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Abstract

Purpose Radiotherapy is a prominent therapy for many malignant and non-malignant disorders, though it can cause side
effects such as radiation-induced cystitis. Current research has highlighted a role for mast cells and macrophages in the
prognosis of such radiation-induced toxicities. However, the prognostic value of these immune cells in the pathophysiology
of radiation-induced cystitis is not clear. As such, a systematic review was conducted to assess myeloid-lineage immune
cells for their prognostic value in radiation-induced cystitis to address this gap in literature.

Methods The protocol was registered in PROSPERO, and searches were performed in PubMed, Embase and Web of Science
databases for pre-clinical rodent studies on radiation-induced cystitis.

Results After de-duplication, 153 articles were screened for relevancy by title and abstract. Title and abstract screening
deemed 64 studies irrelevant. The remaining 85 studies were full-text screened, yielding seven unique articles for data extrac-
tion. Most included studies had an unclear risk of bias. The findings of this systematic review suggest that the prognostic
value of myeloid-lineage immune cells in radiation-induced cystitis is still unclear, indicating a need for further research in
this field.

Conclusion Although the studies reviewed provide some insight into the role of these immune cells in disease pathology, the
limited number of studies and unclear risk of bias further highlights a need for additional, high-quality research in this area.
In summary, this systematic review highlights a need to understand the involvement of immune cells in radiation-induced
cystitis pathophysiology and lay the groundwork for further research in this area.

Trial registration PROSPERO registration: CRD42022345960

Keywords Radiation-induced cystitis - Haematopoietic stem cell transplantation - Radiotherapy - Cystitis - Urinary
bladder - Immune cells

Introduction

Radiation-induced cystitis is an inflammatory condition that
can develop as a side-effect of abdominopelvic radiation
exposure [1]. The incidence of radiation-induced cystitis is
suggested to range from 23% to 80%, with this variability
likely being a result of variable doses of radiotherapy across
medical subspecialties [1]. External-beam radiation therapy
(EBRT) is a common type of radiation therapy, involving
the use of a linear accelerator to deliver a focussed beam
of radiation to malignant tissue. Radiation-induced cystitis
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can also be induced by myeloablative therapy, which is used
a conditioning regiment for hematopoietic stem cell trans-
plantation (HSCT) in the treatment of various hematologi-
cal diseases by delivering high-dose radiation to the entire
body [2].

Radiation-induced cystitis is thought to develop triphasi-
cally. The first phase of radiation-induced cystitis is charac-
terized by acute inflammation, involving a loss of the urinary
bladder's glycosaminoglycan and urothelium cell layers,
infiltration of immune cells, vasodilation, and hyperplasia
of bladder endothelium. The acute phase is then followed
by a symptom-free phase, lasting from months to years [3,
4]. The third and final phase constitutes a chronic inflam-
matory response. The chronic phase is best characterized
by collagen deposition, loss of smooth muscle epithelia,
hemorrhaging, thinning of the urothelial wall and an influx
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of pro-inflammatory immune cells. However, the extent of
immune cell distribution and prevalence during acute and
chronic phases of radiation-induced cystitis has not been
well established, and more importantly, whether these char-
acteristics apply to myeloablative therapy considering its
immunosuppressive nature. Though current research has
highlighted a possible role for urinary bladder mast cells
[3, 5] and macrophages [6] in the development of radiation-
induced cystitis, their specific role is unclear.

