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Purpose: Radiation therapy (RT) causes tissue damage and inflammation. Because cytokines play a key role in such processes, their
expression levels can be an indicator of cell and tissue toxicity. This critical review aims to explore whether levels of circulating
inflammatory biomarkers in peripheral blood are associated with proton- or photon-based therapy in the pelvic area and how these
levels vary over time. Further, we investigated whether these levels can be linked to radiation dose, the incidence of toxicity, and
changes in toxicity over time.

Methods and Materials: A literature search was conducted in PubMed to find studies involving comparative cohorts of pelvic
irradiated patients with cancer. Studies reporting on the association of markers in peripheral blood with inflammatory processes and/
or toxicity were included.

Results: We found evidence of associations between changes in inflammatory cytokine levels and the total cumulative dose-volume
together with RT-induced toxicity in patients with cancer treated with pelvic RT. Common patient-reported outcomes demonstrate an
association between radiation toxicity (eg, genitourinary toxicity) and circulating inflammatory biomarker levels.

Conclusions: This review highlights that the total cumulative dose and irradiated tissue volume are the primary drivers of RT-induced
biomarker expression, influencing both early and late toxicity outcomes. The diversity in RT techniques, total dose, and number of
treatment sessions across studies likely contributes to the variation in observed results. Circulating cytokine and biomarker levels in the
blood can provide valuable monitoring and predictive insights for patients undergoing proton- or photon-based RT of the pelvis.
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Biomarker analysis in the context of RT offers clinical value by enabling personalized treatment by helping predict which patients are at
higher risk for certain toxicities, guiding clinicians in tailoring treatment, optimizing supportive care, and adjusting RT plans. This
approach could improve patient outcomes and quality of life by reducing long-term complications from radiation exposure.

© 2025 The Authors. Published by Elsevier Inc. on behalf of American Society for Radiation Oncology. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

In radiation therapy (RT), precision health strives to
improve or optimize techniques, dose delivery, and treat-
ment regimens to permanently control primary malignant
tumors and regional lymph node metastases. Localized
RT can affect the whole body on a systemic level, causing
damage to nonirradiated normal tissues or distant
tumors.' Patients often experience side effects, such as
fatigue, diarrhea, and weight loss, even outside the pri-
mary target area. Despite optimized RT, low-dose scatter
radiation impacts normal nonirradiated tissues, including
blood and normal tissues surrounding the tumor, such as
the bone marrow and the thymus.”

Cytokines, such as interferons (IFNs), interleukins (ILs),
and growth factors, are a class of immunoregulatory pro-
teins that affect interactions and communication between
cells and tissues. This can stimulate autocrine, paracrine, or
endocrine responses in cells. RT-induced toxicity corre-
sponds with circulating cytokine levels.” When RT causes
tissue damage and inflammation, cytokine expression can
indicate cell and tissue toxicity."” The induction and regula-
tion of proinflammatory and anti-inflammatory cytokines
are involved in the programmed cellular response to pro-
mote repair in irradiated tissue. Local high doses and
whole-body irradiation lead to systemic activation of
immune signaling pathways in peripheral blood.’ Time-
and treatment-dependent modulation of specific cytokines
at the systemic level sometimes persists for several years
posttreatment, indicating a definite systemic response to
radiation mediated by inflammatory pathways.

Positive and negative RT outcomes, toxicity reactions,
and treatment resistance are determined by the balance
between proinflammatory and anti-inflammatory cyto-
kines.” Several factors, including preexisting comorbidities
and lifestyle, affect cytokine profiles and the variability in
radiation effects.” For example, radiation dose, tissue type,
and tumor cell characteristics can influence the protumor
or antitumor effect of the local response. Moreover, the
pathogenesis of in vivo radiation damage has a clear genetic
basis, with polymorphisms in cytokine genes contributing
to the diversity between individuals in terms of efficacy and
adverse reactions. Although the impact of RT on tumor
morphology has been routinely examined, its impact on the
inflammatory response in this microenvironment is not as
well characterized.” Understanding these dynamics is essen-
tial to refining treatment strategies and optimizing the ther-
apeutic impact of RT.

This critical review aims to explore whether circulating
levels of inflammatory biomarkers in peripheral blood are
associated with proton- or photon-based therapy in the
pelvic region and how these levels vary over time. In addi-
tion, we investigated potential links between biomarker
levels, dose variables, and the incidence of toxicity, as well
as changes in toxicity over time. Understanding the rela-
tionship between biomarker levels and toxicity in patients
undergoing pelvic RT for cancer is crucial to improving
treatment precision and reducing side effects because bio-
markers (eg, cytokines) can serve as indicators of cell and
tissue toxicity. By monitoring biomarker levels in the
blood over time, we can identify patients at higher risk of
side effects, enabling tailored treatment and targeted sup-
portive care. This approach aims to improve patient qual-
ity of life, reduce long-term complications, and enhance
treatment outcomes.

Material and Methods

Literature search strategy

A comprehensive literature search was conducted in
PubMed to identify studies that included patients who
were irradiated with protons or photons in the pelvic
region,” focused on toxicity and inflammatory cytokines
in peripheral blood, and were published up to November
2022. Search terms included “RT,” “proton therapy,”
“cytokine,” “radiation tolerance,” “radiation effects,”
“radiation injuries,” “neoplasms,” “rectal,” “anus (anal),”
“gene expression,” “toxicity,” “adverse effects,” “blood,”
“immunology,” “proton beam therapy,” “proton therapy,”
“pencil beam proton therapy,” “pencil beam scanning,”
“intensity modulated proton beam therapy,” “photon
beam therapy,” “cancer,” and “inflammatory.” All search
terms were combined with Boolean operators and
searched with MeSH terms to ensure maximal sensitivity.
After screening titles and abstracts using the criteria stated
later, the references of full-text articles were searched for
any additional relevant studies.

» « » «

Inclusion criteria

Studies involving patients receiving proton- or photon-
based RT for cancer in the pelvic region that reported associ-
ations between peripheral blood markers, inflammatory
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processes, and/or toxicity were included in the present
review. Studies on proton-based RT of primary or recurrent
cancer were also included. Only English-language studies
were included, and pediatric populations were excluded.
Case reports, consensus documents, narrative reviews, edito-
rial reports, and studies focusing on clinical outcomes of RT
outside the pelvic region and comparisons of treatment
plans were also excluded.

Definitions

We considered that P < .05 indicated significance for
the results in the included studies. We considered acute
toxicity to be symptoms and signs occurring within
6 months and late toxicity to be symptoms and signs
occurring from 6 months after RT.

Results

Literature search and baseline
demographics

The literature search identified 3529 potential studies.
After removing duplicates and screening titles and
abstracts based on the inclusion criteria, 30 studies
remained. After a full-text review, 10 studies did not meet
the inclusion criteria and were excluded. Six additional
studies were found through the reference lists of these
articles, resulting in a total of 26 studies that met the
inclusion criteria.

Of the 26 studies included in the analysis, most focused
on the treatment of prostate cancer (n = 19), followed by
rectal (n = 4), cervical (n = 2), and uterine cancer (n = 1).
Only one study involved proton-based RT for prostate
cancer. Baseline demographics are presented in
Table 1.%'°** Biomarkers in the texts refer to cytokines,
chemokines, blood counts, and other relevant analyses.
Only biomarkers linked to the RT response are presented.
All measured biomarkers are presented in Table E1.

