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Summary

Advances in radiation techniques have enabled the precise delivery of higher doses of radiotherapy to tumours, while
sparing surrounding healthy tissues. Consequently, the incidence of radiation toxicities has declined, and will likely
continue to improve as radiotherapy further evolves. Nonetheless, ionizing radiation elicits tissue-specific toxicities
that gradually develop into radiation-induced fibrosis, a common long-term side-effect of radiotherapy. Radiation
fibrosis is characterized by an aberrant wound repair process, which promotes the deposition of extensive scar tissue,
clinically manifesting as a loss of elasticity, tissue thickening, and organ-specific functional consequences. In addition
to improving the existing technologies and guidelines directing the administration of radiotherapy, understanding
the pathogenesis underlying radiation fibrosis is essential for the success of cancer treatments. This review integrates
the principles for radiotherapy dosimetry to minimize off-target effects, the tissue-specific clinical manifestations, the
key cellular and molecular drivers of radiation fibrosis, and emerging therapeutic opportunities for both prevention
and treatment.
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allowed for better visualization of tumours in 4-
dimensional space (over time), and delivery of high

Introduction
Radiation fibrosis is a long-term consequence of radio-

therapy characterized by an aberrant wound repair
process, which gives rise to an accumulation of fibrotic
tissues.! Amongst patients treated with radiotherapy,
30-70% develop radiation fibrosis that significantly im-
pairs quality of life post-treatment.” The activation of
myofibroblasts leading to excess collagen deposition,
and dysregulation of extracellular matrix (ECM)
remodelling are all hallmarks of radiation fibrosis.’
These events ultimately result in the symptomatic pre-
sentation of tissue thickening, loss of elasticity, and
subsequent parenchymal atrophy coupled with impaired
organ function. While a general cascade of cellular and
molecular events precedes the development of fibrosis,
individual tissues manifest unique pathologies that vary
in symptomatic severity.**

Precision is crucial in radiation treatments to spare
healthy tissues from unintended damage and toxicities,
such as fibrosis. Advances in radiotherapy delivery have
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doses of radiation with fine precision, even when ma-
lignant targets are prone to movement or possess
irregular morphology.”” Although advances in radio-
therapy have increased the success of treatment in
managing initial disease, a significant number of cancer
survivors will develop long-term toxicities and compli-
cations such as radiation fibrosis.* This review high-
lights the importance of developing radiotherapy
dosimetric constraints to reduce the risk of fibrosis
development, as well as the tissue-specific clinical
characteristics when fibrosis occurs. The underlying
cellular and molecular alterations in the ECM and signal
transduction will be discussed, in addition to the efficacy
of conventional and experimental fibrosis treatments.

Radiotherapy dosimetry constraints are the

first means to prevent severe fibrosis

Advances in radiation techniques, such as intensity-
modulated radiotherapy (IMRT) and stereotactic body
radiotherapy, have enabled the precise delivery of higher
doses of radiotherapy to tumours while sparing sur-
rounding healthy tissues. The incidence of radiation
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toxicities has consequently declined, and will likely
continue to improve as radiotherapy evolves."” None-
theless, current radiation techniques continue to elicit
tissue-specific acute toxicities that may gradually develop
into radiation-induced fibrosis over the span of months
and years. The risk of developing complications is
dependent on several factors, including radiation dose,
fractionation schedule, irradiated volume, and tissue-
specific radiosensitivity.'

Dosimetry constraints have been thoroughly inves-
tigated with the aim of establishing general guidelines
to minimize the risk of complications. In 1991, Emami
et al. ascribed tolerance doses based on irradiation of
one-third, two-thirds, or the whole volume of various
organs.”” At that time, high-quality clinical data was
sparse, hence the authors established those doses
based on the consensus of clinical experience and
opinions. Normal tissue complication probability
(NTCP) models were developed using the Emami et al.
dosimetry constraints to extrapolate the constraints of
any uniform or non-uniform dose distribution; how-
ever, these models have limitations based on their
underlying assumptions of organ structure and func-
tion."! Subsequent clinical data and reports were
compiled in the quantitative analyses of normal tissue
effects in the clinic (QUANTEC) studies to summarize
the dose, volume, and outcomes in the scope of irra-
diated organ-specific risks.'"'? While these reports
focused on conventional fractionated radiotherapy,
subsequent studies such as the high dose per fraction,
or hypofractionated treatment effects in the clinic
(HyTEC) repeated this process and refined specific
ranges of dosimetry constraints for these high-dose-
per-fraction regimens."

Findings from dosimetry studies underscore the
diversity of organ-specific sensitivities. Some organs,
such as the lung, have well-documented dosimetric
constraints in the literature while others, such as the
skin, are less frequently described, despite the sig-
nificant proportion of patients who develop dermal
radiation toxicities.”””'® The tolerance of lung tissues
has been investigated extensively, with corresponding
dosimetric threshold constraints being developed,
given the necessity of preserving the functional sub-
structure of airways and alveoli for efficient gas ex-
change and avoiding fatal toxicities (e.g.
pneumonitis). For example, the general dose toler-
ance of pulmonary tissues was estimated to be a mean
of 18-20 Gy with conventionally fractionated radia-
tion therapies with <20% risk of symptomatic pneu-
monitis.”” The HyTEC pulmonary fibrosis analysis
considered 97 studies employing SBRT in hypo-
fractionated radiotherapy for lung cancer, exploring
the rate of symptomatic pneumonitis as an endpoint,
and reported that the rate was less than 10%-15%
when radiotherapy was administered with a mean
lung dose (MLD) of <8 Gy in 3-5 fractions, and when

the percent of the combined lung volume receiving
more than 20 Gy (V,0) was less than 10-15%.'* This
was in contrast to the QUANTEC report which
explored symptomatic pneumonitis as an endpoint
using conventional 3D conformal radiotherapy (CRT),
but similarly emphasized the importance of the MLD
(a range of 7-27 Gy was associated with increasing
risk from 5 to 40%, respectively) and V,, (<30%
associated with <20% risk) to reduce the development
of severe pulmonary toxicities."

The severity of radiotherapy-induced fibrosis is
dependent on the radiotherapy prescription parameters
(e.g. dose, dose fractionation, volume, technique), use of
combined modality therapy (e.g. concurrent systemic
therapy), and/or host factors (e.g. genetic, lifestyle,
baseline compromised organ function).! From the
radiotherapy perspective, one could consider optimiza-
tion of the radiotherapy prescription parameters. The
impact of dose and dose fractionation on fibrosis has
been well described in QUANTEC" and HyTEC" pa-
pers. Fractionation allows for increase in radiation
tolerance of normal tissues with the increasing overall
treatment time and allowance for repair.””'* Volume and
technique have been examined in prior studies
comparing 3D CRT versus modern IMRT techniques. A
randomized controlled trial of these techniques in head
and neck cancer have demonstrated decreased grade 2+
subcutaneous head and neck fibrosis (40-65% vs. <20%,
measured at multiple timepoints, p < 0.01) with IMRT."
Similarly, the “PARCER” randomized controlled trial in
pelvic radiotherapy showed reductions in grade 2+ pel-
vic fibrosis (3% vs. 0%, p = 0.03),° bowel obstruction (5%
vs. 0.6%, p = 0.01),° and grade 2+ vaginal stenosis (5%
vs. 1%, p = 0.06) with IMRT.” In general however,
fibrosis of major organs is rarely investigated as the
specific endpoint in existing radiation dosimetry litera-
ture. Further studies should be conducted to determine
specific constraints to limit the likelihood of fibrosis
development. The accessibility to high-quality clinical
data detailing radiotherapy dose, volumes, and out-
comes remains a significant hurdle in ongoing and
future studies."'? Improvements in this domain would
support clinical decision-making when selecting and
administering radiotherapy regimens in a patient-
specific manner.