In pre-clinical literature, mast cells have been associ-
ated with the development of fibrosis in various tissues in
response to radiation exposure [7-11]. Specifically, mast
cells are believed to release various chemokines, such as
transforming growth factor-p (TGF-f), which promotes
fibroblast recruitment and proliferation [12], causing fibro-
sis. Urinary bladder fibrosis has been previously associated
with underactive bladder and impaired bladder compli-
ance disorders [13, 14]. Clinical presentations of radiation-
induced cystitis range from increased urinary frequency
and urgency, dysuria, nocturia, increased risk of bladder
infections, hematuria and suprapubic pain, as reviewed by
Zwaans, Nicolai [15]. Mast cells are also believed to disrupt
vasculature by increasing the permeability of blood vessels
[16] as well as playing a direct role in chemical cascades
that result in radiation-associated toxicities [9]. Similarly,
macrophages are also suggested to play a role in the patho-
physiology of radiation-induced cystitis, namely in promot-
ing fibrosis and inflammation, as reviewed by Helissey,
Cavallero [6]. Other myeloid-lineage immune cells, such as
monocytes, neutrophils, eosinophils and basophils, may be
involved, but less is known of their role in the development
of radiation-induced inflammation. Hence, this systematic
review aims to establish the potential prognostic value of
myeloid-derived immune cells in radiation-induced cystitis
by reviewing current pre-clinical literature on their involve-
ment in tissue injury and repair of the irradiated urinary
bladder.

Materials and methods

This systematic review followed the Preferred Reporting
Items for Systematic Reviews and Meta-Analyses statement
(PRISMA) guidelines [17]. The protocol for the systematic
review was prospectively developed and registered in PROS-
PERO (CRD42022345960).

Search strategy
Embase, PubMed, and Web of Science online databases
were searched for published articles from database incep-

tion to 16 November 2022. Language and year of publica-
tion restrictions were not imposed in the systematic review.
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Studies were identified using the following terms: radiation,
radiotherapy, hematopoietic stem cell transplantation, uri-
nary bladder, urothelium, cystitis, rodents, immunomodula-
tion, fibrosis, inflammation, radiation effects, radiation fibro-
sis syndrome, leukocytes, macrophages, monocytes, mast
cells, neutrophils, eosinophils and basophils. The search
string used to search the PubMed database is found below:

(“Radiation, Ionizing[tiab] OR “Radiation”[tiab] OR
“Radiotherapy”’[tiab] OR “Haematopoietic stem cell
transplantation”[tiab]) AND (“Urinary Bladder”[tiab]
OR “Urothelium”[tiab] OR “Cystitis”[tiab]
OR “Bladder”[tiab]) AND (“Rodent”[tiab]
OR “Mice”[tiab] OR “Rats”[tiab] OR “Guinea
Pigs”[tiab]) AND (“Immunomodulation”[tiab] OR
“Fibrosis”[tiab] OR “Inflammation”[tiab] OR “Radi-
ation Effects”[tiab] OR “Radiation Exposure”[tiab]
OR “Radiation Injuries”[tiab] OR “Radiation
Fibrosis Syndrome”[tiab] OR “Leukocytes”[tiab]
OR “Mast Cells”[tiab] OR “Neutrophils”[tiab]
OR “Eosinophils”’[tiab] OR “Basophils”[tiab] OR
“Macrophages”’[tiab] OR “Monocytes”[tiab]).

Eligibility criteria

Studies were included in this systematic review if they sat-
isfied the following criteria: (i) included radiotherapy, (ii)
assessed myeloid-lineage immune cell function, prevalence
or distribution, and (iii) evaluated fibrosis, inflammation or
immunosuppression in irradiated rodent urinary bladders.
Only original experimental animal studies were included.
Animals with infectious diseases or studies without healthy
control animals were excluded. Reviews, systematic reviews,
meta-analyses and conference abstracts were excluded from
this systematic review. Human studies were also excluded
from this review but were included in the introduction and
discussion to provide a contextual clinical application.

Study screening, data extraction and quality
assessment

Two independent reviewers performed study screening,
and disagreements were resolved by the third reviewer.
After duplicate removal, title and abstracts were screened
to exclude irrelevant studies. One author retrieved full-text
articles, and two authors screened full-text articles against
the eligibility criteria for inclusion in this systematic review.