Wave patterns of biomarkers after RT

Several studies reported changes in the levels of circu-
lating inflammatory biomarkers in patients receiving pho-
ton-based pelvic RT (Fig. 1 and Table E1).%'*® Despite
the heterogeneity in study designs, biomarker panels, and
patient cohorts, certain consistent patterns have emerged,
highlighting shared mechanisms underlying these
responses. These changes often follow specific dynamic
trends, including wave-like patterns, which reflect the
complex physiological responses to RT. For example, fluc-
tuations in inflammatory biomarkers such as ILs and

growth factors have been observed, with distinct peaks
and declines during and after RT treatment phases.

Wave patterns in biomarker levels often correspond to
specific phases of RT and the cumulative radiation dose.
For example, Johnke et al'” observed wave patterns in
patients with prostate cancer with an immediate increase
in IL-18 and IL-6 during initiation of RT, with a peak
after 1-2 weeks before returning to pre-RT levels. A
decrease in IL-18, IL-6, and C-reactive protein (CRP) lev-
els post-RT was observed by Bower et al'® in patients with
prostate cancer.

Kovacs et al'' demonstrated that the plasma levels of
IL-1a, macrophage colony-stimulating factor (M-CSF),
and transforming growth factor B (TGF-B) exhibited
cyclical waves in relation to the cumulative dose during
conventional wide-field RT in patients with prostate can-
cer. Seven of 37 patients had waves of elevated IL-1c with
peak levels during the first 3 months following RT, which
subsided after 4-8 months and was almost restored by 10-
12 months post-RT. TGF-p levels were also elevated in 14
of the 37 patients, similar to IL-1¢, with 8 patients having
increased TGF-f levels over a 14-month period post-RT.
Wave patterns in TGF-p1 levels corresponding with the
cumulative dose during RT were also observed by Johnke
et al."” These studies highlight that circulating biomarkers
can display very complex patterns of regulation.

Despite variations in study quality and methodology, a
key observation is the transient yet cyclical nature of bio-
marker responses to RT. These patterns likely reflect the
dynamic interplay between acute inflammatory responses,
tissue repair processes, and the resolution of radiation-
induced damage. Understanding these wave-like trends
may help elucidate the underlying mechanisms of radia-
tion toxicity and recovery.

Association between biomarker levels,
RT dose, and irradiated volume

RT dose and cumulative dose-volume are 2 important
variables mediating the radiation response. Christensen et
al” tested associations between cytokine levels and irradi-
ated tissue volume in patients with prostate cancer, but
only IL-12p70 (P = .05) was associated with volume in the
RT cohort. In their investigation of increasing doses over
total RT time, a significant association was found with IL-
6 (linear model) and IFN-y (quadratic function) levels.
This implies that because the cumulative dose-volume
increases, the IL-6 and IFN-y levels increase. Both Bower
et al'® and Pinkawa et al'” observed in patients with pros-
tate cancer increased IL-6 levels, suggesting a treatment
volume effect for this factor.

Bower et al'® demonstrated that a higher dose of radia-
tion was associated with increased CRP levels over the
assessment period, but this was not seen for IL-18 or
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Table 1 Baseline demographics, including author, publication year, number of patients, age, tumor site, treatment, time points for blood collection, toxicity evalua-
tion, biomarkers, and if P values were adjusted for multiple testing for all studies.
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Biomarkers and P values
Number of Time points for blood adjusted for multiple

Author Year patients Age (y) Tumor site Treatment collection. Toxicity evaluation testing.

Abdel-Messeih, Nos- 2017 20 Mean 72 Prostate Photons, total dose of 66 Gy ~ Pretreatment and after last IL-4, IL-5 and IFN-y
seir and Bakhe'’ 20 controls Mean 72 in 33 fractions, 5 ses- RT. Controls at a routine (serum)

sions/wk for a period of 7 visit. Adjusted P value: Tukey-
wk. Kramer multiple compari-
son test.

Ahlberg, Ekman and 2004 15 Mean 63 Uterine Photons, external RT to a Pretreatment, 3 wk (after 30 ~ MFI-20 IL-1, IL-6, TNF-« (plasma)
Gaston- total dose 46 Gy, Gy), after last RT (46 Gy, and hemoglobin (blood).
Johansson®® 2 Gyl/fraction, 4 d/wk +5to 6 wk) and 1 wk

after hysterectomy. post-RT.

Bedini et al'? 2018 20 53-78 Median 71 Prostate Photons. IMRT at 78 Gy Pretreatment, after dose 8 Questionnaire with 4 major ~ L-18, IL-6, CXCL8, TNF-«,
2 Gyl/fraction. Six patients Gy, after dose 50 Gy, after types of rectal injury: rec- CCL2, and PTX3 (plasma).
received neoadjuvant/ last fraction and 1 month tal bleeding and mucosal
adjuvant hormone ther- post-RT. loss, sphincter control
apy. and continence, stool fre-

quency, and pain and
urgency.
Bower et al'® 2009 48 Mean 57.1 Breast (n=28) Photons, typically received Pretreatment, 5d of RT, 10 ~ Fatigue Symptom Inven- IL-18 and IL-6
29-75 Prostate (n=20) RT 5 d per week, Monday d of RT, 20 d of RT, last tory, Medical Outcomes (n=48)
Mean 70.6 through Friday, for a 6-to week of RT, 2 wks post- Study Sleep Scale, and IL-1ra and CRP
54-79 8-wk course of RT. RT and 2 months post- Center For Epidemiologic ~ (n=12 breast, n=10 Prostate)
RT. Studies—Depression scale  (serum)
Christiansen et al”’ 2007 18 Median 70.3 57.5- Prostate Photons (20 MeV), 3- Pretreatment, mid of RT, Weekly during RT and IL-1p, IL-6, TNF-a, prohepci-
79.7 dimensional conformal and at the end of RT. every second week post- din, ferritin and transferrin
external beam RT to a RT according to the (plasma) hemoglobin, leu-
total dos at least 71 Gy CTC-AE v3.0 until disap- kocytes, and Platelets
with 1 cm safety margin, pearance. (blood).
5 sessions/wk. The pre-
scribed dose was defined
in accordance with the
ICRU and measurement
report 50.

Christensen et al* 2009 42 Mean definitive Prostate Photons. definitive IMRT 2 samples pretreatment and ~ CTC-AE v3.0 IL-1e, IL-2, IL6, IL-8, IL-10,
group 72 £ 4y 78 Gy in 39 fractions at every 5th fraction dur- ~ Before and every week dur- IL-12p70, IFN-y, TNF-a,
postoperative (n=22) and postoperative ing IMRT. The first 13 ing RT and GM-CSF (serum,

62 £ 3y. Age was IMRT 66-70 Gy in 33 patients had samples col- n=30)
significantly dif- fractions (n=20). IMRT lected every 10th fraction. (serum and plasma, n=12).
ferent between planning to the prostate After last fraction, 90%
the groups (P < gland and definition of had 2 baseline samples
.0001). the postoperative group pre-RT.
(continued on next page),
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Table 1 (Continued)

Biomarkers and P values

of 50.4 Gy via a 4 field
box technique: the fields
were individually shaped
to the obturator, external
iliac, and internal lymph
nodes. Additional boost
was given in 8 fractions of
2.10 Gy/fraction on a

4 d/wk schedule for a
total dose of 67.2 Gy.
Three patients had pro-
ton beam treatment as a
boost at the Harvard
Cyclotron, and they were
not studied after the ini-
tial photon treatment.

