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Abstract

Background: Overlapping genes are involved with rheumatoid arthritis (RA) and DNA repair pathways. Therefore, we hypothesized
that patients with a high polygenic risk score for RA will have an increased risk of radiotherapy toxicity given the involvement of
DNA repair.

Methods: Primary analysis was performed on 1494 prostate cancer, 483 lung cancer, and 1820 breast cancer patients assessed for
development of radiotherapy toxicity in the REQUITE (validating pREdictive models and biomarkers of radiotherapy toxicity to
reduce side effects and improve QUalITy of lifE in cancer survivors) study. Validation cohorts were available from the Radiogenomics
Consortium. All patients had undergone curative-intent radiotherapy and were assessed prospectively for toxicity. Germline
genomic data was available for all patients, allowing a polygenic risk score to be calculated using 101 RA risk variants. Polygenic risk
score was analyzed as a continuous variable and with a more than 90th percentile cutoff. Associations with acute and late standar-
dized total average toxicity (STAT) scores and individual toxicity endpoints were analyzed in multivariable models with preselected
adjustment variables.

Results: Increasing polygenic risk score for RA did not increase the risk of STAT-acute or STAT-late in any cohort. There was an
increased risk of late esophagitis in the lung cancer cohort (coefficient = 0.018, P=.01), however this was not validated (P =.79). No
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individual acute or late toxicity endpoints were statistically significantly associated with polygenic risk score for the prostate or
breast cohorts. No statistically significant results were found in the validation cohorts in multivariable models.

Conclusions: Patients with a high genetic risk for RA do not show increased levels of toxicity after radiotherapy suggesting treatment

planning does not need to be modified for such patients.

Introduction

Rheumatoid arthritis (RA) is a systemic autoimmune disease
involving persistent joint inflammation, which results in cartilage
and bone damage. There is conflicting evidence in the literature
regarding the potential connection between RA and increased risk
and severity of radiation-induced toxicities.' RA may also be asso-
ciated with increased radiosensitivity. RA is a complex disease,
and genome-wide association studies (GWAS) have identified
multiple predisposing risk loci.>* This polygenicity of RA results
in complex and unique interactions between genes for each indi-
vidual, leading to variable disease characteristics.

One potential mechanism is the multiple potential interactions
between the genes involved in RA and individual radiosensitivity,
which may result in an increased risk and severity of toxicity after
radiotherapy. A full description of these overlapping genes is avail-
able in the systematic review by Liebenberg et al.' Briefly, there
are overlapping genes involved in RA and DNA damage responses;
particularly, the ATM and RAD5IB genes are identified in RA
GWAS and are important in DNA damage response pathways.>®
ATM is active in DNA double-strand break repair via nonhomolo-
gous end joining and in V(D)J recombination.”® More generally,
there are potential interactions between the risk loci for immuno-
deficiencies and genes involved in DNA repair.*'® Additionally,
RA involves dysregulation of the immune system and inflamma-
tory processes,”'t which have potential extra-articular effects (ie,
inflammation outside the joint tissues).!* Inflammation and the
immune response are also involved in radiation-induced normal
tissue toxicity.'**? This evidence strongly supports the hypothesis
that individuals with RA will have an increased risk of normal tis-
sue complications postradiotherapy, prompting concern over
treating such patients with a standard radiotherapy plan and nor-
mal tissue dose constraints. However, there are conflicting reports
and limited evidence in the literature to confirm or refute the
hypothesis.»***° Further complicating the clinical scenario, as
other polygenic diseases, some people will carry risk variants for
RA but will not manifest disease or receive a diagnosis. For these
patients, their genetic predisposition to RA and possible increased
risk of radiotherapy toxicity would not be known to the treating
radiation oncologist. To this end, we investigate the relationship
between individuals’ underlying polygenic risk score for RA and
their risk of radiotherapy-related toxicity. This approach will eluci-
date if it is an individual’s genetic predisputation to RA, which
drives these observed outcomes.

In this study, we focus on radiotherapy-related toxicity and
hypothesize that individuals with an increased genetic predispo-
sition to RA will have an increased risk of normal tissue toxicity.
To test the hypothesis, we generated polygenetic risk scores for
RA for individual patients treated with radiotherapy for prostate,
breast, or lung cancer. Our aim was to test whether patients at
high genetic risk of RA have an increased risk of normal tissue
toxicity after receiving curative-intent radiotherapy.