Clinical manifestations of radiation fibrosis
Patients who develop fibrosis post-radiation present
with certain clinical hallmarks irrespective of the
affected site, including tissue thickening, loss of elas-
ticity, and subsequent parenchymal atrophy coupled
with impaired function.> However, fibrotic develop-
ment additionally induces unique clinical manifesta-
tions that vary depending on the affected tissue, as well
as the type and dose of radiotherapy administered
(Table 1).>*
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Site of fibrosis Clinical features Prevalence of late, fibrosis-related radiation Frequently associated cancer types References
injuries®
Skin Oedema, Alopecia, Dermatitis, Dermal « Up to 30% of patients receiving RT to the breast or Breast, HNC, Sarcomas, Skin 22,23
Contraction, Dermal Thickening, chest wall may develop severe fibrosis.
Impaired Wound Healing, Ulceration
Lungs Coughing, Dyspnoea, Chest Pain, « Average incidence of 16-28% of radiation-induced ~ Lymphoma, Breast, Lung, 13,2426
Impaired O, Delivery, Interstitial lung fibrosis after radiotherapy. Mesothelioma, Oesophageal, Thymic
Oedema + ~5-50% of patients receiving thoracic RT may
develop radiation-induced lung fibrosis.
+ Up to 35% of patients receiving RT for lung or
breast cancer develop radiation pneumonitis and
are at high risk of developing fibrosis.
Heart/vasculature Angina, Radiation-Induced Heart « ~9% of breast cancer survivors develop left Breast, Lymphoma, Lung 27-31
Disease, Vessel Stenosis, Valvular ventricular dysfunction.
D.isease, Myocarsiial Infarction, .Stroke, « ~25% of patients receiving significant mediastinal
Right/ Left Ventricular ADA)’SfU”Ct'Onr RT develop cardiomyopathy, and ~70-90% show
Conducngn Abn?rma'lltles: image-based evidence of pericardial disease.
Arrhythmias, Pericardial Disease + Up to 4-5% of cancer patients treated with RT will
develop conduction system pathologies.
» Prevalence of valvulopathy is up to 26% at 10
years and up to 60% at 20 years post-RT.
Musculature Muscle Weakness/Atrophy, Limited « Up to 45% of HNC patients receiving curative General Consequence of Muscle 27,3234
Range of Motion, Asymmetric doses of RT develop trismus. Irradiation and/or Peripheral Nerve
Neuropathies « ~22% of HNC patients receiving RT develop Damage
brachial plexopathies.
Nervous system Neuropathic Pain, Sensory Loss, HNC, HL, Nasopharyngeal, Direct
Impaired Muscle Control, Weakness Radiation-Induced Damage
Gastrointestinal tract Dysphagia, Nausea, Abdominal Pain, « ~5-10% of patients receiving RT for pelvic or Gl (Stomach, Small and Large Bowel, 27,35-37
(oesophagus, small Dysmotility, Constipation, Diarrhoea, abdominal cancers develop severe bowel toxicity, Rectal, Anal, Liver), GU (Prostate,
and large bowel, Strictures, Fistulas, Proctitis, Faecal including lumen narrowing and transmural Bladder), Gynaecologic (Cervical,
liver) Incontinence fibrosis. Uterine)
« ~10-15% of cervix cancer survivors develop severe
bowel toxicity post-RT.
» ~6-66% of patients receiving 30-35 Gy of hepatic
radiation may develop significant radiation-
induced liver disease.
Genitourinary tract Haematuria, Cystitis, Urinary « ~8-12% of cervix cancer patients receiving RT Gl, GU, Gynaecologic 738,39
Incontinence, Reproductive develop urinary sequelae.
Dysfunction, Urinary Strictures, Fistulae, « ~4-11% of prostate cancer survivors develop
Strictures radiation cystitis.
40,41

Gynaecologic

Vaginal Narrowing/Shortening, Pain,
Dryness, Vaginal Stenosis (VS),
Ulceration, Necrosis, Atrophy

« ~38% of Stage IB to Stage IV cervix cancer
patients treated with pelvic and/or vaginal RT or
brachytherapy develop VS.

~16-43% of patients with locally advanced cervix
cancer may develop VS from brachytherapy,
increasing with RT dose.

Cervical, Vaginal

?Prevalence of fibrosis-related radiation injuries may potentially be related to fibrosis prevalence, but there is no clear demarcation between late radiation toxicity and radiation fibrosis statistics in most

studies.

Table 1: The clinical manifestations of radiation injury, the prevalence of late, fibrosis-related radiation injuries, and frequently associated cancers.

Superficial fibrosis of the skin and its underlying
fascia are most common, developing as early as
3 months post-irradiation or over the span of several
years (Table 1).* Patients often initially present with
radiation dermatitis, irritated or inflamed skin as an
acute toxicity. Over time, the skin may harden and lose
elasticity as collagen is deposited in the dermis, while
hyperplasia of the epidermis, loss of skin appendages,
and hyperkeratosis occur as fibrosis progresses.
Palpable fibrotic sequelae may be detected at the site
of irradiation after substantial collagen has accumu-
lated in the dermis.” In rare instances, fibrosis may
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result in ulceration and necrosis among superficial
tissues.

Radiation-induced lung injury (RILI) and toxicity are
among the most thoroughly documented in the litera-
ture (Table 1).** Patients are usually diagnosed with
radiation pneumonitis during the first six months of
fibrosis initiation and development. Radiation pneu-
monitis may require symptomatic management with
antibiotics, steroids, oxygen or airway intervention in
severe cases. Fatal pneumonitis is possible, particularly
if baseline lung function is compromised. If symptoms
persist or worsen after resolution of acute pneumonitis,
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RILI is then classified as radiation-induced lung fibrosis.
Patients who received thoracic radiotherapy may
develop coughing, chest pain, dyspnoea, pulmonary
hypertension, diminished lung function, a restrictive
lung defect, increased lung stiffening, and airway
obstruction.*** These symptoms may be a consequence
of airway wall thickening, particularly of the bronchioles
and alveoli. Impaired ventilation can be detected as a
reduction in systemic oxygen delivery, accompanied by
compensatory tachypnoea, or cyanosis in the extrem-
ities.”” CT monitoring may be used as a diagnostic tool
for lung fibrosis which manifests as thickened airways,
as well as a ground-glass appearance of the lungs.” The
Common Terminology Criteria for Adverse Events
(CTCAE) is a well-known system for classifying treat-
ment toxicity by clinicians. Pulmonary fibrosis can be
categorized from Grade 1 to 5, based on percentage of
lung fibrosis on imaging studies, combined with clinical
extent of hypoxia, pulmonary hypertension, heart failure
or even death (Grade 5).