RT, total 9 measure
points.

Number of Time points for blood adjusted for multiple
Author Year patients Age (y) Tumor site Treatment collection. Toxicity evaluation testing.
Dirksen, Kirschner 2014 29 Mean 68 Prostate Photons and seeds, external ~ Pretreatment and within POMS F/I, ISI, HADS, and IL-1pB, IL-4, IL-6, IL-10 and
and Belyea™ RT and prior prostatec- 2 wk post-RT or 10 wk EPIC-26 short form TNF-a, (serum).
tomy (10%), external RT after seeds had been
alone (38%), brachyther- implanted.
apy alone (7%), and con-
current RT and hormonal
therapy (45%).
Feng et al”’ 2017 34 Mean 64.3 Prostate Photons, 8-wk regimen of Pretreatment, midpoint of FACT-F IL-1pB, IL-1ra, IL-2, IL-2ra, IL-
49-81 EBRT; 27 participants EBRT (days 19-21 after HAM-D 3,1L-4, IL-5, IL-6, IL-7, IL-
received a total dosage of EBRT initiation), and 1 y 8,1L-9, IL-10, IL-12p70, IL-
75.6 Gy, and 7 partici- after EBRT. 12p40ad, IL-13, IL-16, IL-
pants with prior prosta- 17, IL-18, IFNa2, IFN- y,
tectomy received 66.0 to TNF-a, eotaxin, FGFbasic,
68.4 Gy. G-CSF, GM-CSF, GROa,
HGEF, IP-10, macrophage
migration inhibitory factor,
MCP-1, MCP-3, MIG,
MIP-1a, MIP-18, M-CSEF,
bNGF, SCF, SCGFb,
SDFla, RANTES, PDGFbb,
VEGF, CTACK, TRAIL,
LIF, S100B, and CGRP
(serum)
Greenberg et al* 1993 15 Mean 68 Prostate Photons (high energy), Pretreatment then weekly VAS, hours slept, Beck IL-18
54-80 1.8 Gy/fraction to a dose (1-8 measures) during Depression Inventory (serum)

(continued on next page),
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Table 1 (Continued)

Biomarkers and P values

Number of Time points for blood adjusted for multiple

Author Year patients Age (y) Tumor site Treatment collection. Toxicity evaluation testing.

Gridley et al*® 1996 20 Mean 68.5 Prostate Photons (n=5, 18-23 MV) Pretreatment, after 2 frac- RTOG scoring system 0-5 IL1B, TGF-B1, TNF-o, and

3 healthy male 51-80 with 4 fields 1.8 Gy/frac- tions, after 5 fractions evaluation of potency, bFGF
adults Mean 54.3 tion to a mean dose of and directly after last urinary frequency, noctu- (plasma)
49-63 57.4 Gy. Protons (200- fraction. ria, dysuria, hematuria, Adjusted P value: Tukey’s
250 MV) with 2 and 3 Two times from 2 of the 3 urethral stricture, bowel honestly significant differ-
fields 2.0 Gy/fraction and healthy adults. movements, diarrhea, ence.
photons (n=8, 18-23 MV) rectal pain, rectal bleed-
with 4 fields 1.8 Gy/frac- ing, nausea, and skin
tion to a mean dose of reactions.
72.1 Gy. Protons (n=7,
200-250 MV) with 2 and
3 fields 2.0 Gy/fraction to
a mean dose of 73.0 Gy.
Hallemesier et al** 2013 18 Median 64 Rectal (n=15) Photons. Median dose to Beginning of RT, 3 wk of Diarrhea severity by the IL-6 (serum) and TGF-8
33-79 Prostate (n=3) the pelvis 45 Gy (range, RT, and the final week of CTC-AE v3.0, maximum (plasma).
44-50.4 Gy). Fourteen RT. number of bowel move-
patients received a tumor ments per day, cramping
boost (median, 5.4 Gy; score,
range, 5.4-30.6 Gy). Pel-
vic RT was delivered with
3-dimensional conformal
RT in 14 patients (78%)
and IMRT in 4 patients
(22%). The median
(range) maximum dose to
the rectum, colon, and
small bowel was 53.6
(48.0-79.5) Gy, 52.2 (0-
74.8) Gy, and 52.3 (23.9-
54.3) Gy, respectively.

Holliday et al*® 2016 28 Mean 66.9 Prostate Photons, Pretreatment, 1 h after the SF-36 (v1.0), International IL-1e, IL-1p, IL-6, IL-8, IL-
5th, 15th (end of week 3), Prostate Symptom Score 10, TNF-«, and VEGF
25th (end of week 5), and and Beck Depression (Serum)
39th (final) RT. Inventory (BDI) Adjusted P value: Bonferroni

Actiwatch Score (AW-S) adjustment.
Hurwitz et al*” 2010 13 Prostate Photons, 8 wk of 3-dimen- Pretreatment of androgen IL-6, TNF-«, and Hsp72

sional conformal RT.
Eight of the 13 patients
received neoadjuvant
androgen suppressive
therapy for 8 wk prior
RT.

suppression, start of RT,
and end of RT.

(serum)
CD8+ CTL and NK cells
(blood).

(continued on next page)
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Table 1 (Continued)

Biomarkers and P values

Number of Time points for blood adjusted for multiple
Author Year patients Age (y) Treatment collection. Toxicity evaluation testing.
Johnke et al*® 2009 37 hormone 1.Mean 71.5 Photons (20 MV), a 4-field Pretreatment, accumulated IL-18, IL-6 and TGF-p1
suppression (60-78) box technique, consisting doses of 1.8, 9, 18, 27, 36, (plasma)
plus, RT 2. Mean 69.2 of opposed anterior-pos- and 45 Gy, accumulated Adjusted P value: Tukey’s
n=19 (1) and (58-79) terior and lateral fields, doses of 54 Gy and 63 Gy. honestly significant differ-
RT alone 3. Mean 63.4 1.8 Gy per fraction. Pelvic ence.
n=18 (2) (53-79) RT to 46.8 Gy (RTOG 94-
and healthy 08) or 50.4 Gy (RTOG
control group 94-13) to the regional
n=15 (3) lymphatics was followed
by a 19.8 Gy boost to the
prostate, resulting in a
cumulative tumor dose of
66.6 Gy (#94-08) or 70.2
Gy (#94-13)
Kopéali¢ et al** 2022 39 Mean 70.7 Photons. 3- dimensional Pretreatment and 25th frac-  Acute toxicity (1-120 d): 1L6 and TGF-f1 (serum).
CRT (n=27) and VMAT tion. RTOG/EORTC modified
(n=12). CTV and PTV by Peeters Late toxicity
according to ICRU 50 (120<): interviews and
and ICRU 62. Definitive questionnaires RTOG/
RT 72 Gy in 36 fractions EORTC modified by Pee-
(n=26) and postoperative ters QoL: EPIC
RT 66 Gy in 33 fractions Fatigue: BFI
(n=13) with 3- dimen-
sional CRT or VMAT.
Kovacs et al'' 2003 37 Mean 70.6 Photons. RTOG protocols Pretreatment, WFPR 24 h IL-1e/, IL-6, M-CSF, TGF-
Healthy Con- Healthy Control 94-08 and 94-13. The after doses 1.8, 9, 18, 27, a/B, and GM-CSF
trol group= group=61.3 total dose of WFP+PB 36, and 45 Gy. PBR after (plasma)
30 xRT following RTOG 94- doses of 54, 63, and either Adjusted P value: Tukey’s
08 (n=6) and 94-13 66.6 or 70.2 Gy. At desig- honestly significant differ-
(n=31) was 66.6 and 70.2 nated intervals through- ence.
Gy, respectively. out the follow-up period.
Lee et al™ 2018 92 Mean 57.4 Photons (IMRT). Preopera-  Pretreatment, 2 wk of CRT IL-12, INF-y, MCP-1, MIP-

tive CRT with oral cape-
citabine chemotherapy
(825 mg/m” twice daily
for 3 wk) and pelvic irra-
diation (45 Gy in 25 frac-
tions administered to the
entire pelvis, followed by
a 5.4 Gy boost to the
gross tumor administered
in 3 fractions over 6 wk
or 50 Gy in 25 fractions