Methods

The Strengthening the Reporting of Genetic Association Studies
in Radiogenomics recommendations were followed during the
conceptualization, analysis, and reporting of this study.*’

Patient cohorts

The primary discovery cohort in this analysis was from REQUITE
(validating pREdictive models and biomarkers of radiotherapy tox-
icity to reduce side effects and improve QUalITy of lifE in cancer
survivors), a multicenter, international prospective study with
standardized longitudinal data and blood sample collection.?!??
Data were available from 1760 prostate, 2059 breast, and 530 lung
cancer patients treated with radiotherapy alone or as part of a
curative-intent treatment. Normal tissue toxicity data were col-
lected prospectively for all patients up to 2 years postradiother-
apy, scored according to the Common Terminology Criteria for
Adverse Effects scale, v4.0, for health-care professional and
patient-reported toxicities. Germline DNA was genotyped using
Mlumina OncoArray-500K BeadChips and imputed using the 1000
Genomes Project Phase 3.

Independent validation datasets were available from each
cohort and fully described in the Supplementary Material S1.
Briefly, prostate validation was available from RT01%?
(ISRCTN47772397) and CHHiP?* (ISRCTN97182923) trials and was
approved by the Cambridge South research ethics committee (05/
Q0108/365). Other prostate cohorts were available through data
sharing agreements through the international Radiogenomics
Consortium.”® The breast validation was available from recruited
participants enrolled in the Cambridge Intensity Modulated
Radiation Therapy (IMRT) Trial (ISRCTN21474421).%® The lung val-
idation cohort was available from RADIOGEN-recruited partici-
pants treated at the Clinical University Hospital of Santiago de
Compostela, Spain, and was approved by the Galician Ethical
Committee.?”?® Toxicity definitions for all cohorts are included in
Table S1. All participants had given their written consent for their
data to be used for research (Methods S1).

Toxicity

Acute toxicities were defined as the maximum reported toxicity
within 3 months of radiotherapy and late toxicities as the maxi-
mum reported after 3 months up to 2 years postradiotherapy
(the primary endpoint in REQUITE). Where baseline measures
(start of radiotherapy) were available, they were accounted for by
calculating a delta measure, defining the increase in reported
toxicity due to radiotherapy.

The following acute toxicities were selected in each cohort:
prostate (urinary frequency, nocturia, urinary urgency, hematu-
ria, urinary incontinence, decreased stream, dysuria, gastrointes-
tinal incontinence, diarrhea, gastrointestinal urgency, and
tenesmus); breast (erythema and ulceration); and lung (cough,
dyspnea, pneumonitis, dysphagia, and esophagitis). The follow-
ing late toxicities were selected in each cohort: prostate (proctitis,
rectal bleeding, hematuria, urinary frequency, and urinary reten-
tion); breast (telangiectasia, edema, induration, pigmentation,
and atrophy); and lung (cough, dyspnea, pneumonitis, dysphagia,
and esophagitis).

Standardized total average toxicity (STAT) scores were calcu-
lated following the methodology defined by Barnett et al.”® STAT
pools data from several toxicity endpoints into a measure of
overall toxicity experienced by each patient. The acute and late
toxicities defined above for each cohort were used to calculate
STAT-acute and STAT-late for each patient within a cohort.
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Calculation of polygenic risk score

The risk alleles for RA were defined from the GWAS study by
Okada et al;? 101 risk alleles were defined. The polygenic risk
score was calculated by summing the dosage of each risk allele.
A weighted polygenic risk score was calculated by weighting the
dosage by the odds ratio presented in the GWAS. Distributions of
polygenic risk score and weighted polygenic risk score were plot-
ted and tested for normality. Differences in polygenic risk score
and weighted polygenic risk score for patients with and without a
documented diagnosis of RA in the datasets were tested using a
Mann-Whitney U test.

Statistical analysis

Preselected clinical variables were defined for inclusion in multi-
variable models. These were prostate (age, diabetes, prior sur-
gery, hormone therapy, prescription dose [converted to a
biologically effective dose using an alpha-beta ratio=10Gy]);
lung (sex, age, smoking status, radiotherapy technique, fevl, v20
lungs, v35 esophagus, prescription dose [biologically effective
dose, using an alpha/beta=10Gy]), chronic obstructive pulmo-
nary disease; and breast (age, smoker status, cardiovasculature
disease, body mass index, breast volume, diabetes, postoperative
breast infection, breast boost).