Radiotherapy may induce a plethora of complications
within the circulatory system, at both the level of cardiac
structures and the vasculature, which have been asso-
ciated with poor long-term clinical outcomes thereby
necessitating  additional  clinical = management
(Table 1).”* Patients with symptoms of cardiomyopa-
thies may present with dyspnoea and chest pain, brady—
or tachycardia, fluctuations in blood pressure, or fluid
retention.”** Other severe long-term complications
include radiation-induced heart disease, with the devel-
opment of cardiac fibrosis, valvular disease, conduction
abnormalities, pericardial disease, and the accumulation
of fibrotic material in the tunica media of vessels
causing luminal obstruction and/or plaque ruptures; all
of which may develop over the span of months to
years.”” Plaques resulting from radiation injury are
reportedly more prone to causing cerebrovascular acci-
dents or myocardial infarctions than those developing
from other sources.”**

Radiation-induced neural injuries often occur indi-
rectly as a consequence of nerve compression or vasa
nervorum disruption by fibrotic tissues.’? Patients may
present with neuropathic pain, sensory loss, or
diminished muscular control. Muscular fibrosis can
develop either concurrently or independently of neural
injuries.” For example, if an innervating nerve is
damaged in the radiation field, weakness and atrophy
can result in the innervated muscles (Table 1). Spinal
metastases are often treated with conventional radio-
therapy and SBRT, but their adjacency to the spinal
cord risks unintended toxicities in the irradiation
field.*"~** Thus, patients may present with several tox-
icities including vertebral compression fractures and
radiation myelopathy, ranging from minor sensory and
motor impediments to significant neuromuscular
dysfunction. Direct muscular injury can initially pre-
sent as spasms, which transition to chronic

contractions accompanied by loss of mobility due to
sclerosis.?””*? Loss of elasticity and restricted range of
motion have been similarly reported in irradiated ten-
dons and ligaments due to the onset of fibrosis and
sclerosis.” Radiation may also increase the risk of
osteopenia, osteoporosis, and osteoradionecrosis;
however, these complications are more typically caused
by direct radiation-injury as opposed to ensuing
fibrosis.>**

Symptoms of radiation fibrosis in the digestive sys-
tem may manifest after a latency period spanning any-
where from six months to three years post-radiation,
with delayed enteropathy occasionally reported even 30
years later (Table 1).** Acute radiation esophagitis pre-
sents as odynophagia and dysphagia, with more long-
term consequences including dysmotility, oesophageal
strictures, and fistula formation.” Nausea, abdominal
pain, and dysmotility may all result from damage to the
lower GI tract or thickened luminal walls.”” Bowel
fibrosis, resulting from pelvic radiotherapy, can lead to
development of adhesions, small bowel obstruction,
faecal incontinence, strictures, and increased risk of
tissue ischemia, fistulae, and tissue necrosis.” Radiation
toxicities can manifest in the liver either as a direct
target of radiotherapy, or given its large size and adja-
cency, a by-product of irradiating other GI tract com-
ponents.”* The liver possesses numerous critical
functions, including nutrient metabolism, elimination
of waste, and protein synthesis.”® Both classic and non-
classic radiation-induced liver disease (RILD) may
develop weeks to months following radiation, each
manifesting with unique symptoms representative of
compromised liver function.**** Following radiation
injury, the activation of hepatic stellate cells and their
differentiation towards a myofibroblast phenotype are
major contributors to liver fibrosis, exacerbating pre-
ceding symptoms of RILD and leading to accumulation
of scar tissue.

Renal fibrosis is the end-stage complication of
radiation-induced nephrotoxicity, typically preceded by a
six-month asymptomatic latent period, followed by
progressive chronic radiation nephropathy characterized
by oedema, azotaemia, proteinuria, hypertension,
anaemia, albuminuria, and chronic kidney disease
(CKD).”” Vascular and glomerular complications, loss of
nephron mass, and an increase in renal interstitial
fibrosis may all be detectable histologically during the
late stages of renal nephropathy. Chronic inflammation
and cellular senescence post-irradiation are major
driving factors in fibrosis development, especially when
coupled with CKD, which reduces the regenerative ca-
pacity of the organ and remodelling of renal tissues,
ultimately compromising renal function.”**

Pelvic radiotherapy may also increase the risk of
fibrosis in the genitourinary (GU) tract, with accumu-
lation of fibrotic tissues impairing both excretory and
reproductive function (Table 1).” In prostate cancer
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patients, bladder damage and radiation cystitis are not
infrequently reported.” Patients may present with uri-
nary incontinence, haematuria, and the presence of
urinary plasminogen activator inhibitor 1, tissue inhib-
itor of metalloproteinase 1 (TIMP-1), and TIMP-2.
Similar sequelae may be experienced by cervix cancer
patients treated with radiotherapy.” Obstructions and
strictures have been observed; however, it can be diffi-
cult to differentiate the aetiology between radiation
treatment and destruction from the pre-existing cancer.
Given the adjacencies of the GU and lower GI tracts,
symptoms may present in both regions as a conse-
quence of fibrosis.” Vaginal stenosis (VS) is one sig-
nificant  gynaecological  complication frequently
associated with pelvic radiotherapy and brachytherapy,
through which the accumulation of fibrotic tissue
manifests in the abnormal tightening and shortening of
the vagina.**® VS typically manifests at least three
months after receiving radiotherapy and the combined
fibro-atrophic pathology manifests clinically as telangi-
ectasias, mucosal pallor, loss of elasticity, dryness, oc-
clusion, and fragility of the vaginal canal.***

Overall, the diversity of complications arising from
radiotherapy necessitates different clinical manage-
ment, depending on the site of irradiation, to adequately
treat patient symptoms and improve quality of life post-
radiation. In addition to existing therapeutics and
symptomatic management, improved knowledge of the
pathogenesis of fibrosis continues to guide the devel-
opment of targeted, experimental therapies.

Biological processes underlying radiation

fibrosis

Dysregulated extracellular matrix deposition and
remodelling

The ECM is a dynamic milieu of proteins, glycoproteins,
glycosaminoglycans (GAGs), proteoglycans (PGs), and
other macromolecules that form an intricate network
imparting unique mechanical properties to connective
tissues.® In addition to providing physical support and
points of anchorage for cells, the ECM is also a reservoir
for numerous cytokines, growth factors, and bioactive
molecules which regulate cellular behaviours and
developmental processes.*® During fibrosis, ECM syn-
thesis and turnover become dysregulated, resulting in
excessive deposition of ECM components and scar tis-
sue accumulation (Fig. 1).

Collagens are collectively the most abundant proteins
found in the human body, which are secreted into the
extracellular space, then assembled into unique supra-
molecular structures.® The production, maintenance,
and degradation of collagen is not a static process.'®
Rather, a dynamic crosstalk takes place between intra-
cellular molecules and the ECM which influences gene
expression and/or facilitates remodelling of ECM com-
ponents (Table 2). Cultured irradiated skin fibroblasts

www.thelancet.com Vol 103 May, 2024

demonstrate elevated collagen synthesis compared to
unirradiated cells, which is further increased upon
addition of transforming growth factor p (TGF-p).”
Chronic upregulation of collagen production and depo-
sition, particularly types I and III, by myofibroblasts is a
major driver in the development of fibrotic tissues.’
Matrix metalloproteinases (MMPs) and their inhibitors
(TIMPs) further regulate collagen turnover and main-
tenance in the ECM.** Given the extensive size of
collagen fibrils, cleavage by MMPs is essential for
cellular endocytosis and lysosomal degradation. Dysre-
gulation of both MMP and TIMP activities promotes
significant collagen accumulation in the fibrotic micro-
environment (Table 2).}

Other ECM constituents, such as fibronectin, GAGs,
and PGs, are also dysregulated in fibrosis (Table 2).
Fibronectin is a dimeric multi-modular glycoprotein and
its deposition is elevated in fibrotic states.** Notably, the
Hep2 binding-site (modules I1112-11115) of fibronectin
is known to bind a variety of growth factors including
TGF-p, hepatocyte growth factor (HGF), connective tis-
sue growth factor (CTGF), and platelet-derived growth
factor (PDGF), all of which have been implicated in
fibrosis development.* In addition, the ED-A-containing
fibronectin splice variants are upregulated in wound
healing, bind to latent-TGF-p-binding protein-1, thereby
sequestering latent TGF-p in the ECM.”” GAGs are long
anionic polymers of repeating disaccharide subunits,
including hyaluronan, chondroitin sulphate, heparin
sulphate, and keratan sulphate.* PGs are large extra-
cellular complexes comprised of a core protein cova-
lently linked to GAG chains through a linker
tetrasaccharide.® Diverse assemblies of GAGs and PGs
can be generated in the ECM, and as with fibronectin,
aberrant production and deposition of GAGs and PGs
will also contribute to the onset of tissue fibrosis
(Table 2).”* Highlighted in this review are only a selec-
tion of the most prominent molecules altered in fibrotic
pathologies. Further investigation of fibrotic ECM al-
terations could provide novel insight on tissue-specific
manifestations of fibrosis and potential therapeutic
targets.