(18-19.8 Gy), 1 month of
CRT (45-46.8 Gy), 1
month post-CRT, and
just before surgery.

la, SDF-1ar, LAP, and
(serum)

Lymphocyte (CD4+ and CD8
+ T cells), monocyte, leuko-
cyte, neutrophil, and plate-
lets (blood).

(continued on next page),
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Table 1 (Continued)

Biomarkers and P values

high-risk patients (pri-
mary RT) or patients with
pathologically positive
pelvic lymph nodes (post-
operative RT) up to a
total dose of 46 Gy. The
total dose to the prostate
in the definitive concept
was 76 Gy (n=51). An
integrated boost to PET/
CT positive areas up to 80
Gy was applied to n=42
patients. The total dose to
the prostatic fossa was

66 Gy for all patients
receiving postprostatec-
tomy adjuvant or salvage
RT (n=40).

Number of Time points for blood adjusted for multiple
Author Year patients Age (y) Treatment collection. Toxicity evaluation testing.
administered to the entire
pelvis over 5 wk). Cura-
tive resection within
12 wk post-CRT.
Lin et al’' 2013 11 Mean 54.5 Photons, IMRT, 50-54 Gy Every week during outpa- CTC-AE IL-6, TGF-pB1, TNF-«, and
35-77 in 25-27 fractions and tient clinical visits before (v2.0) VEGF (serum)
adjuvant chemoradiation RT. Circulating endothelial cells
and endothelial progenitor
cells (blood).
Lopes and Callera 2012 48 Median 71.5 Photons (6 MV), 3-dimen- Pretreatment, 15 d (30 Gy) IL-2, IL-4, IL-5, IL-6, TNF-«,
53-86 sional conformal blocking of RT and 30 d (60 Gy) of MIP-1« and LIF (serum)
RT. Doses of RT were RT. Adjusted P value: Dunn’s
based on the NCCN multiple comparison test.
guidelines for oncology
prostate cancer (v1.2010)
and ranged from 74 Gy
for low-risk patients to 78
Gy for those with high
risk with 2 Gy/fraction.
Pinkawa et al'® 2015 91 Primary RT Photons (15 MV) with a 5 Pretreatment, 2-3 wk RT, Expanded Prostate IL-6, TNF-a, CRP, transfer-
Primary (n=51)  Mean 72 field IMRT, 2 Gy frac- 4-5 wk RT, 6-8 wk RT Cancer Index Composite rin, and ferritin (plasma/
or postopera-  59-81 tions. CTV included the and 6-8 wk post-RT. serum not specified)
tive (n=40; 23  Postoperative prostate (primary RT) or Lymphocytes, leukocytes,
adjuvantand ~ Mean 67 prostatic fossa (postoper- hemoglobin, and platelets
17 salvage 45-78 ative RT). Pelvic lymph (blood).
treatments) nodes were irradiated in

(continued on next page),

8

|e 12 95594 °d

A60j0>uQ uoneIpeY Ul SIdDURAPY

szoz aunr



‘61 orun( ud 191A9s]q 10d s2'A33[[eOIUID) 9P AJLINOAG [RIDOS PuE P[BIH JO ATRIqIT [RUONERN UL (W0 [rewd@)gzniew n]) ojnduy eron eied opedredssoq

‘SOPBAIOSAI SOYIAIOP SO] SOPO T *OuJ JAIAJS[H “$70TO WSLAd0) "uodeziioine uis sosn sono udjuidd s ON “9JuaweAISN[OXd [euosiad osn vIed ‘G70T

Table 1 (Continued)

Biomarkers and P values

(n=15 neoadjuvant

Number of Time points for blood adjusted for multiple
Author Year patients Age (y) Tumor site Treatment collection. Toxicity evaluation testing.
Singh et al'® 2020 18 Mean 66.8 Prostate Photons, external RT with Pretreatment, end of RT IPS and EPIC IL6, IL-8, TGF-p1, and TNF-
53-80 CTV included the pros- and 3 months post-RT. a (plasma)
tate gland or the prostate
gland plus seminal
vesicles. A 1-cm margin
was added around the
CTV to define the PTV,
except the boundary
between the anterior rec-
tal wall and the prostate,
where a 0.7-cm margin.
2 Gy/fraction to a total
dose 78 Gy (n=4) or 80
Gy (n=14)
Stanojkovié et al'’ 2020 44 52-81 mean 69.2 Prostate Photons. CTV and PTV Pretreatment, after 5th, RTOG/EORTC IL-1p, IL-2, IL-6, IFN-y, and
according to ICRU 50 15", and 25th fractions, modified by Peeters TGF-p1 (serum)
and ICRU 62. Definitive after last fraction, and 1 NK cells, granulocytes, lym-
RT 72 Gy in 36 fractions month post-RT phocytes, (CD4+ and CD8+
(n=21) and postoperative T), monocytes, and leuko-
RT 66 Gy in 33 fractions cytes (blood).
(n=23) with 3-dimen-
sional CRT.
Tada et al’® 2014 35 Median 62 Rectal Photons, CRT with a total Pretreatment and 4-6 wks’ 1L-2, IL-4, IL-6, IL-10, IFN-y,
43-85 dose of 50 Gy of RT and post-CRT prior to sur- TNF-a, MCP-1, sCD40L,
concomitant 5-FU-based gery. CCL-5, TRAIL (serum)
chemotherapy. NK cells, MDSCs, T-lympho-
cytes, and B-lymphocytes
(blood).
Tang et al”® 1996 16 Median 55 Cervical Photons (10 MV). Only EXRT: pretreatment, during IL-6 and CRP (serum).
31-83 EXRT (n=4) and combi- first week of RT (total 4
nation of EXRT and samples). ICRT: pretreat-
ICRT (n=12). EXRT with ment and first week of RT
40-50 Gy and ICRT with after the first ICRT (total
26.8-40 Gy total dose 3 samples).
Tanji et al'” 2015 30 73 Prostate Photons (10 MV), 2 Gy Pretreatment and every IL-1e, IL-18, IL-1ra, IL-2ra,
59-80 fraction to a total dose 72 week during RT. IL-2 to IL-10, IL-12p40, IL-
(n=15RT) Gy. Elective pelvic lymph 12p70, IL-13, IL-15, IL-
73 nodes irradiation was not 17A, IFN-a2, IFN-y, TGF-
67-81 performed. a, TGF-p1 to 3, TNF-«,

TNF-B, EGF, Eotaxin,

(continued on next page),
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Table 1 (Continued)

Biomarkers and P values
adjusted for multiple

testing.