Associations of the polygenic risk score and weighted poly-
genic risk score with STAT-acute and STAT-late were tested with
univariable and multivariable linear regression. Polygenic risk
score and weighted polygenic risk score were dichotomized at
the 90th percentile to investigate associations for those individu-
als at highest genetic risk. Associations were considered statisti-
cally significant if P value was less than.05. Individual acute and
late toxicity endpoints were analyzed with multivariable linear
regression, adjusting for the variables described. Multiplicity was
accounted for with a Bonferroni correction for the number of tox-
icity endpoints included within each treatment site. All statistical
analyses were performed with R version 4.1.1. Validation cohorts
were analyzed independently with matched clinical variables
and analysis procedure with Bonferroni corrections applied for
testing statistical significance . In addition, multivariable regres-
sions by RA diagnosis phenotype were analyzed independently.

Count

70 80 90 100 110
PRS

Results

A total of 1494 prostate, 1820 breast, and 483 lung cancer
patients were selected from the REQUITE cohort for analysis.
These patients were of European ancestry and with sufficient
genetic information available to calculate the RA polygenic risk
score and with toxicity information available to calculate STAT-
acute and STAT-late. Patient characteristics for all patient groups
are included in Table S2. Table S3 details the incidence of each
acute and late toxicity for each cohort. Histograms showing the
distribution of STAT-acute and STAT-late are included in Figure
S1 for the REQUITE cohort. Histograms show a right-sided skew
as expected because of a small number of patients experiencing
more severe toxicity.

Polygenic risk score and weighted polygenic risk score were
normally distributed across the whole REQUITE cohort (Figure 1)
and for the individual cohorts for the 3 treatment sites. Figure 2
shows that there were no statistically significant differences in
polygenic risk score or weighted polygenic risk score for patients
with or without a documented diagnosis of RA in each treatment
group. Table 1 shows the results for STAT-acute and STAT-late,
no statistically significant associations were found with the poly-
genic risk score used as a continuous variable or dichotomized at
the 90th percentile, either in univariable or multivariable analy-
sis. Univariable and multivariable results for weighted polygenic
risk score are included in Table S4; these models showed no sig-
nificant association of STAT-acute or STAT-late with weighted
polygenic risk score.

Multivariable results for individual acute toxicity endpoints
are included in Table 2. For patients with prostate cancer, rectal
bleeding showed a statistically significant association for
patients in the top 10th percentile of weighted polygenic risk
score after Bonferroni correction (coefficient = —0.30; 95% confi-
dence interval [CI] = —0.48 to —0.11; P=.002; Bonferroni correc-
tion for 14 acute endpoints, significance level P=.004). This
result suggests a high genetic risk for RA is protective for risk of
rectal bleeding. No acute toxicity endpoints were found signifi-
cant for patients with breast or lung cancer after Bonferroni cor-
rection.

Multivariable results for the individual late toxicity endpoints
are included in Table 3. For patients with prostate cancer,

Count

8 10 12 14
WPRS

Figure 1. The distributions of polygenic risk score and the weighted polygenic risk score for the REQUITE cohort, calculated using the 101 risk loci
identified by Okadaet al.? PRS = polygenic risk score; wPRS = weighted polygenic risk score.
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Figure 2. Box and whisker plots showing no differences in the calculated polygenic risk score and weighted polygenic risk score between individuals
who have a documented diagnosis of rheumatoid arthritis in the REQUITE cohort. Diagnosis of rheumatoid arthritis in the respective cohorts is
prostate 29 of 1494; lung 16 of 483; and breast 55 of 1820. PRS = polygenic risk score; wPRS = weighted polygenic risk score; RA = rheumatoid arthritis.

individuals in the top 10th percentile for weighted polygenic risk
score had a statistically significantly lower risk of hematuria
(coefficient = —0.06, 95% CI = —0.11 to —0.02; P=.01; Bonferroni
correction for 5 late endpoints, statistically significance level P
=.01). For patients with lung cancer, individuals in the top 10th
percentile of polygenic risk score showed a statistically signifi-
cant association with increased risk of esophagitis (coefficient =
0.18, 95% CI = 0.05 to 0.32; P=.01; Bonferroni correction for 5 late
endpoints, statistically significance level P=.01). There were no
late toxicities statistically significant for the patients with breast

cancer after Bonferroni correction (Bonferroni correction for 7
late endpoints, statistically significance level P =.007).

