of
298.5 days (range, 107-567), PSA levels after treatment re-
mained consistently low, with all patients achieving PSA
nadir values of median 0.01 ng/mL (range, 0.01-2.51).

3.1 | Alpha and beta diversity according
to toxicity

A total of seven patients experienced > grade 1 acute GI
toxicities. In terms of alpha diversity, we found different
patterns in the change in the Shannon index between pa-
tients showing toxicity and no toxicity. Overall, patients
experiencing toxicity demonstrated lower diversity than
those having no toxicity (Figure 1A). In time series sam-
ples, we found two time points reflecting significant dif-
ferences between patients experiencing toxicity and no
toxicity: RT-2w (p=0.037) and RT-5wk (p=0.003), indi-
cating the manifested difference in alpha diversity in the
middle of RT. In terms of beta diversity, we plotted the
beta diversity distance according to the timepoints and
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FIGURE 1 According to the presence of toxicity, alpha diversity (A), beta-diversity distance (B), and PERMANOVA results (C) are
plotted. RT, radiation therapy; PERMANOVA, permutational multivariate analysis of variance; prRT, pre-RT; RT-2w, 2weeks after the start
of RT; RT-5w, 5weeks after the start of RT; poRT-1m, 1 month after the end of RT; poRT-3m, 3 months after the end of RT. The Q-value was

estimated by the Benjamini-Hochberg multiple correction method.


https://help.ezbiocloud.net/ezbiocloud-apps/
https://help.ezbiocloud.net/ezbiocloud-apps/

JANG ET AL.

the presence of toxicity (Figure 1B), demonstrating that
patients experiencing toxicity had a less variable range
of beta diversity than those without toxicity across time-
points. Figure 1C shows the result of PERMANOVA for
beta-diversity distance, resulting in a significant difference
(q-value=0.001). However, we did not find any significant
difference in beta-diversity distance across timepoints
within patients with toxicity and those without toxicity
(all g-value =1.000, Figure S1).

3.2 | Differential microbiota and the
time-dependent change in microbiota

Differential microbiota at the family, genus, and species
levels in terms of toxicity were explored. Full significant
associated features in terms of toxicity are provided in
Figure S2A-C. Of those, a microbiota showing the larg-
est generalized fold change toward each group was se-
lected and tested within a linear mixed effect model.
Christensenellaceae and Fusobacteria (family level,
Figure 2A), Sporobacter and Fusobaterium (genus level,
Figure 2B), and Eubacterium eligens and Bacteroides fra-
gilis (species level, Figure 2C) were significantly enriched
in patients showing no toxicity and toxicity, respec-
tively. LME analysis demonstrated that Christensenella
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1 |
il []
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abundance showed a trend of first increasing and then
decreasing over the first 90days after RT in patients with-
out toxicity (Figure 2D). Fusobacteriaceae (Figure 2E) and
Fusobacterum (Figure 2G) demonstrated similar abun-
dance trends, showing higher abundances in patients
experiencing toxicity than in those without toxicity. The
abundance of Sporobacter (Figure 2F) was consistently
and significantly increased across timepoints in patients
without toxicity. At the species level, Eubacterium eligens
showed a U-shaped abundance pattern from the start of RT
in patients without toxicity (Figure 2H). Except at 90 days
after RT, this trend was significant at all timepoints.
Although Bacteroides fragilis showed the opposite trend
of abundance between patients with and without toxicity
(Figure 21), the trend was not statistically significant.

3.3 | The change in MCPI
across timepoints

Based on differential microbial taxa between patients
experiencing toxicity and those experience no toxicity
(Figure 2A-C), we computed the sum product of abun-
dance of differential taxa in each taxonomic. Thus, sum
product of abundance of Fusobacteriaceae, Fusobacterim,
Bacteroides fragilis and sum product of abundance of
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FIGURE 2 Differential taxa according to the presence of toxicity at the family level (A), genus level (B), and species level (C). For each
differential taxa, a linear mixed effect model was fitted, and prediction plots are shown at the family level (D, E), genus level (F, G), and

species level (H, I). Asterix represents that p value was less than 0.05.
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Christensenellaceae, Sporobacter, Eeubacterium eligen
were calculated. Then, their log-ratio was computed and
compared between two groups (Figure 3). In patients who
experienced toxicity, we observed the elevation of MCPI
in the last part of RT session and slight decrease until