Time points for blood

collection.

Number of
patients

Toxicity evaluation

Treatment

Tumor site

Age (y)

Year

Author

FGF2, FLT3 ligand, G-CSF,

hormonal

=
. g
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and VEGF (serum).
TGEF-B1, G-CSF, IL-6, and

CTCv2

Photons (15 MV). CRT Pretreatment and every

Cervical

<30-55

42

2006

Yang et al

VEGEF (serum)
Absolute neutrophil (blood).

week prior treatment up
to 6 wk of treatment.

with a total dose of 50.4

Gy (28 fractions)

calcitonin gene related pep-

common toxicity criteria for adverse events; CGRP

brief fatigue inventory; CTC-AE

beta-Nerve growth factor; BFI=

basic fibroblast growth factor; bNGF

Abbreviations: bFGF

tide; CRP

expanded

external beam RT; EPIC

hamilton depression rating scale; HGF

European Organisation for Research and Treatment of Cancer; EBRT

hospital anxiety and depression scale; HAM-D

clinical target volume; EORTC

c-reactive protein CRT=chemoradiation therapy; CTV=

hepatocyte growth

functional assessment of cancer therapy-fatigue; HADS=

granulocyte-macrophage colony-stimulating factor; IMRT:

prostate cancer index composite; FACT-F

factor; GM-CSF

international

national compre-

regulated on activation, nor-
tumor necrosis factor-related apoptosis

wide-field, pelvic radiotherapy.

intracavitary radiation therapy; ICRU

insomnia severity index; ICRT

intensity modulated radiation therapy; ISI

=monokine induced by interferon-gamma; NCCN=

macrophage colony-stimulating factor; MIG

leukemia inhibitory factor; M-CSF

commission on radiation units and measurements; LIF

quality of life; RANTES

stem cell growth factor beta; TRAIL

planning target volume; QoL

profile of mood states fatigue/inertia subscale; PTV=

hensive cancer network; PBR=prostate boost radiotherapy; POMS F/I

mal T cell expressed and secreted; RT

stem cell factor; SCGFb
volumetric modulated arc therapy; WFPR:

radiation therapy oncology group; SCF=

radiation therapy; RTOG

vascular endothelial growth factor; VMAT:

tumor necrosis factor o; VEGF

inducing ligand; TNF-«

IL-1ra. Furthermore, larger target volumes (pelvic node
irradiation) significantly impacted hematologic cells,
including a decrease in lymphocyte levels'” in patients
with prostate cancer. Kovacs et al'' found significant cor-
relations between the cumulative dose-volume and IL-1a,
M-CSF, and TGF-g levels during RT in patients with
prostate cancer receiving 1-5 fractions (1.8-9 Gy).

In the study by Gridley et al,”” in which patients with
prostate cancer received proton, photon, or mixed RT,
changes in cytokine levels were independent of the radia-
tion type. Early increases in basic fibroblast growth factor
(bFGF), tumor necrosis factor o (TNF-«), and IL-1p8 lev-
els correlated with increased cumulative dose-volumes.
Patients receiving relatively large cumulative dose-vol-
umes were more likely to exhibit an increase in IL-1p.

Photons and chemotherapy

Four studies reported changes in biomarkers in
patients receiving photon-based pelvic RT and concurrent
chemoradiation therapy (CRT).””** Changes were
observed in IL-6, IL-12, TGF-B1, TNF-«a, CCL-5,
sCD40L, granulocyte colony-stimulating factor (G-CSF),
vascular endothelial growth factor (VEGF), neutrophil
count, leukocyte count, lymphocyte count, monocyte
count, circulating endothelial cells, MCP-1, and MIP-
la.””?? Lee et al” observed in patients with rectal cancer
decreases in the total leukocyte, neutrophil, lymphocyte,
and monocyte counts during CRT, with partial recovery
1-month post-CRT. Tada et al’’ observed a decrease in
the leukocyte subsets of T-lymphocytes,
B-lymphocytes, and NK cells post-CRT but an increase in
myeloid-derived suppressor cells in patients with rectal
cancer. Lee et al” reported a decrease in IL-12 levels dur-
ing CRT, with levels starting to recover 4-13 weeks post-
CRT. However, MCP-1 and MIP-1« levels did not change
during treatment but were significantly decreased 4-13
weeks post-CRT. Patients without residual lymph node
metastasis had significantly higher serum levels of MCP-1
and MIP-1a 2 weeks after the onset of CRT. LAP and
SDF-1« levels decreased during treatment but had a more
heterogeneous pattern posttreatment. Yang et al™
observed that IL-6 levels were increased during CRT and
brachytherapy, whereas VEGF and G-CSF Ilevels
remained unchanged during CRT but increased during
brachytherapy in patients with cervical cancer. In con-
trast, TGF-B1 generally decreased during treatment.
Notably, these changes occurred in populations that
received 2 different types of cytotoxic treatment.

Postoperative RT

Stanojkovi¢ et al'’ noted significantly higher IL-6 and
IFN-y levels among patients with prostate cancer
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Biomarkers response to radiation therapy. The X-axel represents the number of studies that observed the regulation of

specific biomarkers. The Y-axel illustrates that biomarker levels are increased or decreased due to radiation therapy. *One or
more results with P <.05. For detailed information, see Table E1.

undergoing RT alone compared with those who also
received postoperative RT. In contrast, Christensen et al*
found that IL-6 and IFN-y levels were significantly higher
in the postoperative prostate cancer patients RT group,
with no indication of surgery as a confounding factor for
cytokine levels. Bedini et al'* demonstrated significant dif-
ferences in pre-RT TNF-« levels in patients with prostate
cancer who did and did not undergo previous prostate
surgery. In addition, CCL2 levels tended to be lower in
postoperative RT patients. Pinkawa et al'” observed sig-
nificantly higher CRP levels in postoperative prostate can-
cer patients compared with those who received RT alone.

Photons and hormonal therapy

Johnke et al'> observed that patients with prostate can-
cer receiving neoadjuvant hormonal therapy had notice-
ably different levels of IL-18, IL-6, and TGF-p1 compared
with patients receiving RT alone. Tanji et al'” also demon-
strated in patients with prostate cancer that neoadjuvant
hormonal therapy altered the levels of several radiation-
induced cytokines compared with RT alone, with signifi-
cant differences in IL-8, IFN-y, epidermal growth factor,
FGF2, GM-CSF, IL12p70, IP10, MCP-1, MDC, MIP-18,
TNF-«, and VEGF.

Biomarkers associated with genitourinary
toxicity

For patients receiving photon-based pelvic RT, associa-
tions have been observed between higher acute genitouri-
nary toxicity and increased biomarker levels
(Fig. 2).%!%1310222%27 Dirksen et al’” observed in patients
with prostate cancer that prior to treatment, TNF-o and
IL-4 levels were associated with wurinary irritative

symptoms, but only IL-4 was associated with symptoms
posttreatment. Kopcali¢ et al** observed in patients with
prostate cancer that pretreatment TGF-g1 and IL-6 levels
were positively associated with maximum acute genitouri-
nary toxicity grades, but only TGF-81 remained associ-
ated after the 25th fraction (50 Gy). Higher grades of
acute genitourinary toxicity during RT were associated
with increased IL-18, IL-2, IL-6, TGF-$1, and IEN-y lev-
els, whereas lymphocytes decreased”'”'>** in patients
with prostate cancer. Pinkawa et al'” demonstrated in
patients with prostate cancer early increases in CRP and
decreased hemoglobin levels after 2-3 weeks of RT, and
these measures were independent risk factors predicting
acute genitourinary toxicity. Gridley et al’> observed in
patients with prostate cancer a trend of bFGF correlating
with acute genitourinary toxicity during proton, photon,
or mixed RT. In contrast to Kopcali¢ et al’s findings,”
Singh et al'® observed in patients with prostate cancer
that levels of anti-inflammatory TGF-S1 decreased as the
severity of genitourinary toxicity increased at the end of
RT and 3 months post-RT.