Validation results are presented in Table S5. STAT-acute,
STAT-late, and individual endpoints were analyzed for each
cohort. Multivariable models used the same adjustment varia-
bles as described in the primary analysis. No statistically signifi-
cant results were identified after Bonferroni corrections for the
number of endpoints tested. Univariable and multivariable mod-
els of STAT-acute and STAT-late by RA diagnosis phenotype
using the same adjustment variables as described in the primary
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Table 1. Univariable and multivariable analysis for acute standardized total average toxicity and late standardized total average
toxicity with polygenic risk score as a continuous variable and dichotomized at the 90th percentile in the REQUITE cohort

Acute standardized total average toxicity
(polygenic risk score continuous)

Late standardized total average toxicity
(polygenic risk score 90th percentile)

Univariable Multivariable?

Univariable Multivariable?

Beta (95% CI) P Beta (95% CI)

P Beta (95% CI) P Beta (95% CI) P

Prostate  —0.003 (=0.007 to 0.002) .29
Lung —0.006 (=0.016 t0 0.005) .30

—0.002 (=0.007 to 0.002)
—0.005 (=0.015 to 0.005)

29  —-0.064 (=0.015t0 0.025) .16
36 —0.045 (—0.242 t0 0.151) .65

~0.061 (=0.150t0 0.026) .17
~0.010 (=0.020t0 0.180) .92

Breast 0.002 (-0.010t0 0.007) .72  —0.004 (—0.011 to 0.004) .33 0.003 (-0.151t0 0.156) .97 —0.017(=0.170t0 0.133) .82
Late standardized total average toxicity Late standardized total average toxicity
(polygenic risk score continuous) (polygenic risk score 90th percentile)
Univariable Multivariable® Univariable Multivariable®
Beta (95% CI) P Beta (95% CI) P Beta (95% CI) P Beta (95% CI) P
Prostate  0.003 (=0.003t0 0.008) .35  0.003 (-0.004 to 0.009) .36 0.064 (—0.095 to 0.108) .20 0.006 (—0.096 t0 0.109) .91

Lung 0.006 (—0.004 to 0.018) .26
Breast 0.001 (—0.004 to 0.004) .88

0.006 (=0.004 t0 0.017)
0.001 (=0.003 to 0.004)

.26 0.167 (—=0.034 to 0.368) .10
.82 —0.011 (-0.095 to 0.072) 79

0.145 (—0.052 to 0.348) .14
0.006 (-0.076 to 0.087) .89

Abbreviations: CI = confidence interval; IMRT = Intensity Modulated Radiation Therapy.

a

For the multivariable analysis, the following adjustment variables were included: prostate (age at radiotherapy, diabetes, prior surgery, hormone therapy,

prescription dose [converted to biologically effective dose]); lung (sex, age at radiotherapy, prior or current smoker, radiotherapy technique [3-dimensional
conformal, arc, IMRT, tomotherapy, stereotactic radiotherapy], fevl, v20 lungs, v35 esophagus, prescription dose [converted to biologically effective dose],
diagnosis of chronic obstructive pulmonary disease; and breast (age at radiotherapy, prior or current smoker, history of cardiovasculature disease, body mass
index, breast volume, diagnosis of diabetes, postoperative breast infection, received breast boost).

analysis did not identify statistically significant results (see Table
S5).

Discussion

In this work, we have calculated a polygenic risk score for RA in
patients treated with radiotherapy for prostate, breast, or lung
cancer. No association between the polygenic risk score (or
weighted polygenic risk score) was found for STAT-acute or
STAT-late in the primary dataset or in any of the validation data-
sets. Analyzing individual endpoints showed patients in the top
10th percentile of polygenic risk score, treated with radiotherapy
for lung cancer, had an increased risk of late esophagitis (P=.01).
For patients with prostate cancer, those in the top 10th percentile
of weighted polygenic risk score had an increased risk of acute
rectal bleeding and increased risk of late hematuria. However,
none of these individual toxicity endpoints were validated in the
independent cohorts. Overall, the analysis suggests that patients
with a high polygenic risk score for RA do not experience
increased toxicities from receiving radiotherapy as part of their
cancer treatment. These results provide evidence that treatment
planning techniques or organ at risk (OAR) dose constraints do
not need be modified for such patients.