Myofibroblasts act in concert with immune

populations to orchestrate radiation fibrosis

Fibroblasts are the dominant cell type in connective
tissues and are responsible for the synthesis and turn-
over of major ECM components.®” While various fibro-
blast differentiation subtypes may exist in a given tissue,
atypical myofibroblasts are a crucial hallmark in radia-
tion fibrosis, which terminally differentiate from several
resident cell populations in the irradiated field in
response to profibrotic signalling, including fibroblasts,
epithelial and endothelial cells, mesenchymal stem cells,
and smooth muscle cells through mechanisms such as
epithelial- and endothelial-mesenchymal transitions
(EMT and EndoMT, respectively) (Fig. 1).** In healthy
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Fig. 1: An integrated summary of radiation fibrosis pathogenesis. Radiation exposure causes immediate tissue damage in both target and
healthy tissues, thereby initiating acute inflammation. Over the span of several days, immune cells, such as macrophages and neutrophils, are
recruited to the site of radiation and commence cytokine secretion. Neutrophils produce inflammatory cytokines, including various interleukins
and tumour necrosis factor o (TNF-a). Macrophages are a major source of platelet-derived growth factor (PDGF) and transforming growth
factor B (TGF-B), which stimulate the proliferation of fibroblasts and differentiation into abnormal myofibroblasts, respectively. Sustained
upregulation of TGF-p and connective tissue growth factor (CTGF) positively feedback on myofibroblast fibrogenic activities. Consequently, ECM
homeostasis is perturbed, and molecules such as collagen and proteoglycans begin to accumulate over weeks and months. These sustained
myofibroblast activities, coupled with aberrant expression of ECM regulators such as matrix metalloproteinases (MMPs) and their inhibitors
(TIMPs), lead to extensive scar tissue accumulation, evidenced through tissue thickening, loss of elasticity, and increasing induration or firmness.
In late-stage fibrosis, months to years after radiotherapy, extensive ECM deposition and microvasculature damage gives rise to hypoxic en-
vironments which may promote parenchymal cell atrophy or tissue necrosis. Created with BioRender.com.

tissues, myofibroblasts function in tissue repair, but
ultimately undergo apoptosis. In radiation fibrosis
however, these cells fail to apoptose, and maintain long-
term production of collagen through TGF-p/Smad sig-
nalling and CTGF."* Abnormal myofibroblasts can be
identified by the expression of a-smooth muscle actin
(@-SMA), which regulates the expression of both
collagen and other profibrotic signalling molecules, and
is also pivotal for the necessary contractile forces during
wound contracture.®” The persistence of myofibroblasts
in irradiated tissues is thus a critical driver for the
development of chronic fibrosis.

The acute inflammatory stage of radiation fibrosis is
orchestrated by a number of immune cell populations
including monocytes/macrophages, neutrophils, eosin-
ophils, mast cells, and lymphocytes.” While these im-
mune cells are essential for the induction of
inflammation, debris clearance, and wound healing,
they have also been reported to modulate ECM deposi-
tion.** Radiation exposure has been associated with
increased expression of chemokines, which are potent
mediators of innate immunity and increase local im-
mune cell infiltration.’ Neutrophils rapidly migrate to
sites of radiation tissue injury and produce inflamma-
tory cytokines including IL-1, IL-6, and tumour necrosis
factor o (INF-a), promoting the inflammatory micro-
environment and reactive oxygen species (ROS) gener-
ation.””  Subsequent lymphocyte and monocyte
recruitment and interactions lead to the classical acti-
vation of M1 macrophages, which are associated with
inflammatory cytokine production in the acute stages of

fibrosis.” The progression from acute inflammation to
chronic fibrosis is accompanied by a transition towards
the alternatively-activated M2 macrophage phenotype.””
M2 macrophages secrete profibrotic signalling mole-
cules such as TGF-§, PDGF, fibroblast growth factor
(FGF) and vascular endothelial growth factor (VEGF),
potent mediators of fibroblast proliferation and differ-
entiation into myofibroblasts, which culminate in ECM
accumulation during fibrotic remodelling.

The combined effects of radiation exposure,
abnormal fibroblasts, and immune populations
collectively impact on both the microvasculature and
tissue parenchyma in an adverse manner. Cell stress
imposed by radiation and extensive ROS generation
can directly induce tissue cell death. Compromised
endothelial and epithelial barrier function can initially
elicit microvascular injury and loss of vascular density
post-irradiation, a phenomenon which has been well-
documented in pulmonary and cardiac tissues.”**
These complications may precede or occur concur-
rently with the acute inflammatory stages of fibrosis,
also giving rise to the differentiation of abnormal
myofibroblasts that exacerbate the chronic fibrotic
state.”” Over time, the extensive deposition of ECM
further impinges upon the parenchyma of the affected
organ(s), which induces loss of elasticity and thick-
ening, leading to tissue atrophy.” Given that the
parenchymal cells comprise the major functional units
of any organ, atrophy impairs organ function; man-
ifested as unique clinical symptomology depending on
the tissues affected.”
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ECM component

Biological significance in fibrosis®

Reference(s)

Collagen

Matrix metalloproteinases

MMP-1

MMP-2

MMP-8

MMP-9

MMP-13

MT1-MMP (MMP-14)

Fibronectin

ED-A FN Splice Variants

Glycosaminoglycans and proteoglycans
Hyaluronan
Syndecan-1
Decorin
Biglycan

Perlecan

fibrosis molecular biology.

Provides tissues with tensile strength by forming extensive fibrils or networks within the extracellular matrix (ECM). Collagen
types | and Ill are the most strongly implicated in radiation fibrosis. Collagen accumulation impinges upon adjacent tissues
potentially causing thickening, loss of elasticity, atrophy, hypoxia, or compromised function.

Facilitates remodelling and breakdown of ECM components, particularly collagen through collagenase and gelatinase
activities. While some MMPs are downregulated in fibrosis, promoting ECM accumulation; others are upregulated and may
facilitate the remodelling of the ECM towards a fibrotic microenvironment.

Downregulated by TGF-B/Smad signalling in murine dermal fibroblasts post-irradiation accompanied by a simultaneous
increase in TIMP-1 and collagen expression. These alterations promote scar tissue accumulation.

Upregulated in cultured human lung epithelia, and murine dermal fibroblasts post-irradiation. MMP-2 gelatinase is involved
in the remodelling of stroma and basement membranes which may mediate disruption of endo- and epithelial barriers during
the initial stages of fibrosis.

Upregulated and secreted by macrophages during hepatic fibrosis development, promoting the trans-differentiation of
hepatic stellate cells into active myofibroblasts. Expression of MMP-8 is also upregulated in mononuclear phagocytes and
airway epithelium in idiopathic pulmonary fibrosis.