Stanojkovi¢ et al'’ found in prostate cancer patients
that a decreasing percentage of lymphocytes over time
was significantly associated with higher grades of acute
genitourinary toxicity, whereas Pinkawa et al'’ suggested
that increasing lymphocyte levels after 2-3 weeks of RT
may protect against late urinary toxicity. Kopéali¢ et al**
observed a significant positive association between diabe-
tes mellitus and grades of acute genitourinary toxicity
during RT.

Biomarkers associated with gastrointestinal
toxicity

Associations have been observed between higher
grades of acute gastrointestinal toxicity and increased
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Figure 2 Biomarkers association with genitourinary toxicity. The X-axel represents measured biomarkers at different time
points. The Y-axel illustrates that biomarker levels are increased or decreased levels in association with genitourinary toxicity.
*One or more results with P < .05. For detailed information, see Table E2.
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Figure 3 Biomarkers associated with gastrointestinal toxicity. The X-axel represents measured biomarkers at different time
points. The Y-axel illustrates that biomarker levels are increased or decreased levels in association with gastrointestinal toxicity.
*One or more results with P <.05. For detailed information, see Table E3.

levels of biomarkers in patients receiving pelvic photon
RT (Fig. 3).B1211602122243135 i et al,” in patients with
rectal cancer, and Dirksen et al,” in patients with prostate
cancer, demonstrated that patients with bowel symptoms
had higher pretreatment TNF-« levels than patients with-
out symptoms, and Lin et al’' observed higher pretreat-
ment levels of circulating endothelial cells. Higher grades
of acute gastrointestinal toxicity during RT have been
associated with higher levels of IL-1p, IL-2, and IL-6" in
patients with prostate cancer. Christiansen et al’’
observed in patients with prostate cancer that patients
developing acute radiation-induced proctitis during RT
had increased prohepcidin, IL-6, and TNF-« levels with
decreased hemoglobin and leukocyte levels, whereas
patients without proctitis during RT had decreased leuko-
cyte and transferrin levels and increased ferritin levels.
Gridley et al*” reported in patients with prostate cancer a
trend of bFGF correlating with acute gastrointestinal tox-
icity during proton, photon, or mixed RT. Singh et al'®
observed in patients with prostate cancer a trend of TNF-
« and IL-6 levels increasing as the severity of gastrointes-
tinal toxicity increased at the end of RT and 3 months
post-RT, whereas TGF-S1 levels tended to decrease. In
contrast, Kopcali¢ et al** observed in patients with pros-
tate cancer that TGF-f1 increased with increasing severity
of gastrointestinal toxicity at the end of RT and 1-month
post-RT. In patients with cervical cancer receiving both

external RT and brachytherapy, Yang et al’® observed

increased TGF-81 and VEGF levels after the first fraction
of brachytherapy, correlating with an increase in radia-
tion-induced vaginal mucositis or proctitis toxicity. They
suggested that TGF-p1 and VEGF may better predict tox-
icity in brachytherapy than external RT, indicating a
greater inflammatory reaction to brachytherapy in cervi-
cal cancer.

Bedini et al'” observed that baseline TNF-« levels were
higher in patients with prostate cancer experiencing mul-
tiple late intestinal toxicity symptoms. Pinkawa et al'’
demonstrated in patients with prostate cancer decreased
hemoglobin and lymphocyte levels after 2-3 weeks of RT
and increased ferritin and TNF-« levels 6-8 weeks after
RT, which were risk factors for late bowel toxicity. Early
changes in hemoglobin levels at a dose of 20-30 Gy
(2-3 weeks of RT) cannot be explained by acute rectal
bleeding because this does not occur at these dose levels.
Decreasing ferritin and increasing TNF-a levels were
found to be independent protective responses against late
bowel toxicity. Pinkawa et al"* reported that patients with
prostate cancer with increased IL-6 levels during RT expe-
rienced late bowel toxicity. They suggested that increased
production of IL-6 may contribute to tissue injury in
patients with inflammatory bowel disease. Increased
mucosal IL-6 levels have also been found in patients with
radiation proctitis. Kopéali¢ et al** observed in patients
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with prostate cancer a trend in the maximum grades of
late gastrointestinal toxicity with a negative correlation
between TGF-81 concentrations after the 25th RT frac-
tion.

Christensen et al* calculated in patients with prostate
cancer a predicted probability of gastrointestinal toxicity
of 10.3% and 0.8% in postoperative RT patients and RT-
only patients, respectively. Pinkawa et al,'” in patients
with prostate cancer, estimated a hazard ratio of 11.8 for
late bowel toxicity if decreasing hemoglobin or lympho-
cyte levels were detected after 2-3 weeks of RT. Bedini et
al'” demonstrated that known risk factors for acute and
late intestinal toxicity after RT for prostate cancer (eg, age
and abdominal surgery) could predict CCL2 levels at the
end of RT.

Biomarkers associated with fatigue

Figure 4 shows the biomarker levels associated with
fatigue at different time points.'>*****” Greenberg et
al”’ observed in patients with prostate cancer an associa-
tion between IL-18 and both fatigue and sleep hours dur-
ing the first 4 weeks of RT. Bower et al'® demonstrated in
patients with prostate cancer an association between CRP
or IL-1ra and increased fatigue frequency and severity,
even after adjusting for age, BMI, depression, and sleep
disturbance. Ahlberg et al’® observed in uterine patients a
significant negative correlation between the changes in
IL-6 and general fatigue during RT and at the end of RT.
However, Kopcali¢ et al** demonstrated in patients with
prostate cancer a positive association between fatigue and
IL-6 levels pretreatment and during RT. Feng et al’” and
Holliday et al*® observed in patients with prostate cancer
a tendency of IL-6 levels to increase as fatigue increased
during RT. Feng et al’” also found a significant positive
correlation between worsening fatigue scores and baseline
IL-2ra levels. In addition, they demonstrated a significant
positive correlation between worsening fatigue scores and
the levels of cytokines IL-3, IL-8, IL-9, IL-10, IL-16, IFN-
a2, IFN-y, IP10, and SDF-lo during RT. Furthermore,
Kop¢ali¢ et al** in patients with prostate cancer observed
an association between fatigue and TGF-$1 during RT. In
the study by Feng et al,”” worsening fatigue scores

negatively correlated with absolute eosinophil counts and
macrophage migration inhibitory factor levels during RT.

Biomarkers associated with depression and
anxiety

Dirksen et al’* found in patients with prostate cancer
that TNF-« levels significantly correlated with depression
and anxiety in patients with prostate cancer prior to
undergoing external RT and prior prostatectomy, external
RT alone, brachytherapy alone, and concurrent RT and
hormonal therapy.