The RA phenotype is complex, and there has been conflicting
evidence published suggesting patients with RA are at higher risk
of radiation-induced toxicity.* The use of the polygenic risk score
for RA in this work allows the genetic component to be analyzed
as the primary driver behind increased toxicities. This hypothesis
was of interest as there exists overlaps of genes with RA and DNA
repair pathways. However, as this work identified no statistically
significance, it may be other aspects of the RA phenotype that
result in these observer clinical profiles. For example, RA itself
may initiate a cascade of inflammation. This increased inflam-
matory state of RA patients may then predispose an individual to
increased risk of radiation-induced toxicities. These interlinked
aspects need to be considered in future studies, with measures of
an individuals’ inflammatory state and germline DNA for the

calculation of their genetic risk of RA needed to separate these
influences.

A polygenic risk score is becoming a standard approach for
calculating the relative and absolute risk for an individual in
developing a complex disease affected by the interaction of
numerous single-nucleotide variation (SNV).?* These scores only
provide an estimated risk but do not predict when the disease
will manifest. They also combine the contribution of numerous
SNPs into a single value. However, in the context of the approach
in this paper, it may be a smaller subset of SNPs, common
between DNA repair and RA, which drives the increased toxicity
(for example, those in ATM and RAD51B*’). This level of
granularity is not captured within the polygenic risk score, where
an individual’s high genetic risk for RA may be through
contribution of high expression of SNPs, which do not increase
toxicity.

GWAS analysis for RA and other complex disease are increas-
ing in size and power. A recent GWAS for RA analyzed the data
from 276 020 individuals, identifying more than 2000 risk loci.*!
With this number of SNPs identified, care is needed in defining
the polygenic risk score to minimize the impact of many SNPs
with a low effect size.?”> An emerging approach to consider is to
partition the polygenic risk score.**® This approach clusters the
SNPs identified from the GWAS with biological process-specific
mechanisms. This has been successfully performed for type 2
diabetes with clusters defined around SNPs involved in biological
processes associated with B cell, proinsulin, obesity, lipodystro-
phy, and lipids.>* These partitions were then associated with car-
diovascular endpoints, with different partitions showing a
stronger association with different endpoints than the combined
polygenic risk score. This approach could be readily adopted in
future work in understanding associations with normal tissue
toxicities. Partitioning the RA GWAS into biological mechanisms
around potential pathways associated with toxicity (eg, inflam-
mation, DNA repair) may better power future analyses.

RA is a complex disease that affects patients through multiple
mechanisms leading to a common clinical phenotype.*®
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continuous variables and dichotomized at the 90th percentile in the REQUITE cohort?®