After full-text article screening, two reviewers extracted
data from eligible studies. Information relating to the pop-
ulation (total animal numbers, animal species, strain, sex
and age) and intervention (type of radiation, dosage, tar-
get tissue, adjuvant treatments) was extracted, in addition
to information relating to primary and secondary outcome
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measures. The primary outcome measure was to assess the
impact of radiation on myeloid-lineage immune cells in rela-
tion to their function, prevalence or distribution. The second-
ary outcome measure was to assess the impact of radiation
on the urinary bladder with regard to inflammation, fibrosis
and immunosuppression. Where possible, data relating to
the mean, standard error of mean, or standard deviation were
extracted from the main text. Only data from the last time
point were extracted when outcome measures were assessed
at multiple times. Estimates were cross-checked, and vari-
ances in data extraction exceeding 10% were resolved
through discussion between all reviewers. Extracted data
were then entered into Covidence by one reviewer and
checked by another reviewer independently.

Two review authors independently assessed the risk of
bias for each included study using the criteria outlined by
Systematic Review Centre for Laboratory animal Experi-
mentation [18]. All disagreements were resolved by discus-
sion or by referring to a third author.

Results
Study selection and qualitative assessment

A total of 257 studies were identified in the initial online
database search after duplicate removal. 153 studies’ titles
and abstracts were then assessed for relevancy. From the title
and abstract screening, 64 studies were deemed irrelevant.
The remaining 85 studies were full text screened against
the inclusion and exclusion criteria. A total of seven unique
studies were included for data extraction (Fig. 1).

Risk of bias assessment

Study quality was assessed using the Systematic Review
Centre for Laboratory animal Experimentation (SYRCLE)
guidelines [18]. Most included studies had an unclear risk
of bias, illustrated in Fig. 2. No studies stated randomized
housing or blinding in performance and detection biases.
One study did not explain variance in sample sizes [19],
scoring high for risk of bias in “Attrition Bias: Incomplete
Outcome Data.” All studies had an unclear risk of selective
outcome reporting bias. All studies in “Other: Other Sources
of Bias” included disclosure of ethics approval or potential
conflict of interest statement except for Giglio, Wasén [20].

Study characteristics

Of the seven included studies, five analyzed rat urinary
bladders [19-23], and two analyzed the mouse urinary
bladder [8, 24]. Five studies were conducted on female
urinary bladders [8, 19-21, 24] and two studies were

Embase, PubMed and Web
of Science Search

410 studies imported

Title and Abstract Screening

153 studies screened

Full-Text Screening

85 studies screened

78 studies excluded

1
1
i
1
32 Wrong outcomes '
assessed :
1
1
1
1
1
1
1
1
1

26 Conference paper
18 Wrong study design
1 Abstract only

1 No control animal

Y

Data Extraction

7 studies included

Fig. 1 PRISMA search strategy flow chart

conducted on male urinary bladders [22, 23]. One author
was contacted to clarify the age of rodents analyzed [20].
The most common rodent strain was Sprague—Dawley rats
(Table 1).

All studies utilised EBRT to irradiate the urinary blad-
der. The highest total radiation dose delivered to the urinary
bladder was 40 Gy [21]. Three studies delivered a single
dose of 20 Gy radiation to the urinary bladder [8, 19, 20],
one used 15 Gy [24] and another used 10 Gy [23]. The low-
est total radiation dose to the rodent urinary bladder was
300 cGy (3 Gy), delivered twice.

Five of the seven studies analyzed mast cells, and three
analyzed macrophages in the irradiated urinary bladder
(Table 1). In relation to mast cells, three studies assessed
prevalence [8, 19, 22], and three studies assessed distribu-
tion across the urinary bladder wall [19, 20, 23]. Three stud-
ies assessed macrophage prevalence in the irradiated urinary
bladder [19, 21, 24], but not distribution. One study sug-
gested a function for macrophages in the irradiated bladder
but did not directly assess macrophage function [21]. No
studies examined the effect of radiation on monocytes, neu-
trophils, eosinophils, or basophils in the irradiated urinary
bladder (Table 1).
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Effects of radiation on mast cells and macrophages
in the urinary bladder

Podmolikova, Mukanyangezi [19] and Zwaans, Krueger [8]
delivered a single dose of 20 Gy to the urinary bladder by
external beam radiation technologies (linear accelerator or
SAARP) in female Sprague—Dawley rats after two weeks
and female C3H/HeN mice after 25 weeks, respectively.
Both studies concluded no statistically significant differ-
ence (NSD) in total mast cell prevalence in the irradiated
urinary bladder. Chen, Chen [22] also reported mast cell
prevalence in Sprague—Dawley rats, finding that 28 days
post-irradiation, mast cells infiltrated the male urinary blad-
der (p <0.05).