Discussion

Summary of overall results

This literature review provides evidence of associations
between inflammatory cytokine levels and the total cumu-
lative dose-volume and inflammatory cytokines and RT-
induced toxicity in patients with pelvic cancer. Both
Christensen et al* and Pinkawa et al'” concluded that the
predictive value lies not in the absolute cytokine levels but
in the changes observed during RT. Figure 5 summarizes
the factors and responses that affect cytokine levels. Vari-
ous patient-reported outcomes were used to grade radia-
tion-induced acute and late toxicity. The review
demonstrates that there are common patient-reported
outcomes that can be associated with RT toxicities and
circulating inflammatory biomarker expression (eg, geni-
tourinary toxicity). Discoveries in the last few decades
have advanced the understanding of molecular events
that drive tumor and normal tissue responses, with
inflammatory molecules creating waves of cytokines in
irradiated tissue, working toward a balance to restore
homeostasis and resist pathogenesis.

Wave pattern and timing of sampling

The timing of sample collection is critical in blood bio-
marker analysis. Irradiated tissue often exhibits waves of
reactivated proinflammatory responses over time.’” Each

o CRP* _IL-3*IL-16*
i
o Ly IFN-a2*IL-6_|L-10*
S| - yaiL 16*_IL-9*TGF-B1 CRP* ENo 810
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Figure 4 Biomarkers associated with fatigue. The X-axel represents measured biomarkers at different time points. The Y-axel
illustrates that biomarker levels are increased or decreased levels associated with fatigue. *One or more results with P < .05. For

detailed information, see Table E4.
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energy

Field size ‘ Radiation
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dellvery type

TIPPING POINT

PRE-EXSISTING FACTORS

* Comorbidities, age and
lifestyle factors

* Polymorphisms
* Tissue type and the inborn
characteristics of tumor cells

ACUTE PHASE

tumor and early tissue responses

* Soluble factors
* Immune cell response

* Bystander & abscopal effects
* Hypoxia
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late tissue responses
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5
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Figure 5 Factors and responses affecting circulating inflammatory biomarker levels. The arrow represents the transition from
the moment just before radiation therapy (RT) with the patient’s preexisting factors to an indefinite time after RT. Radioactive
symbol represents inflicting factors in the context of RT and radiation delivery. The acute phase represents radiation-induced
factors that initiate and inflict the inflammatory/immune response. The scale represents the tipping point for acute cascades of
the inflammatory response persisting over time due to prolonged upregulation. These cascades eventually reach a tipping point

in the tissue, resulting in late radiation responses, such as late

cytokine has its own characteristic wave profile with non-
specific and time-dependent responses occurring
4-24 hours postirradiation, typically followed by a
decrease to baseline levels within 24 hours to a few days.”
This period may be followed by additional changes in bio-
marker levels due to persisting activity in the irradiated
tissue. Because of these wave patterns, the timing of blood
sampling is essential. Rube et al’’ observed 2 waves of
cytokine mRNA levels in irradiated mouse lung tissue: an
initial decrease within 2 weeks, followed by a second wave
4-8 weeks postirradiation that was linked to oxidative
DNA damage, reactive oxygen species (ROS), reactive
nitrogen species, and hypoxia. This oxidative stress can
contribute to acute and late toxicities, including triggering
of the inflammatory system,’’** such as TGF-B and
proteinases activity. In irradiated tissue, TGF-p
involved in tissue remodeling and inflammation. Similar
to Rube et al’s’” observations in mice, Johnke et al'® and
Kovacs et al'' observed wave patterns of TGF-8 and
TGF-A1 in humans exposed to RT.

Inflammatory response to radiation therapy

Cells damaged by irradiation react to intrinsic and
extrinsic signals, with downstream pathways inducing
cytokines and initiating self-propelled cytokine cascades
that primarily cause inflammatory tissue damage. This
activation is also amplified by the recruitment and trans-
migration of monocytes and the activation of resident

toxicity.

mast cells, which trigger the production of cytokines, such
as IL-1, IL-6, and TNF-a.”>***" Increased cytokine levels
after RT do not necessarily indicate how networked cyto-
kines are functioning or if specific cytokines are involved
in pathogenesis, but if the signaling persists, the tissue will
eventually reach a tipping point (Fig. 5), leading to nega-
tive effects’ (eg, toxicity).

Unsurprisingly, selected studies have found increased
levels of TNF-o, an inflammatory cytokine involved in
the acute phase reaction and expressed in irradiated and
adjacent tissue.”**' Even low ROS levels can trigger sig-
naling pathways that stimulate the production of proin-
flammatory biomarkers (eg, IL-1, IL-8, and TNF-«) and
can generate cellular ROS, leading to oxidative stress after
RT.” TNF-a can also activate and generate downstream
inhibitors of apoptosis, increasing cell survival and the
production of inflammatory cytokines.”> Conversely,
under optimal conditions, cytokines (eg, TGF-B, IL-4,
and IL-10) can inhibit ROS/reactive nitrogen species-
mediated effects and display antioxidative properties. IL-4
can promote cell survival and induce antiapoptotic
effects."”

The interplay between RT and the immune system
underscores the multifaceted nature of cancer treatment.
One player is IFN-y, and its RT-induced elevation con-
tributes significantly to cytostatic/cytotoxic and antitumor
mechanisms within the cell-mediated adaptive immune
responses.’” Cytokines influence cellular processes, such
as cell fate decisions, DNA repair, genomic stability, pro-
liferation, differentiation, and apoptosis, thereby
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modulating radiosensitivity.”> The presence of senescent
cells in irradiated normal tissue increases the complexity
because they secrete a variety of cytokines, including IL-1,
IL-6, TGF-B, VEGF, and TNF-¢«, which can induce para-
crine effects, such as inflammation, tissue remodeling,
and secondary senescence and cell death.*® For example,
IL-1o can initiate oxidative DNA damage and therapy-
induced senescence, potentially contributing to CRT
resistance and cancer progression.’” Conversely, studies
have demonstrated a protective role of radiation-induced
IL-6 against radiation cytotoxicity, whereas TGF-8 inhib-
its proliferation in numerous cell types and exhibits
immunosuppressive properties.

An example of toxicity is the onset of proctitis during
RT, which is associated with increased prohepcidin, IL-6,
and TNF-a levels.”' High mucosal levels of IL-2, IL-6,
and IL-8"" have also been found after RT. Chronic procti-
tis is thought to be associated with free radical production
during long-term inflammation. The cascades of inflam-
matory cytokines in response to RT (eg, IL-1, IL-4, IL6,
IL-13, MCP-1, MIP-18, TGF-B, TGF-p1, TNF-a, and
VEGF) are also known to be involved in the development
of fibrosis.”*' Prolonged inflammation from acute cyto-
kine cascades can lead to long-term radiation injuries,
such as small bowel fibrosis and chronic intestinal inflam-
mation, up to 20 years* following pelvic RT.

Radiation therapy context and biological
responses

The inflammatory response is influenced by a number
of components, including RT modality, radiation type,
dose, energy, fractionation, field size, and timing.”” The
total cumulative dose appears to be the main factor driv-
ing radiation-induced gene expression for stress and
immune parameters, such as DNA damage responses.”’
In pelvic treatments, proton-based RT delivers a lower
cumulative dose-volume to surrounding organs compared
with photon-based RT,”>*>*® which can reduce the risk
and severity of gastrointestinal and genitourinary
toxicity.””