1023

Toxicity Continuous variables 90th percentile cut
Beta (95% CI) P Beta (95% CI) P
Prostate Urinary frequency PRS: —0.001 (—0.010 to 0.008) .85 PRS: —0.038 (—=0.096 to 0.020) .20
wPRS: —0.038 (—0.096 to 0.020) .20 wPRS: —0.089 (—0.264 to 0.086) 32
Nocturia PRS: —0.003 (—0.012 to 0.006) 47 PRS: —0.033 (—0.089 to 0.023) .25
wPRS: —0.034 (—0.089 to 0.023) .25 wPRS: —0.007 (-0.176 to0 0.162) .93
Urinary urgency PRS: —0.007 (—0.020 to 0.006) 31 PRS: —0.059 (—0.144 to 0.026) 17
wPRS: —0.059 (—0.144 to 0.026) 18 wPRS: —0.046 (—0.300 to 0.208) 72
Hematuria PRS: —0.001 (—0.002 to 0.001) .32 PRS: —0.002 (-0.010 to 0.006) .67
WPRS: —0.002 (~0.010 to 0.006) 67 WwPRS: —0.011 (~0.036 t0 0.014) 38
Urinary incontinence PRS: —0.001 (—0.011 to 0.010) .88 PRS: 0.011 (-0.053 to 0.076) 73
wPRS: 0.011 (—0.054 to 0.075) 73 wPRS: —0.102 (-0.296 to 0.091) .30
Decreased stream PRS: —0.001 (—0.006 to 0.005) .76 PRS: 0.005 (—0.030 to 0.039) .80
wPRS: 0.004 (—0.030 to 0.039) .80 wPRS: —0.059 (—0.162 to 0.045) .26
Dysuria PRS: —0.002 (—0.011 to 0.007) .66 PRS: —0.021 (—0.075 to 0.034) 46
WPRS: —0.021 (=0.075 t0 0.034) 46 wPRS: —0.017 (=0.181 t0 0.147) 84
Gastrointestinal incontinence PRS: —0.003 (—0.011 to 0.004) .38 PRS: —0.026 (-0.073 to 0.022) .29
wPRS: —0.026 (—0.073 to 0.022) .29 wPRS: —0.105 (—0.248 to 0.039) 15
Diarrhea PRS: —0.004 (—0.010 to 0.002) 19 PRS: —0.015 (—0.054 to 0.024) 46
wPRS: —0.015 (—0.054 to 0.024) 46 wPRS: —0.089 (-0.207 to 0.029) .14
Gastrointestinal urgency PRS: —0.004 (—0.016 to 0.008) 48 PRS: —0.024 (—0.101 to 0.052) .53
wPRS: —0.024 (—0.101 to 0.052) .53 wPRS: —0.059 (—0.288 to 0.170) .62
Tenesmus PRS: —0.005 (—0.015 to 0.004) .28 PRS: —0.023 (—0.085 to 0.039) 47
wPRS: —0.023 (—0.085 to 0.039) 47 wPRS: —0.110 (—0.297 to 0.077) 23
Gastrointestinal pain PRS: 0.008 (0.000 to 0.015) .05 PRS: 0.053 (0.006 to 0.010) .03
wPRS: 0.053 (0.006 to 0.100) .03 wPRS: 0.060 (—0.083 to 0.203) 41
Rectal bleeding PRS: —0.004 (—0.014 to 0.006) 41 PRS: —0.054 (—0.115 to 0.010) .10
wPRS: —0.052 (-0.115 to 0.011) .10 wPRS: —0.295 (—0.483 to —0.107) .002
Constipation PRS: 0.000 (—0.004 to 0.004) .95 PRS: —0.009 (—0.035 to 0.016) 48
WPRS: —0.009 (~0.035 t0 0.016) 48 WwPRS: —0.032 (=0.110 to 0.045) 42
Lung Cough PRS: —0.001 (—0.013 t0 0.010) 81 PRS: —0.059 (—0.280 t0 0.161) 60
wPRS: —0.011 (—0.085 to 0.063) 77 wPRS: —0.130 (—0.349 to 0.090) .25
Dyspnea PRS: —0.007 (—0.022 to 0.008) 39 PRS: —0.251 (—0.536 to 0.034) 09
wPRS: —0.039 (-0.134 to 0.057) 43 wPRS: —0.063 (—0.348 to0 0.223) .67
Pneumonitis PRS: 0.001 (-0.009 to 0.012) 79 PRS: 0.143 (—0.053 to 0.338) .15
wPRS: 0.032 (—0.033 to 0.098) 33 wPRS: 0.082 (—0.113 t0 0.278) 41
Dysphagia PRS: —0.003 (—0.011 to 0.006) 58 PRS: —0.040 (—0.208 t0 0.129) 65
wPRS: —0.024 (—0.080 to 0.032) .39 wPRS: —0.044 (—0.212 to 0.124) .61
Esophagitis PRS: —0.006 (—0.016 to 0.004) 23 PRS: 0.062 (=0.122 to 0.245) 51
wPRS: —0.001 (—0.062 to 0.060) .98 wPRS: 0.068 (—0.115 to 0.251) 47
Breast Erythema PRS: —0.003 (—0.010 to 0.004) 47 PRS: 0.038 (—-0.095 to 0.170) .58
wPRS: 0.013 (—0.030 to 0.056) .55 wPRS: —0.023 (-0.155 to 0.109) 73
Ulceration PRS: —0.002 (—0.007 to 0.004) .53 PRS: —0.041 (—0.141 to 0.060) 43
WPRS: —0.020 (=0.052 t0 0.013) 24 wPRS: —0.085 (=0.185 t0 0.015) 10

Abbreviations: CI = confidence interval; IMRT = Intensity Modulated Radiation Therapy; PRS = polygenic risk score; wPRS = weighted polygenic risk score.

a

The multivariable analysis included the following adjustment variables: prostate (age at radiotherapy, diabetes, prior surgery, hormone therapy, prescription

dose [converted to biologically effective dose]); lung (sex, age at radiotherapy, prior or current smoker, radiotherapy technique [3-dimensional conformal, arc,
IMRT, tomotherapy, stereotactic radiotherapy], fevl, v20 lungs, v35 esophagus, prescription dose [converted to biologically effective dose], diagnosis of chronic
obstructive pulmonary disease); and breast (age at radiotherapy, prior or current smoker, history of cardiovasculature disease, body mass index, breast volume,
diagnosis of diabetes, postoperative breast infection, received breast boost). Results significant after Bonferroni corrections are shown in bold.