Upregulated in parenchymal and inflammatory lung cells in a murine model post-irradiation. Coupled with MMP-2, these
gelatinases may compromise structural integrity of lung tissues by targeting basement membranes. In transgenic mice
overexpressing TGF-B, MMP-9 activity was diminished.

Upregulated in fibrosis and may promote remodelling of collagen fibrils. Loss of MMP-13 reduced inflammation and fibrotic
development in a pulmonary fibrosis murine model. In a hepatic fibrosis murine model, MMP-13 cleaves and activates
connective tissue growth factor (CTGF) exacerbating fibrosis.

Functions vary broadly in a tissue-specific context. MT1-MMP facilitates collagen remodelling and homeostasis, and promotes
activation of other MMPs in adult skin when expressed by cutaneous fibroblasts. MT1-MMP may cooperate with Kras (G12D)
to exacerbate pancreatic fibrosis through TGF-f signalling. Conversely, loss of MT1-MMP in a bleomycin-induced pulmonary
fibrosis model exacerbated symptoms.

Contributes to haemostasis, cell adhesion, and cell migration. Fibronectin is associated with abnormal wound healing, stiff
matrices, and fibrosis when excessively deposited. It may also function as a chemoattractant for fibroblasts and increase
fibrosis-associated myofibroblast activation.

Upregulated in wound healing and repair processes, including fibrosis, and has also been reported to bind latent-TGF-
B-binding protein-1, sequestering latent TGF-p in the ECM. ED-A FN-null mice are protected from bleomycin-induced
pulmonary fibrosis, albeit at the expense of dysregulated wound repair.

Participates in the wound repair process, binds other ECM components, including TGF-B, and sequesters water molecules and
cations in tissues through ionic interactions.

Upregulated in wound healing and repair processes. Promotes immune cell recruitment, enhances fibroblast motility and
tissue invasion. Accumulates before the onset of fibrosis and thus may serve as a biomarker.

Augments type Il pneumocyte cellular activity towards a fibrotic phenotype via TGF-p signalling in idiopathic pulmonary
fibrosis models.

Binds TGF-p and modulates its bioactivity in vitro and in vivo. In a hepatic fibrosis model, Decorin bound TGF-f with high
affinity, thus limiting profibrotic signalling and activation of hepatic stellate cells.

Binds TGF-B and modulates its bioactivity in vitro, however given its proximity to the pericellular space, it may paradoxically
promote profibrotic signalling in vivo by sequestering TGF-p in the vicinity of its receptor.

Promotes fibrosis by upregulating collagen fibrillogenesis and growth factor signalling, altering cell adhesion, and preventing
fibroblast apoptosis.

61-63

37,67,68

69

70,71

72-74

7576

77

78,81,82

“Some studies investigating ECM components in other fibrotic pathologies are included, in addition to radiation-induced fibrosis models, to highlight potential areas of future investigation for radiation

Table 2: An overview of altered ECM components in fibrosis, and their biological significances.

Fibrosis is driven by a complex landscape of
proinflammatory and profibrotic molecules

(TGFBR2) on the cell surface which then co-localizes
with the dimeric TGFBR1 to form a functional hetero-

The TGF-f cytokine family consists of three isoforms (31
to p3) which are essential for survival, influencing cell
growth, immune regulation, and ECM deposition.”* TGF-
p1 is the principal isoform secreted by inflammatory and
endothelial cells which has been critically linked to the
pathogenesis of radiation fibrosis (Fig. 1). TGF-p mole-
cules are secreted within a complex known as the large
latent complex (LLC) and require dissociation for activa-
tion, a process which can be mediated by proteases, in-
teractions with other extracellular factors, and ROS.
Activated TGF-p binds to the dimeric TGF-B-receptor II
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tetrameric receptor complex.” The TGFBR complex
functions as a serine/threonine kinase to phosphorylate
specific members of the Smad family (in the canonical
pathway, Smad2/3 which then complex with Smad4)
which act as transcription factors promoting the expres-
sion of profibrotic genes.

In a murine model, TGF-p expression was signifi-
cantly upregulated several days post-irradiation, occur-
ring concurrently with immune cell infiltration at the
site of irradiation.” Initially, the latent reservoir of TGF-
f within the ECM is likely the most significant source of
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increased TGF-p activity, given that these molecules are
readily activated by the ROS generated by radiation
exposure.” The resulting signal transduction promotes
myofibroblast differentiation and profibrotic gene
expression, including collagen, fibronectin, and CTGF.”
CTGF is a matricellular protein secreted by fibroblasts.”*
Numerous molecules and pathways including fibro-
nectins, TGF-f signalling, hypoxia-inducible factor lo
(HIF-1o), and Rho/ROCK signalling, converge upon
CTGF.”** Notably, CTGF expression was observed to be
absolutely essential for TGF-p-initiated fibrosis, and its
inhibition reversed ECM remodelling.*** Furthermore,
CTGF enhances myofibroblast differentiation and
fibrogenic activities, and importantly, has a positive
feedback on TGF-p1 expression (Fig. 1). This provides a
mechanism through which CTGF can perpetuate TGF-
1 expression (and in turn, its own expression) once the
initial inflammatory environment transitions into
fibrosis.

Other profibrotic molecules implicated in fibrosis
pathogenesis incdlude PDGF, TNF-a, HIF-la, and
NADPH oxidases (NOX) (Table 3). PDGFs elicit mito-
genic functions by binding to the PDGF o and f receptor
(PDGFR) tyrosine kinases on mesenchymal-derived cell
surfaces.”” PDGF expression is upregulated during the
acute inflammatory stage post-irradiation, and subse-
quent PDGF-dependent signalling has been implicated
in fibroblast profibrotic molecular mechanisms involving
TGF-p and TNF-o."”" TNF-a is an inflammatory cytokine
that is upregulated post-irradiation and induces changes
in gene expression, including TGF-f upregulation,
through intermediates such as activator protein 1 (AP-1)
and nuclear factor kB (NFkB)."**!*!% HIF-la has been
implicated in fibrosis pathogenesis in several organ sys-
tems suggesting that the hypoxic fibrotic environment
may be a common contributor to the development of
fibrosis.'”'* Indeed, HIF-la expression is significantly
elevated post-radiation in response to oxidative stress and
microvascular damage, and severe hypoxic development
post-irradiation was associated with elevated fibrotic ac-
tivities in a murine model.'”” Both TGF-f and CTGF are
also transcriptionally regulated by HIF-la, suggesting
that HIF-1a may also perpetuate the expression of these
key molecular drivers in fibrosis.™ Members of the NOX
enzyme family have been reported to be upregulated
post-irradiation and contribute to chronic tissue oxidative
stress and radiation toxicity.'? NOX enzymes produce
ROS in response to profibrotic signalling molecules, such
as TGF-B, and modulate endothelial dysfunction, MMP
fibrotic activities, and collagen remodelling.!'>'** Taken
together, NOX enzymes critically contribute to immune
cell infiltration, cellular senescence, apoptosis, and
fibrosis in irradiated tissues.

Numerous interleukins (ILs) have been implicated in
the inflammatory processes dominating the acute
response to radiation injuries.’ Given the broad reper-
toire of these molecules, their targets, and functions,

specific molecules will not be extensively explored in
this review; however, a summary of the findings in the
literature is noted in Table 3. Some conflicting findings
have also been observed, thereby necessitating further
investigation of these molecules and their effects to
elucidate the mechanisms through which specific ILs
may facilitate the development of chronic fibrosis.