Comparing proton-based RT with intensity modulated
RT for postprostatectomy prostate cancer, Santos et al*
found no difference in patient-reported toxicities, whereas
Deville et al”’ found proton-based RT to be more favor-
able for reducing genitourinary and gastrointestinal toxic-
ities. Verma et al*® demonstrated modest differences in
quality of life and patient-reported outcome data between
proton and photon treatment. Proton-based RT reduces
pelvic bone marrow irradiation compared with photon-
based RT, which is important because most hematopoietic
tissues are situated in the pelvis and vertebra, as well as
considering the radiosensitivity of lymphocytes."” How-
ever, Nelson et al*’ found no difference in hematologic
toxicity between proton-based RT and intensity

modulated RT in anal cancer patients. Despite the empha-
sis over the last 2 decades on sparing critical structures
and advances in RT techniques, these efforts have resulted
in minimal trade-offs, with similar levels of toxicity
observed.

When analyzing biomarkers, it is important to account
for the different cytotoxic effects of RT modalities. Pro-
tons exhibit a higher relative biological effectiveness than
photons, which can result in distinct DNA damage pat-
terns because of their linear energy transfer and densely
ionizing radiation. However, the relative biological effec-
tiveness of protons is not fixed; it varies depending on fac-
tors such as relative biological effectiveness, dose,
fractionation, and biological endpoint, with a clinically
applied average value of 1.1 commonly used for consis-
tency in treatment planning, despite variability across dif-
ferent tissues and conditions.”” In a mouse model,
Nielsen et al*’ observed that protons and photons differ-
entially regulated the levels of proinflammatory cytokines
IL-18, IL-6, IL-10, IFN-y, and TNF-« both acutely and
long-term postirradiation. Sixteen months postirradia-
tion, cytokine levels were lower in proton-irradiated mice
than in photon-irradiated mice.

Biological responses to RT are influenced by preexist-
ing patient-specific variables resulting in elevated baseline
levels of inflammatory factors.'">'%?? such as IL-6, in
patients with cancer due to the tumor microenvironment.”””
Additionally, patient-related factors, including age,
comorbidities, and genetic polymorphisms, may alter
cytokine levels and potentially impact treatment out-
comes. For instance, pretreatment cytokine levels have
been observed to vary significantly in patients with
prostate cancer compared with healthy controls, with
elevated levels of IL-la, IL-18, TGF-B8, and TNF-q,
while IFN-y levels were often lower.'"'>'*** Although
these factors were not systematically examined in the
reviewed studies, they may contribute to heterogeneity
in biomarker responses and require further exploration
in adequately powered studies. The balance between
proinflammatory and anti-inflammatory cytokines
before RT can affect tumor resistance and side effects.
In addition, RT can alter the tumor microenvironment
by releasing molecules from damaged, stressed, or
dying cells, which are recognized by immune system
receptors, triggering inflammatory responses.’”"!

Effects on nontargeted tissue

Low and intermediate doses of radiation in nontar-
geted tissues can induce DNA damage and activate the
inflammatory system,”’ leading to nontargeted systemic
effects.”***! This can affect distant, nonirradiated tissues
by upregulating gene expression and epigenetic program-
ming through inflammatory cytokines.
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Patients often experience adverse effects beyond the
primary RT target, including genitourinary toxicity, gas-
trointestinal toxicity, and fatigue linked to inflammatory
cytokines (eg, IL-1, IL-6, IL-8, TNF-a, and TGF-p)."!
These cytokines also contribute to psychoneurologic
symptoms, such as fatigue and depression.”” McDonald et
al’' found increased IL-18 and TNF-« levels in a mouse
model of radiation-induced fatigue, indicating that sys-
temic inflammation plays a key role in this condition.
However, Feng et al”’ found no evidence of blood-brain
barrier leakage to explain fatigue. Instead, they suggest
that the central nervous system physiology may be influ-
enced directly or through neuroimmune interactions.
One possible mechanism involves extracellular vesicles,
which can transport inflammatory and neurodegenerative
molecules from the periphery to the brain, with active
cytokines existing in both vesicle-associated and free
forms.™

Limitations

The limitations of this review comprise the limitations
of both the studies selected for this review and the review
itself. The selected studies were exploratory and analyzed
various stress and immune parameters at a systemic level
in the blood that can be modulated in vivo following local
exposure to ionizing radiation during RT. The primary
limitations are the small sample sizes of the included stud-
ies and the most studies analyzed only a few select bio-
markers. The selected studies differ in terms of
methodology, design, and timing of blood sampling.
Christensen et al® found no significant differences
between plasma and serum, but the use of blood bio-
markers introduces challenges in distinguishing between
local and systemic effects of RT. These differences in
design and timing contribute to the overall diversity of
the findings, making it challenging to obtain an overall
picture of how biomarkers are affected by RT.

The heterogeneity observed across the reviewed studies
further underscores the complexity of analyzing bio-
marker responses to RT. This heterogeneity spans varia-
tions in study design, quality, biomarker panels, patient
populations, and statistical power. Although such vari-
ability highlights the breadth of approaches used to inves-
tigate RT-induced biomarker changes, it also complicates
the synthesis of overarching conclusions. This review
aimed to balance the comprehensive nature of the topic
with the need for clarity, but some of the inconsistencies
and conflicting findings may reflect differences in experi-
mental design rather than genuine biological variation.
Addressing these challenges in future research will require
standardized methodologies, harmonized biomarker pan-
els, and robust study designs that minimize variability
and maximize reproducibility.

A key limitation is the lack of systematic evaluation of
preexisting factors, such as comorbidities, lifestyle, and
genetic predispositions, which may influence cytokine
profiles and confound associations with RT-induced tox-
icity. Future research with larger sample sizes and robust
study designs should address these variables to better
understand their impact on biomarker dynamics and
treatment outcomes. This would allow for more precise
tailoring of RT strategies to individual patient profiles,
improving the predictive value of biomarkers for treat-
ment outcomes.

This review was limited because it did not fulfill all
requirements for a systematic review. Only one author
selected the studies, but the selection was conducted sys-
tematically with a continuous discussion of the selection
with the coauthors. Another limitation is the lack of sys-
tematic consideration of other diseases or conditions that
may alter biomarker levels.” Some of the selected studies
demonstrated that biomarker levels can be affected by
other treatments when starting RT, such as neoadjuvant
hormonal therapy' ™' or surgery.*'>'* Not all biomarkers
analyzed in the selected studies are discussed, but it is evi-
dent that cytokines work together with overlapping or
opposing purposes to drive responses forward.

Conclusion

This review highlights that the total cumulative
dose and irradiated tissue volume are the primary
drivers of RT-induced biomarker expression, influenc-
ing both early and late toxicity outcomes. The diversity
in RT techniques, total dose, and number of treatment
sessions across studies likely contributes to the varia-
tion in observed results. Nevertheless, circulating cyto-
kine and biomarker levels in the blood can provide
valuable monitoring and predictive insights for
patients undergoing proton- or photon-based RT of
the pelvis. Notably, many observations are based on
changes over time, implying that measuring bio-
markers only at baseline or early in RT is not suffi-
cient to achieve predictive value in radiation-induced
toxicity. Biomarker analysis offers clinical value by
enabling personalized treatment in RT and helping to
predict patients at higher risk of certain toxicities,
guiding clinicians in tailoring treatment, optimizing
supportive care, and adjusting RT plans. This can then
improve patient outcomes and quality of life by reduc-
ing long-term complications from radiation exposure.
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