Regarding mast cell distribution, Podmolikova, Mukan-
yangezi [19] reported no statistical difference in mast cell
number in the lamina propria (NSD), detrusor muscle
(NSD) and adventitia of the urinary bladder (NSD). Bar-
cellos, Costa [23] and Giglio, Wasén [20] reiterated these
findings in male Wistar rats exposed to 10 Gy and female
Sprague—Dawley rats exposed to a single dose of 20 Gy,
respectively. Barcellos, Costa [23] reported no significant
changes in mast cell density in the lamina propria at seven-
and 15-day time points following radiation exposure (NSD)
compared with controls. Similarly, Giglio, Wasén [20]
reported a significant decrease of mast cells in the urothe-
lium (p <0.05) but no observable changes in the detrusor
muscle of the irradiated urinary bladder after 14 days (NSD).

Ito, Yamamoto [21] exposed 40 Gy of radiation to the
urinary bladder of female Fischer F344 rats, finding that the
prevalence of CD68p* and CD163* macrophages did not
change (NSD) seven days following irradiation. At 20 Gy,
Podmolikova, Mukanyangezi [19] reported no changes in
CD206% macrophages in the irradiated urothelium (NSD).
Additionally, Lombardo, Obradovic [24] observed no
changes in the CD86* macrophage marker (NSD).

Inflammation, fibrosis and immunosuppression
following radiation exposure

Four studies assessed inflammation in the urinary bladder
following radiation exposure [8, 20-22]. Giglio, Wasén [20]
reported that mRNA expressions of inflammatory markers:
IL-1p, IL-4, IL-5 and IL-15 in irradiated urinary bladders
were similar to that of control mRNA levels 14 days post-
irradiation, suggesting that inflammatory protein expression
did not change as a result of radiation exposure. Dissimi-
larly, semi-quantitative data analysis indicated that IL-1
and IL-13 expression was down-regulated 14 days follow-
ing irradiation exposure compared to controls (NSD) [20].
Zwaans, Krueger [8] also assessed inflammation by assess-
ing the prevalence of polymorphonuclear cells, lympho-
cytes, plasma cells and macrophages. A mild increase in

these inflammatory cells was reported in response to a single
dose of 20 Gy radiation, but was ultimately not statistically
significant. Similarly, Ito, Yamamoto [21] assessed inflam-
mation by the infiltration of macrophages into the urinary
bladder, in which no changes were observed in macrophages
seven days following irradiation (NSD). Supporting both
Zwaans, Krueger [8] and Ito, Yamamoto [21], an inflamma-
tory response was also reported by Chen, Chen [22] in the
urinary bladders of male rats exposed to 300 cGy twice. In
this study, Chen, Chen [22] reported an increase in IL-6 and
TNF-o inflammatory markers in irradiated urinary bladders
compared to controls, suggesting an inflammatory response.

Two studies assessed fibrosis in the urinary bladder fol-
lowing radiation exposure [8, 19]. Zwaans, Krueger [8]
reported a modest increase in fibrosis in the urinary blad-
der of C3H/HeN mice in response to 20 Gy radiation, but
was not statistically significant. In contrast, Podmolikova,
Mukanyangezi [19] reported a significant increase in the
total fibrotic area and collagen deposition of the rat urinary
bladder in response to 20 Gy irradiation (p < 0.05).