Senescence as a contributor to fibrosis

Radiation and other types of DNA damage can induce
premature cellular senescence in normal tissues, a
permanent non-replicative growth arrest. Senescence in
normal tissues after irradiation can cause parenchymal
depletion through loss of replicative potential of adult
normal tissue stem cells."* In addition, senescent cells
produce a complex mixture of cytokines, immunomod-
ulatory molecules, and mitogenic compounds called the
senescence associated secretory phenotype (SASP).
Many of the SASP molecules have been implicated in
radiation fibrosis, such as TGF-p, epidermal growth
factor (EGF), IL-1, and IL-6."° The SASP can cause
secondary senescence, stimulate fibroblasts to produce
collagen matrix, and impact inflammation.”! Clearance
of senescent cells or prevention of senescence have been
shown to mitigate radiation fibrosis.'*

An integrated summary of molecular, cellular, and
ECM alterations underlying radiation fibrosis

Radiation-induced fibrosis has been proposed to occur
through a three-stage model including an initial in-
flammatory stage, a subsequent generalized fibrosis
stage, concluding to a fibro-atrophic stage (Fig. 1).>**'*
Acute radiation tissue injury occurs through both
direct and indirect mechanisms.* Cell stress imposed by
radiation and NOX enzymes can directly induce tissue
cell death. The initial injury promotes an inflammatory
response in the local tissue environment and is also
capable of affecting other tissues through the bystander
effect. Local chemoattractant production facilitates im-
mune cell chemotaxis and recruitment of neutrophils
and macrophages.”"* Neutrophils and M1 macro-
phages produce proinflammatory cytokines, while over
the long-term, M2 macrophages act as a major source of
both PDGF and TGF-p. PDGF promotes the infiltration
and proliferation of fibroblasts in the injured tissue,
while TGF-p promotes differentiation into atypical
myofibroblasts.!'>"** The latent reservoir of TGF-p, acti-
vated by ROS produced in the irradiated field, is a potent
source of TGF-B particularly during the acute phase
following radiotherapy. Taken together, abnormally
elevated TGF-p and CTGF cause myofibroblasts to
overproduce and deposit ECM components such as
collagen, fibronectin and PGs."® Concurrently, some
MMPs are repressed through the stimulation of TIMPs
which exacerbates ECM deposition over time.’ Fibro-
genic activities are postulated to be maintained through
upregulation of CTGF, even during a reduction of TGF-
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NADPH oxidase
family

Interleukins (ILs)
Interleukin-1
family
Interleukin-2
Interleukin-4
Interleukin-5

Interleukin-6

Interleukin-8

Interleukin-10
Interleukin-12
Interleukin-13
Interleukin-21

Interleukin-33

transcription factor, which binds hypoxia-response elements. HIF-1a also regulates the gene expression of molecules contributing to fibrotic
pathologies, such as TGF-p and CTGF, and permits the accumulation of collagen and fibronectin.

NADPH oxidase (NOX) enzymes are key mediators of oxidative stress and ROS production in irradiated tissues. NOX enzymes have been implicated in
numerous fibrosis-related mechanisms including cellular senescence, apoptosis, endothelial dysfunction, collagen remodelling, and MMP profibrotic
activities. In pulmonary radiation fibrosis, the NOX1 isoform was identified as a specific regulator of endothelial dysfunction and fibroblastic changes,
whereas the NOX1, NOX2, and NOX4 isoforms were implicated in cardiac remodelling and fibrosis development.

IL-1a and IL-1f are upregulated in dermal keratinocytes post-irradiation. Minimal superficial fibrosis developed in an IL-1p knockout model. IL-1a
overexpression promoted other dermal radiation toxicities. Conversely, some studies report that IL-1 may act as an antifibrotic molecule in conjunction
with IL-12 to favour repair processes over fibrosis.

IL-2 is upregulated in myofibroblasts post-irradiation and was associated with expression of specific cell adhesion markers such as CD44, a molecule
which may facilitate growth and migration on hyaluronan-rich matrixes.

IL-4 is upregulated in IPF patients, and its knockout in a murine model protected animals from bleomycin-induced fibrosis. IL-4 has been proposed to
act in conjunction with IL-13 to promote fibrotic processes over repair.

IL-5 is upregulated in lung tissues post-irradiation and modulates T cell activity. In IL-5 deficient mice, increased production of IFN-y results in a
significant reduction of liver fibrosis. Eosinophil recruitment was also significantly reduced in liver granulomas.

IL-6 expression is upregulated in keloids and is associated with increased scarring. In a bleomycin-induced pulmonary fibrosis model, IL-6 expression
was biphasic, with the initial upregulation slowing fibrosis while the second phase promoted fibrotic development.

Plasma IL-8 levels in patients receiving radiotherapy for non-small cell lung cancer were negatively correlated with risk of radiation toxicity. Lower

levels of IL-8 predisposed patients to a higher risk of developing radiation-induced lung toxicities. In addition, IL-8 production by mesenchymal
progenitor cells recruits macrophages to fibrotic sites, and promotes self-renewal and proliferation of mesenchymal cells.

IL-10 viral-vector mediated ectopic expression in an IPF murine model was associated with improved survival and significant reduction in TGF-
expression, immune cell infiltration, and fibrosis development.

IL-12 administration attenuates bleomycin-induced fibrosis by increasing expression of antifibrotic IFN-y. Neutralizing IFN-y eliminated the antifibrotic
effects of IL-12.

IL-13 upregulates TGF-p production and secretion by macrophages, while inhibiting the expression of latent-TGF--binding-protein. Both alterations
are profibrotic. IL-13 knockout in a murine model protected against fibrosis.

IL-21 was essential for CD8+ T cell differentiation into IL-13-producing cells in a pulmonary fibrosis model. IL-21 deficient mice are resistant to
bleomycin-induced fibrosis. The combination of IL-4 and IL-21 promotes autocrine stimulation of IL-21, further driving IL-13 production.

IL-33 is produced by radiation-compromised endothelia and facilitates immune cell migration and cytokine signalling, particularly through eosinophil
activity. Eosinophils are among the first immune cells which respond to IL-33 and stimulate collagen synthesis by producing TGF-p.

“Some studies investigating molecular alterations in other fibrotic pathologies are included to highlight potential mechanisms of action in radiation-induced fibrosis.

Molecule Biological significance in fibrosis® Reference(s)

TGF-f TGF-B, and particularly TGF-B1, is the key driver of radiation-induced fibrosis which has been critically linked with numerous pathogenetic mechanisms. >/
TGF-p is upregulated post-irradiation, and the canonical signalling pathway drives the expression of many profibrotic genes such as collagen,
fibronectin, and CTGF. Both CTGF and HIF-1a can feedback on TGF-B to maintain its expression.

CTGF CTGF is upregulated in radiation-induced fibrosis, and its expression can be stimulated by TGF-B, HIF-1a, Rho/ROCK signalling, or in an autocrine  °%9¢2%°
manner in the absence of these molecules. CTGF interacts with numerous ECM constituents and growth factors to influence aberrant ECM deposition,
remodelling, and myofibroblast activity. CTGF expression is essential for TGF-B-initiated fibrosis.

PDGF PDGF is upregulated in radiation-induced fibrosis and was implicated in profibrotic mechanisms including TGF- and TNF-a.. PDGF also promotes '%*'
fibroblast proliferation and infiltration, exacerbating initial responses to radiation injury.

TNF-o TNF-a is upregulated in radiation-induced fibrosis models, particularly during acute inflammatory responses, and induces TGF-B expression. TNF-o *%4%°
may function in tandem with NFkB to sustain myofibroblast survival and proliferation in the fibrotic environment.