Mechanisms work through environmental and genetic factors
and include cell matrix destruction, inflammation (local and sys-
temic), and a breakdown of immune tolerance. The multifaceted
nature of RA brings a level of noise into the analysis. The GWAS?
did not discriminate between mechanisms, only analyzing
against the clinical phenotype, therefore the identified SNPs will
capture all mechanisms. It is likely that different mechanisms
involved in the development of RA will impact patient toxicity
outcomes differentially. These considerations may help explain
the conflicting reports in the literature and the lack of clear clini-
cal guidance for the management of patients with RA undergoing
radiotherapy. There may also be influences from polypharmacy;
patients with managed RA may experience increased or
decreased radiotherapy-related toxicity risk from interactions
with ongoing medications.’®*” Therefore, radiation oncologists
should have a discussion with rheumatologists and general prac-
titioners regarding the importance of continuing disease-

modifying medication during radiotherapy. These considerations
should be further explored in datasets where details on medica-
tions are available.

Preselected adjustment variables were controlled in multivari-
able models. These were selected based on established knowl-
edge of drivers of normal tissue toxicities. There may be further
variables unaccounted that would improve model performance.
Additionally, toxicity data were only available up to 2 years post-
radiotherapy; some radiation-induced toxicity can develop even
later and further analysis should be considered to look at longer-
term presentation of toxicities. A further aspect worth consider-
ing in future studies is to better account for the dosimetric
drivers of toxicity. Numerous dosimetric studies have now high-
lighted dose-sensitive subregions of organs at risk where excess
dose is more strongly associated with toxicity and morbidity than
whole organ doses. For example, work in patients treated with
radiotherapy for prostate cancer have identified different spatial
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Table 3. Multivariable analysis for individual late toxicity endpoints with polygenic risk score and weighted polygenic risk score as

continuous variables and dichotomized at the 90th percentile in the REQUITE cohort?®