Three of the seven included studies reported on other
immune cells’ prevalence in the urinary bladder [19, 20, 24].
Studies conducted by Podmolikov4, Mukanyangezi [19] and
Lombardo, Obradovic [24] both reported a decrease in lym-
phocytes in the urinary bladder. Specifically, Podmolikov4,
Mukanyangezi [19] reported a decrease in CD3* lympho-
cytes in the urothelium and lamina propria of the irradiated
urinary bladder; however, no statistical significance was
observed. Lombardo, Obradovic [24] reported a decrease
in the number of CD4" T-cells (p <0.05) but no change
to CD8" T-cells in response to irradiation (NSD). Giglio,
Wasén [20] reported that the prevalence of lymphocytes in
the irradiated bladder was not affected by irradiation, where
no statistical significance was found between control and
irradiated groups.

Discussion

Radiation-induced cystitis, a known side effect of radiation
exposure to the urinary bladder, can significantly impact
patient outcomes [2, 25, 26]. The lack of evidence-based
research and therapeutics available in treating this disease
remains a significant issue that needs to be addressed. Cur-
rent pre-clinical research has demonstrated a potential role
for macrophages [6] and mast cells [7-11] in the patho-
physiology of radiation-induced toxicities; however, a clear
link has not been established for the involvement of these
immune cells, and other myeloid-derived immune cells, in
the prognosis of radiation-induced cystitis.

This systematic review revealed that the effect of radia-
tion on myeloid-derived immune cells in radiation-induced
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cystitis is poorly defined. In other literature, a role for the
urinary bladder mast cell [3, 5] in the pathophysiology of
radiation-induced cystitis has been suggested. In the healthy
urinary bladder, mast cells are critical regulators of immu-
nity [27-29] distributed throughout all layers of the urinary
bladder wall [30]. In the context of radiation-induced toxici-
ties, mast cells have been associated with the development
of radiation-induced fibrosis around various tissues of the
body [7-11]. Specifically, mast cells are believed to release
various chemokines, such as TGF-f3, which cause fibrosis by
promoting fibroblast recruitment and proliferation [12]. Mast
cells are also believed to disrupt vasculature by increasing
the permeability of blood vessels [16] as well as playing
a direct role in chemical cascades that result in radiation-
induced inflammation [9].

In the reviewed studies, several investigated mast cells
in the irradiated urinary bladder [8, 19, 20] [22, 23]. Two
studies indicated no statistical difference in the infiltration
of mast cells between irradiated and non-irradiated groups
[8, 19]. These studies suggest that mast cells are resistant to
radiation exposure in the urinary bladder, consistent with
reports on mast cells exhibiting resistance to radiation-
induced cytotoxicity [31, 32]. Contrastingly, two studies
indicated a decrease [20, 23] and one study indicated an
increase in mast cell density following irradiation [22]. Mast
cells were reported to decrease in the urothelium [20] and
lamina propria [23], which may suggest that mast cells are
more susceptible to radiation-induced toxicities in the most
apical layers of the urinary bladder wall following irradia-
tion at 14-day, and 7- and 15-day timepoints, respectively.
After 28 days, Chen, Chen [22] reported that mast cells infil-
trated the bladder, suggesting that this increase in mast cells
may be indicative of inflammatory response. Despite this,
further research is needed to validate these findings.

In addition to mast cells, macrophages have also been
implicated in the development of radiation-induced tox-
icities through similar mechanisms of inflammation and
fibrosis [33]. Macrophages were investigated in three of
the included studies [19, 21, 24], in which all three studies
concluded no statistical difference in macrophage preva-
lence following irradiation. Despite no statistical difference
between non-irradiated and irradiated groups, Podmolikova,
Mukanyangezi [19] and Lombardo, Obradovic [24] reported
a marginal increase in CD206% macrophages and increased
CD86™ macrophage-associated markers in the urinary blad-
der. Ito, Yamamoto [21], however, reported a reduction in
CD68b macrophages, suggesting that CD68p macrophages
may be susceptible to radiation.