HIF-1 o HIF-1a mediates cellular responses to microvasculature damage within hypoxic environments by heterodimerizing with HIF-1f to form the HIF-1 '/

112-114

116

117,118

119,120

121,122

123

124

3,125

126

125

Table 3: Profibrotic molecular alterations implicated in radiation fibrosis onset and development.

f expression in the later stages of fibrosis. As fibrosis
continues to develop over months and years, the tissue
loses elasticity and thickens, leading to impaired func-
tion.”® Microvascular damage resulting from compro-
mised endothelial function causes tissue ischemia,
simultaneously promoting HIF-la-mediated transcrip-
tion of profibrotic genes, and ultimately resulting in
tissue atrophy and necrosis.

Therapeutic opportunities for radiation

fibrosis - conventional and experimental
Conventional therapeutic approaches for radiation
fibrosis target broad pathways of radiation injury, and
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include anti-inflammatory agents, antioxidant treat-
ments, and vascular therapies (Table 4)." While these
approaches have demonstrated some potential to
ameliorate fibrosis onset and development in vitro and
in vivo, results from clinical studies have been mixed.
The conflicting efficacies of single conventional treat-
ments have prompted a shift in focus to multimodal
therapies. For example, antioxidant agents have been
tested in combination with vascular therapies with some
success, such as a combination of pentoxifylline and
Vitamin E; however, these trials are limited by small
cohort sizes, with conflicting clinical results."'**¢
Given its central role in fibrosis, TGF-f signalling is
an attractive target in the investigation of experimental
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Conventional therapeutics Clinical significance

Reference(s)

in vivo; however, results from clinical studies have been mixed.

breast cancer patients with late radiation toxicities.

Experimental therapeutics

respect to off-target side-effects.

being relatively well-tolerated.

pulmonary radiation fibrosis animal model.

inhibitors, if any, requires further investigation.

by atrophy or necrosis, though future studies are necessary.

Anti-inflammatory agents Both steroidal and non-steroidal anti-inflammatory agents have been administered in studies conducted in vitro and in vivo to
ameliorate the acute inflammatory stage preceding fibrosis. Their ability to mitigate established fibrosis has yet to be conclusively
documented. These agents may also be constrained by early administration to prophylactically prevent fibrosis onset, and their use
could be limited by potential toxicities after prolonged administration.

Antioxidant agents Antioxidants mitigate oxidative stress and the profibrotic effects of ROS generated after radiation. Superoxide dismutases (SODs) and
other antioxidants like tocopherol/vitamin E demonstrated radioprotective effects and attenuation of profibrotic activities in vitro and

Vascular therapies Hyperbaric oxygen is administered in pathologies associated with ischemia, hypoxia, and impaired oxygen delivery to promote wound
healing and vessel regrowth. Few studies have examined its success in the clinical treatment of radiation fibrosis, and its efficacy as a
standalone therapeutic agent remains controversial. Novel findings from the “HONEY” randomized controlled trial suggest that
completion of a hyperbaric oxygen therapy regimen (30-40 therapeutic sessions over 6-8 weeks) may reduce pain and fibrosis in

Pentoxifylline (PTX) is an anti-inflammatory, anti-fibrotic, and anti-coagulating agent that increases blood flow. Among its various
effects, PTX is known to interfere with the production and signalling of inflammatory cytokines, such as TNF-o, and has also been
associated with alterations in fibrotic gene expression, and improved outcomes in studies of radiation fibrosis patients.

TGF-p-related therapeutics Neutralizing antibodies, gene therapies, and the administration of recombinant soluble TGFBR2 receptors targeting TGF-p signalling
have all been examined in fibrosis models and demonstrated success in limiting the amount of active TGF-p in situ or reducing
downstream signal transduction; however, given the pleiotropic role of TGF-p, novel systemic therapies must be well-tolerated with

CTGF-related therapeutics CTGF blockade using the Pamrevlumab monoclonal antibody attenuated pulmonary remodelling and improved median survival in an
animal model. In a Phase 2 randomized trial for IPF, it also decelerated the decline of lung function and disease progression, while

Statins Statin-mediated inhibition of Rho/ROCK signalling reduced histopathological changes post-irradiation, including reductions in collagen
synthesis, CTGF deposition, and overall fibrosis development. The “PRAVACUR” Phase 2 trial investigated the efficacy of Pravastatin in
HNC patients, which demonstrated the potential to reduce the thickness and severity of fibrotic tissues.

RTKI RTKIs target PDGFR-dependent signalling, thus reducing the proliferation of fibroblasts as well as downstream profibrotic signalling.
Imatinib mesylate was found to attenuate radiation fibrosis in animal models. Similar findings were observed using Nintedanib in a

ACE inhibitors ACE inhibitors suppress the effects of the renin-angiotensin-aldosterone system, including matrix remodelling events. In an animal
model, Captopril reduced matrix remodelling and preserved organ function, however radiation toxicities still occurred. Enalapril was
well-tolerated in a Phase 2 clinical trial, though patients demonstrated an increased incidence of fibrosis. The clinical role of ACE

Stem cell therapies ADSCs are a source of antifibrotic HGF and have been tested for their ability to mitigate cutaneous, muscular, and skeletal fibrosis.
Their extracellular vesicles reduce profibrotic gene expression. Stem cells may also be pertinent in regenerating fibrotic tissues affected

Cellular reprogramming Cellular reprogramming provides a modality through which abnormal cells, such as myofibroblasts, may be ushered back to a normal
phenotype to drive the regression of fibrotic tissue. In a murine liver fibrosis model, viral vector-mediated reprogramming converted
myofibroblasts to a hepatocyte-like state and was associated with a decrease in fibrosis. In addition, cellular reprogramming may be
utilized to preferentially drive myofibroblast FAO metabolism in conjunction with ECM catabolism to counteract fibrosis.

1,3,136

1,136-140

54,141,142

43,143

1,144-147

148,149

102,153,154

158,159

160,161

Table 4: Conventional and experimental therapeutic opportunities for radiation fibrosis.

therapies in various fibrosis models (Table 4); such
strategies, including include neutralizing antibodies,
gene therapies, and the administration of recombinant
soluble TGFBR2 receptors, have all been examined in
animal fibrosis models targeting TGF-p signalling, and
demonstrated success in limiting the amount of active
TGF-B in situ, or reduced downstream signal trans-
duction."**'*® Fresolimumab, for example, is a neutral-
izing antibody effective against all TGF-p isoforms,
which has been tested in several fibrosis models and
observed to significantly reduce TGF-p-mediated gene
expression and myofibroblast infiltration in systemic
sclerosis.'*” An antisense small interfering RNA (siRNA)
for Smad3, a molecule downstream of TGF-p in the
canonical signalling pathway, administered as a topical
gel also successfully suppressed Smad3, and reduced
collagen deposition and epidermal thickening in a

10

murine radiation fibrosis model.”** While such agents
need to be well-tolerated, the pleiotropic role of TGF-B
presents the risk of off-target effects during systemic
therapy. Targeting CTGF activities downstream of TGF-
B may be an alternate approach to circumvent this po-
tential limitation. For example, Pamrevlumab is a
monoclonal antibody specific to CTGF which success-
fully attenuated pulmonary remodelling, and improved
overall health and median survival in a murine radiation
model."” Pamrevlumab has been subjected to a Phase 2
randomized trial for interstitial pulmonary fibrosis
(IPF), and decelerated the decline of lung function
(p = 0.033) and disease progression (p = 0.013) while
being relatively well-tolerated, suggesting its potential
for radiation fibrosis therapy.'**