2.5 = Toxicity
® No Toxcity
2.0
a 1.5
(&)
=
1.0;
0.51
0.0 ® —
& o & & o
C e ¢ & &

FIGURE 3 The change in RT-related MCPI based on the family
level of taxa, according to the presence of toxicity. Asterix represents
that p value was less than 0.05. RT, radiation therapy; MCPI, microbial
community polarization index; prRT, pre-RT; RT-2w, 2weeks after the
start of RT; RT-5w, 5weeks after the start of RT; poRT-1m, 1 month
after the end of RT; poRT-3m, 3months after the end of RT.

3months after the completion of RT. Meanwhile, low
level of MCPI was maintained during RT and after RT in
patients without toxicity. Between two groups, significant
difference in MCPI was identified at the time of 5weeks
after the start of RT (ANOVA p=0.019).

3.4 | Trend of functional pathways
according to timepoints

We explored the functional pathways in groups stratified
by the presence of toxicity. In patients who experienced
toxicity (Figure 4A), we found linearly decreasing path-
ways, including carbon fixation pathways in prokaryotes
(p=0.035) and bacterial secretion systems (p=0.005).
Additionally, we found several increasing-decreasing
trends in metabolic pathways, including pertussis,
D-glutamine and D-glutamate metabolism, and steroid
hormone biosynthesis. In patients who did not experience
toxicity, the PI3K-Akt signaling pathway showed an in-
creasing trend during RT and a saturated trend after RT
(Figure 4B). Detailed predicted pathway abundances are
summarized in Table S2.

4 | DISCUSSION

We demonstrated the impact of RT on the patient's gut
microbiome in a time-dependent manner in terms of
diversity and MCPI. The MCPI developed in the cur-
rent study seemed to represent the dynamics of the
microbiome in prostate cancer patients receiving RT.
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FIGURE 4 The change in functional
pathways according to timepoints in
patients who experienced toxicity (A) and
no toxicity (B). RT, radiation therapy;
prRT, pre-RT; RT-2w, 2 weeks after the
start of RT; RT-5w, 5weeks after the start
of RT; poRT-1m, 1 month after the end

of RT; poRT-3m, 3 months after the end
of RT.
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Additionally, nearly 1month after the completion of
RT, some functional pathways recovered to their pre-RT
levels.

Gastrointestinal (GI) toxicities of pelvic RT are associ-
ated with reduced diversity and dysbiosis within the gut."
Accumulating studies®*’ have shown that decreased
alpha diversity is associated with the status of inflamma-
tory bowel disease. In line with this, reduced diversity
can be related to the inflammatory status induced by RT.
In fecal samples from 18 cervical cancer patients, Wang
et al.*® demonstrated that enteritis was characterized by
significantly reduced alpha diversity with a relatively
lower abundance of Bacteroides. However, it should be
noted that fecal samples were obtained before and the first
day after RT. Meanwhile, in the current study, we analyzed
more serial samples by collecting them before, during, and
after RT. Our results showed that alpha diversity was sig-
nificantly decreased at 2 and 5weeks after RT in patients
experiencing toxicity compared with those experiencing
no toxicity. Based on this finding, we hypothesize that the
diversity disturbance induced by RT could be initiated in
the middle of the RT session.

In addition to reduced diversity, another dysbiosis
within the gut can be induced by RT. In 35 patients with
a new diagnosis of locally advanced cervical cancer, Mitra
et al.”? analyzed the association between the Expanded
Prostate Cancer Index Composite (EPIC) instrument
and the gut microbiome. The EPIC questionnaire aims
to measure patient-reported toxicity to evaluate bowel
and urinary toxicity. Relatively higher abundances of
Phascolarctobacterium,  Lachnospiraceae, Veillonella,
Erysipelotrichaceae, and Faecalitalea were found in pa-
tients experiencing high toxicity. The LefSe analysis re-
vealed that Sutterella, Finegoldia, and Peptococcaceae
(Clostridia) demonstrated the highest differential abun-
dance in patients who reported high toxicity. In prostate
cancer, Ferreira et al.*® collected stool samples (N=32)
from pre-RT up to 12months post-RT to assess early
enterotoxicity induced by RT. Longitudinal analysis
showed that RT-induced enteropathy was associated with
higher abundances of microbes, including Roseburia,
Clostridium IV, and Faecalibacterium. Similarly, we per-
formed longitudinal analysis at the family, genus, and spe-
cies levels and found that Sporobacter abundance, which
is known to be enriched in healthy people, significantly
increased during and after RT for patients without toxic-
ity compared to patients with Crohn's disease.” In addi-
tion, RT caused a dynamic change in Eubacterium eligens
abundance—abundance decreased during RT and recov-
ered to baseline after the completion of RT—in patients
without toxicity. A previous study* analyzing fecal sam-
ples from nine gynecologic cancer patients who received
pelvic RT showed that Eubacterium eligens abundance