Though previous research has suggested a role for uri-
nary bladder mast cells and macrophages in the pathophys-
iology of radiation-induced cystitis, this systematic review
has determined that these cells do not have a clear prog-
nostic value in the development of this disease. Firstly,
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only four studies assessed inflammation following irradia-
tion of the urinary bladder [8, 20-22], two of which iden-
tified inflammation in the irradiated urinary bladder [8,
20]. Incongruencies in techniques used to assess cystitis,
as well as a lack of assessment in several studies, make it
difficult to draw meaningful conclusions about the involve-
ment of mast cells or macrophages in relation to radiation-
induced cystitis, a disease characterized by inflammation.
Thus, it is recommended that a guideline is developed for
the assessment of radiation-induced cystitis in pre-clinical
models to allow for more meaningful and accurate com-
parisons in the assessment of radiation-induced cystitis,
with particular regard to its triphasic development [3, 4].

Of particular interest was the lack of any literature on
the impact of myeloablative radiotherapies, or the associ-
ated HSCT on myeloid lineage immune cells. Despite its
curative potential, HSCT and its conditioning regiments
have been linked to radiation-induced cystitis. The devel-
opment of radiation-induced cystitis following HSCT is
associated with increased disease morbidity, prolonged
hospitalisations [2, 25] and significant increases in non-
relapse-related mortality, according to Galli, Sora [26].
The prevalence of radiation-induced cystitis, associated
with HSCT conditioning regimens, has a reported preva-
lence ranging between 10% and 20% in paediatric trans-
plant recipients [34] and 17% in adult transplant recipi-
ents [35], with the median incidence of cystitis reported
to occur within the first 30 days of transplantation [26].
Due to its prevalence and apparent risk to immunocompro-
mised patients, future research on HSCT and myeloabla-
tive radiotherapies is highly recommended.

Only three of the included studies in this systematic
review assessed the prevalence of other immune cells in the
urinary bladder [19, 20, 24], and found that there were no
statistically significant differences in assessed lymphocytes
[19, 20]. However, Lombardo, Obradovic [24] reported no
change to the number of CD4" and CD8" T-cells in response
to irradiation compared to controls (NSD). To this end, it
is well known that myeloablative radiotherapy can induce
immunosuppression [36]. As all included studies utilized
EBRT to evaluate myeloid-lineage immune cells in the irra-
diated urinary bladder, it is unclear as to whether these find-
ings are applicable to myeloablative radiotherapy. Dually, it
is also recommended that future research is done to validate
a model of radiation-induced cystitis, in consideration of
different species, strains, dosimetry, and modes of radiation.
Due to scarcity in the assessment of other myeloid-lineage
immune cells, namely monocytes, neutrophils, eosinophils
and basophils, future studies should also aim to assess the
function, prevalence, and distribution of a variety of immune
cells in the irradiated bladder, focusing on how these char-
acteristics may contribute to disease pathology or how they
may differ in the context of myeloablative radiotherapy.
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Limitations of this systematic review include the small
number of identified studies and the inability to make valu-
able comparisons due to the different species, strains, dosim-
etry, and techniques used. Additionally, it is important to
recognise that only four of the included studies sought to
investigate cystitis resulting from radiation exposure [8, 19,
20, 22]. The remaining three studies [21, 23, 24] had dis-
cussed inflammation resulting from radiation exposure, but
did not explicitly identify cystitis. These studies were still
included in this systematic review, however, as they still met
the inclusion criteria.

Conclusion

In summary, this systematic review highlights a need for fur-
ther research into the pathology of radiation-induced cystitis.
Further research is needed to identify the role of myeloid-lin-
eage immune cells in the development of radiation-induced
cystitis (amongst other radiation-induced toxicities in the
urinary bladder), particularly in the context of myeloabla-
tive radiotherapy. Specifically, pre-clinical research should
further investigate the potential prognostic role of mast cells,
macrophages, and other myeloid-lineage immune cells in the
development of radiation-induced cystitis, as well as con-
tinuing to refine current models of radiation-induced cystitis
to aptly reflect the pathophysiology of this disease.
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