Other pharmacological agents currently being
investigated in fibrosis include statins, receptor tyrosine
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kinase inhibitors (RTKIs), and angiotensin-converting
enzyme (ACE) inhibitors (Table 4). Statin-mediated in-
hibition of Rho/ROCK signalling reduced histopatho-
logical changes post-irradiation, including reduction in
collagen synthesis, CTGF deposition, and overall
fibrosis development.”***' The “PRAVACUR” Phase 2
trial investigated the efficacy of Pravastatin in head &
neck cancer patients (n = 60) with established cutaneous
and subcutaneous fibrosis of varying severity.'” Patients
received 40 mg/day over 12-months, and amongst the
42 patients who completed the study, 35.7% of patients
(95% confidence interval (CI): 21.6-52.0%) demon-
strated a reduction of >30% fibrosis thickness, while
50% (95% CI: 34.2-65.8%) showed reduced fibrosis
severity. RTKIs, such as Imatinib mesylate, have suc-
cessfully inhibited fibroblast proliferation and profi-
brotic signalling in murine models when applied either
during the early inflammatory phase or later in fibrosis
development.'®>** PDGFR-dependent signalling was
implicated as one such target of RTKIs, though clinical
studies assessing efficacy in humans remain to be
conducted.””" Nintedanib, an FDA-approved RTKI used
in the treatment of IPF, demonstrated the ability to
suppress fibroblast proliferation and ECM deposition,
while exerting anti-inflammatory and anti-fibrotic ef-
fects.”® A murine model demonstrated that these
beneficial effects were maintained in pulmonary radia-
tion fibrosis, notably decreasing oedema and fibrotic
tissue deposition.'*

Experimental data examining Captopril, an ACE in-
hibitor (Table 4), demonstrated its potential to reduce
matrix remodelling and preserve organ function in
pulmonary and cardiac radiation fibrosis murine
models.””>'® Both the control and treatment groups
however, developed pulmonary vasculature damage
from radiation toxicity, indicating that Captopril may not
impart sufficient radioprotection as monotherapy.” A
Phase 2 clinical trial of Enalapril (NCT01754909),
another ACE inhibitor, investigated the incidence of
radiation fibrosis in patients receiving radiotherapy for
lung cancer.”” While the drug was well-tolerated, the
treatment group (n = 20) demonstrated an increased
incidence of fibrosis development, as determined using
CT scans, compared to the placebo group (n = 23) (40%
vs. 17.4%). Hence, future clinical investigations of ACE
inhibitors would be therefore necessary to determine
their clinical role, if any, in the prevention of radiation
fibrosis.

Pirfenidone is an alternative FDA-approved broad-
spectrum antifibrotic molecule for IPF therapy,
although unlike Nintedanib, it inhibits fibrotic growth
factors and ECM molecular activities through an unclear
mechanism.” In a pulmonary radiation fibrosis model,
Pirfenidone decreased TGF-f expression and Smad3
signalling, and prolonged median survival (p < 0.01)."”°
Similarly, in an intestinal radiation fibrosis model, Pir-
fenidone reduced myofibroblast development and
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suppressed canonical TGF-B1 signalling in conjunction
with CTGF.”" A small pilot study of patients with
established radiation fibrosis (n = 7) reported that pa-
tients’ range of motion was improved by at least ~25%
following treatment with Pirfenidone.'”

Other novel experimental approaches to counter ra-
diation fibrosis include stem cell therapies and cellular
reprogramming (Table 4). Adipose-derived stem cells
(ADSCs) have been previously identified as a source of
antifibrotic HGF, and tested for their ability to mitigate
cutaneous, muscular, and skeletal fibrosis through in-
hibition of TGF-p and other profibrotic molecules.'*"*
In addition, the extracellular nanovesicles generated by
ADSCs have also been shown to reduce the expression
of profibrotic genes, providing the possibility of a cell-
free therapeutic approach.” Stem cells may also
enable the regeneration of healthy tissues when fibrosis
results in parenchymal atrophy or tissue necrosis.’
Cellular reprogramming provides a modality through
which abnormal cells, such as myofibroblasts, may be
ushered back to a normal phenotype to drive the
regression of fibrotic tissue.'”” In a murine liver fibrosis
model, the viral vector-mediated ectopic expression of
four transcription factors converted myofibroblasts to a
hepatocyte-like state and was associated with a decrease
in fibrosis." In addition, metabolic dysregulation has
been reported in myofibroblasts wherein upregulation
of fatty acid oxidation (FAO) promotes ECM catabolism,
while downregulation of FAO and upregulation of
glycolysis promotes ECM anabolism; cellular reprog-
ramming may hence be utilized to preferentially drive
myofibroblast FAO metabolism in conjunction with
ECM catabolism to counteract fibrosis.'®’

Taken together, therapeutic approaches targeting
specific pathways are still in their infancy and require
investigation in both human cell/tissue models and
subsequent clinical trials. While certain treatments may
prove successful in vitro or in animal models, the
complexity of the fibrotic cascade necessitates caution
when predicting efficacy in patients.

Conclusion

Radiation fibrosis is a long-term complication of radio-
therapy resulting from an aberrant wound repair pro-
cess. It is clear that fibrosis initiation and progression
are enabled by a plethora of complex biological alter-
ations. The aggregate activities of these pathways pro-
mote the differentiation and maintenance of abnormal
myofibroblasts which excessively deposit ECM leading
to scar tissue accumulation. Unfortunately, there is
currently no cure for radiation fibrosis and existing
therapies employed in the clinical setting have demon-
strated limited success. Future successful clinical man-
agement of radiation fibrosis will be incumbent on
additional research in fibrosis pathogenesis, advances in
radiotherapy techniques, and the development of novel
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Search strategy and selection criteria

Data for this review were identified by searches of PubMed and the Web of Science
Database, as well as references from relevant articles using the search terms:
“radiation fibrosis” or “radiation induced fibrosis” or “fibrosis” or “radiotherapy” or
“inflammation” or “clinical manifestations” or “pathogenesis” or “injury” or
“toxicity” or “treatment” or “therapy”. Only articles published in English up to
February 29, 2024 were included.

therapeutics, as well as learning from other causes of
fibrosis. This review summarizes the current state of
knowledge in this domain, but with increasing research
efforts in the broad biomedical community, the future is
very exciting on being able to prevent, mitigate and cure
radiation fibrosis, thereby significantly improving the
quality of life for cancer survivors around the world.

Outstanding questions

While no cure currently exists for radiation fibrosis,
ongoing developments in radiation techniques, the un-
derstanding of fibrosis molecular pathogenesis, and
therapeutic modalities may reduce its prevalence or
severity over the long-term. To that end, future research
should address multiple outstanding questions on the
complex clinical and molecular landscape of radiation
fibrosis. Access to high-quality clinical data detailing
radiotherapy dose, volumes, and outcomes remains a
significant hurdle in current radiation fibrosis clinical
studies. Upon successfully bridging this gap, novel
radiotherapy dosimetry constraints may be investigated
with fibrosis as an endpoint, to prevent long-term
complications and improve patient quality of life. At
present, the epidemiology of radiation fibrosis is most
frequently described in the literature with respect to
pulmonary and cardiac complications; however, even
these data vary between studies. Future studies should
therefore build upon the existing literature, as well as
elucidating epidemiological characteristics of radiation
fibrosis in other major sites prone to developing com-
plications. Finally, in addition to prevention through the
development of dosimetric constraints, improvements
in clinical management and treatment require further
investigation in radiation fibrosis models and subse-
quent clinical trials. Highlighted in this review are ma-
jor classes of experimental therapies described in the
literature, though as the biomedical knowledge of
fibrosis pathogenesis continues to evolve, novel thera-
peutic targets may also emerge warranting clinical
investigation.
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