.. 20733
Cancer Medicine _ “WI LEYJ—

significantly decreased in the 5th week after RT compared
with that at baseline. This species belongs to the family
Lachnospiraceae, whose elevated abundance is signifi-
cantly associated with fewer adverse effects in the GI
tract.®® Aligned with this, patients without toxicity had a
higher abundance of this species than those who experi-
enced toxicity.

In addition to the abovementioned microbes, several
other microbes showed dynamic trends in patients. Rather
than focusing on a single microbe, microbial indices, such
as the ratio of Firmicutes to Bacteroides, or dysbiosis in-
dices, have been developed to conveniently represent gut
dysbiosis in a group. For example, two studies'”** revealed
that a high ratio of Firmicutes to Bacteroides was associ-
ated with RT-induced diarrhea. Additionally, the dysbiosis
index developed based on enriched and depleted taxa in
Crohn's disease was used.**** However, those indices did
not show any significant relationship in the current study
population. Instead, adopting the formulation of Nakatsu
et al.,”? we reinvented the MCPI as an RT-related micro-
bial signature based on enriched microbes in patients who
experienced toxicity compared to those who experienced
no toxicity. The MCPI seemed to represent dynamics in
the gut microbiome according to pelvic RT. Indeed, a sig-
nificant difference in MCPI between patients with and
without toxicity was found at 5weeks after the start of RT.

In terms of predicted metabolic pathways, we found
several differential functional pathways according to time-
points. Of note, poRT-3m seemed to show a different pat-
tern compared to other timepoints. Except for poRT-3m,
we identified a certain pattern in which the change in-
duced by pelvic RT mostly recovered to the status of prRT
in patients who experienced toxicity. For example, steroid
hormone biosynthesis may be involved in anti-inflamma-
tion for enteritis by RT. Additionally, the HIF-1 signaling
pathway may be relevant to the radioprotective effect given
that HIF-1 can attenuate or protect against RT-induced GI
inflammation.'**® Also, we observed the increasing trend
of PI3K-Akt signaling pathway in patients showing no tox-
icity. Inhibition of the PI3K-Akt pathway has been shown
to impair DNA repair after ionizing radiation in glioblas-
toma cells,” indicating that the DNA repair system may
be activated by this pathway. Cytokines such as HGF, IGF-
I, and IL-6 can confer protection to cells against apopto-
sis induced by radiation through the PI3K-Akt pathway.*®
Thus, we speculate that activation of the pathway may
lead to the mitigate or protect the bowel epithelial cells.
These functional findings are hypothesis-generating and
should be validated in a whole metagenome sequencing
study.

There are limitations in the current study. First, due
to the small number of patients, there is the possibility of
bias in conclusions regarding the relationship between a
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certain microbe and RT toxicity. Antihormone therapy,
found to be used in 75 of the study population, has the
potential to influence the composition of the gut micro-
biome,*® which can further modulate the gut microbial
profile. The causal relationship between the two remains
unclear. Nevertheless, microbiome studies in patients
with prostate cancer are rare, and to our knowledge, five
stool collections per patient have rarely been performed
in previous studies. Second, the validity of an RT-related
MCPI should be examined in other cancers, and meta-
bolic pathways changed during RT should be verified with
metagenome sequencing.

5 | CONCLUSION

In conclusion, we showed dysbiosis in the gut microbi-
ome generated by RT in patients with prostate cancer
who experienced RT toxicity. Reduced diversity and
elevated RT-related MCPI could be used for develop-
ing individualized RT. Longitudinal analysis revealed
dynamic changes in several microbes and metabolic
pathways, which should be validated in a whole metage-
nome sequencing study.
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