Toxicity Continuous 90th percentile
Beta (95% CI) P Beta (95% CI) P
Prostate Proctitis PRS: —0.001 (—0.010 to 0.007) 77 PRS: 0.002 (—0.051 to 0.055) .95
wPRS: 0.002 (—0.051 to 0.055) .95 WPRS: 0.094 (—0.254 to 0.066) .25
Rectal bleeding PRS: 0.003 (—0.001 to 0.008) 12 PRS: 0.009 (—0.015 to 0.032) 46
wPRS: 0.009 (—0.015 to 0.032) 46 wPRS: 0.024 (—0.046 to 0.094) 51
Hematuria PRS: 0.000 (—0.003 to 0.002) .88 PRS: —0.006 (—0.022 to 0.010) 44
wPRS: —0.006 (—0.021 to 0.009) 44 WwPRS: —0.061 (—0.106 to —0.016) .01
Urinary frequency PRS: 0.001 (—0.007 to 0.009) .79 PRS: 0.006 (—0.043 to 0.055) .82
wPRS: 0.006 (—0.043 to 0.055) .80 WPRS: 0.024 (—0.126 to 0.175) 75
Urinary retention PRS: 0.003 (—0.003 to 0.009) .18 PRS: 0.028 (—0.004 to 0.060) .08
wPRS: 0.028 (—0.004 to 0.060) .08 wPRS: —0.016 (—0.112 to 0.082) .76
Lung Cough PRS: 0.007 (—0.005 to 0.019) .26 PRS: 0.156 (—0.074 to 0.386) .19
wPRS: 0.023 (—0.054 to 0.100) .55 wPRS: 0.236 (0.007 to 0.464) .04
Dyspnea PRS: —0.002 (-0.019 t0 0.014) 77 PRS: —0.022 (-0.125 to 0.081) 68
wPRS: —0.022 (—0.125 t0 0.081) .68 WPRS: 0.066 (—0.241 to 0.373) 67
Pneumonitis PRS: 0.007 (—0.005 to 0.019) .27 PRS: 0.038 (—0.196 to 0.272) .75
wPRS: 0.054 (—0.024 to 0.132) .18 WPRS: 0.114 (—0.119 to 0.347) 34
Dysphagia PRS: 0.006 (—0.003 to 0.015) .18 PRS: 0.172 (0.011 to 0.333) .04
wPRS: 0.027 (—0.027 to 0.081) .33 wPRS: 0.106 (—0.055 to 0.267) .20
Esophagitis PRS: 0.001 (—0.006 to 0.009) .70 PRS: 0.184 (0.051 to 0.317) .01
wPRS: 0.002 (—0.043 to 0.046) .95 wPRS: 0.069 (—0.065 to 0.203) 31
Breast Telangiectasia PRS: 0.000 (—0.002 to 0.002) .96 PRS: —0.014 (—0.057 to 0.029) .53
wPRS: —0.002 (—0.015 t0 0.012) .82 WPRS: —0.012 (—0.055 to 0.031) .59
Telangiectasia, tumor bed PRS: —0.001 (—0.003 to 0.002) .59 PRS: —0.032 (—0.075 to 0.011) 14
wPRS: —0.010 (-0.024 to 0.004) 17 wPRS: 0.007 (—0.036 to 0.050) 74
Edema PRS: —0.001 (—0.006 to 0.003) 48 PRS: —0.010 (—0.089 to 0.069) .80
wPRS: 0.000 (—0.026 to 0.025) .98 wPRS: —0.021 (-0.101 to 0.058) .60
Induration PRS: 0.002 (—0.002 to 0.007) .26 PRS: 0.053 (—0.028 t0 0.133) .20
WwPRS: —0.007 (—0.033 t0 0.019) .62 WPRS: —0.024 (—0.104 to 0.057) .56
Induration, tumor bed PRS: —0.001 (—0.006 to 0.004) 72 PRS: 0.011 (—0.087 to 0.109) .82
wPRS: —0.012 (—0.044 to 0.020) 47 WPRS: —0.087 (-0.185 t0 0.012) .08
Pigmentation PRS: 0.004 (0.00 to 0.008) .08 PRS: 0.077 (0.000 to 0.155) .05
wPRS: 0.018 (—0.007 to 0.043) .15 wPRS: 0.038 (—0.040 to 0.115) 34
Atrophy PRS: 0.001 (—0.005 to 0.007) 76 PRS: —0.005 (-0.113 to 0.103) .93
wPRS: —0.007 (—0.043 to 0.028) .68 wPRS: 0.006 (—=0.103 to 0.115) 91

Abbreviations: CI = confidence interval; IMRT = Intensity Modulated Radiation Therapy; PRS = polygenic risk score; wPRS = weighted polygenic risk score.

a

The multivariable analysis included the following adjustment variables: prostate (age at radiotherapy, diabetes, prior surgery, hormone therapy, prescription

dose [converted to biologically effective dose]); lung (sex, age at radiotherapy, prior or current smoker, radiotherapy technique [3-dimensional conformal, arc,
IMRT, tomotherapy, stereotactic radiotherapy]), fevl, v20 lungs, v35 esophagus, prescription dose [converted to biologically effective dose]), diagnosis of chronic
obstructive pulmonary disease; breast (age at radiotherapy, prior or current smoker, history of cardiovasculature disease, body mass index, breast volume,
diagnosis of diabetes, postoperative breast infection, received breast boost). Results significant after Bonferroni corrections are shown in bold.

dose patterns across the surface of the rectum® and bladder*#°
associated with different toxicity endpoints. Similarly, in lung
cancer patients, the base of the heart has been identified as more
dose sensitive.*"*? By better combining spatial dose modeling
alongside genetic drivers of toxicity, a more detailed understand-
ing of dosimetric and genetic drivers of toxicity will emerge. In
this work, we remained focused on toxicities affecting normal tis-
sues within the radiation field. However, a further common acute
radiation-induced toxicity experienced is fatigue, because of
potential interactions of the radiation and the immune system.
Fatigue can also be associated with an increased inflammatory
state, and there may be interactions with RA. A follow-up study
should investigate if patients with a high genetic risk of RA expe-

rience worsens fatigue postradiotherapy.
In conclusion, patients with a high genetic risk of RA do not

appear to have an increased risk of normal tissue toxicity after
receiving radiotherapy. These results suggest that radiotherapy
planning and delivery does not need to be modified for these

patients.
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