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Abstract: Radiation cystitis is a potential complication following the therapeutic irradiation of pelvic 
cancers. Its clinical management remains unclear, and few preclinical data are available on its 
underlying pathophysiology. The therapeutic strategy is difficult to establish because few prospective 
and randomized trials are available. In this review, we report on the clinical presentation and 

pathophysiology of radiation cystitis. Then we discuss potential therapeutic approaches, with a 
focus on the immunopathological processes underlying the onset of radiation cystitis, including the 
fibrotic process. Potential therapeutic avenues for therapeutic modulation will be highlighted, with a 
focus on the interaction between mesenchymal stromal cells and macrophages for the prevention 
and treatment of radiation cystitis.

Keywords: radiation therapy; radiation cystitis; fibrosis; treatment; stem cells therapy; macrophages

1. Introduction
External pelvic radiation therapy is an important tool in the therapeutic arsenal for the 

treatment of pelvic cancers, such as prostate cancer, cervical cancer, rectal cancer or bladder 
cancer. Improvements in radiation techniques, such as intensity-modulated radiotherapy 
(IMRT), stereotactic radiotherapy and image-guided brachytherapy, have made it possible 
to deliver increasingly effective doses in smaller volumes with a clear improvement in 
treatment tolerance. However, the bladder is a critical organ thatmay be sensitive to low 
doses of radiation. Despite improved techniques, pelvic irradiation is still responsible 
for acute and/or late adverse events affecting the bladder. The term "radiation cystitis" 
therefore includes all lesions and symptoms of the bladder following the irradiation of the 
pelvic organs. Its severity is related to the volume of radiation exposure, the total dose 
delivered as well as the administration schedule and fractionation. This adverse event 
may have an impact on patients' quality of life. As cancer patient survival improves, long- 
term survivorship issues are of increasing importance, and an improved understanding of 
radiation-induced cystitis mechanisms is essential [1].

In this review, we review the available literature on clinical presentation and patho- 
physiology of acute and late radiation cystitis. Then, currently available treatments are 
examined. Due to the lack of long-term clinical benefit, other therapeutic avenues must 
be developed for the management of this adverse event. Finally, we highlight the place 
of immunity in the pathological processes of radiation cystitis and its potential as a thera-
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peutic target, focusing on the interaction between Mesenchymal Stromal Cells (MSCs) and 
macrophages.

2. Background Information
The reported incidence of radiation cystitis ranges from 9.1% to 80% [2]. This variabil- 

ity is linked to methods of evaluation and monitoring. Indeed, symptoms of late radiation 
cystitis may occur very late (sometimes decades) after their therapeutic irradiation, and 
some patients may be lost to follow-up. Similarly, acute manifestations may be underesti- 
mated (and therefore not reported) while irreversible radiation-induced bladder lesions 
are developing. Late radiation cystitis is the result of an ongoing process of destruction of 
bladder tissue and histological changes, and a continuum between acute and late radiation 
lesions do exist.

2.1. Acute Radiation Cystitis
Acute radiation cystitis is defined as any adverse event occurring during or up to 

threemonths after the end of radiation therapy (the threshold of sixmonths was also 
proposed). Its incidence is estimated at nearly 50% following pelvic irradiation at full 
curative doses (e.g., prostate or locally advanced cervical cancer treatment). Clinical 
symptoms may include increased urinary urgency and frequency (pollakiuria), both during 
the day and at night, dysuria, but also cystalgia with bladder spasms, and hematuria, albeit 
rarely at this early stage. An international grade classification ranging from 1 to 5 can be 
used to assess the severity and impact on the quality of life (Figure 1) [3]. Acute radiation 
tissue injury to the bladder is caused primarily by damage to the bladder mucosa. It 
involves an acute inflammatory response and tissue edema. Urothelial regeneration thus 
comes to a halt, and the epithelium is desquamated with no regeneration, which results 
in urothelial lesions making the bladder vulnerable to trauma and infections [4]. These 
lesions are characterized by edema, hyperemia and inflammation of the mucous membrane. 
In most of the cases, the prognosis is favorable, as these reactions usually disappear 
spontaneously within fourto sixweeks after the completion of radiation therapy [4,5], 
but an interruption of radiation therapy may be considered in case of severe grade 3-4 
symptoms. Such treatment disruptions may potentially lead to a decrease in tumor control 
because of an increase in overall treatment time and should, therefore, be discussed on an 
individual basis [6].
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B: Acute Phase

Grade 0 no symptom no treatment

Grade 1 Increase in frequency, urgency, 
dysuria or nocturia; new onset 
of incontinence

Grade 2 significant increase in frequency, 
urgency, dysuria or nocturia; 
new onset of incontinence, 
moderate hematuria

Analgésies, 
Symptomatic 
local treatments

Grade 3 significant increase in frequency, 
urgency, dysuria or nocturia; 
new onset of incontinence, 
significant hematuria, pelvic 
pain or bladder spasm

Grade 4 Gross hematuria, Acute bladder 
obstruction , Bladder ulcération 
or necrosis

Table C

Grade S
Toxicity resuiting in patient 
death

C: Late Phase

Grade 0 no symptom no treatment

Grade 1 Minor telangiectasia 
(microscopie hematuria with 
slight épithélial atrophy)

oral and 
intravenous 
hydration 'Sb'

Grade 2 Generalized telangiectasia, 
intermitent maderate 
hematuria

Grade 3 Frequent hematuria with 
decreased bladder capacity

CTCAE version 5

Grade 4 Necrosis/Contracted bladder, 
severe hemmorrhagic cystitis

Grade 5 Death from uncontrolled 
hematuria

“Treatments, CTCAE version 5

Figure 1. Illustration of radiation cystitis (IRC) and clinical management adapted with "Modeling and treatment o>f radiation 
cystitis [7], development of RC after radiotherapy (A), in tire; acute phase (infiltnation of immune cells into the lamina propria 
(LP) and depletion of tire urothelium (UE!)), in latent phase (proliferation of fibaoblasts with hematuria, dilation of vessels, 
bleeding, decrease in the detrnsor muscle layer (IIe) and production of collagan in LP and extracellular mafa-ix^ECM). (F: 
fibroblast, V: vessel, M: muscle cells, C: collagen fibers, I: immune cells) (B) Clinical management during the acute phase of 
CR. (C) Clinical management during the latent phase of CR. * corresponds to cascade treatments of grades 2 to 4 according 
to CTCAE version 5 [3].
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2.2. Late Radiation Cystitis
Late radiation cystitis is defined as an adverse event associated with pelvic irradia­

tion that occurs after a minimum of threemonths and possibly even several years after 
completion of radiation therapy. Toxicities occurring between three and sixmonths are 
sometimes considered as "early delayed". On average, late radiation cystitis appears within 
the following 2-3 years. The incidence of late symptomatic radiation cystitis is stable over 
time at 5-10%, despite improved radiation techniques [8-10]. The clinical presentation can 
be variable, including bladder pain, urinary urgency, isolated urinary disorders and pollak- 
iuria. Given that these symptoms are nonspecific and appear long after treatment, urine 
culture, or even cystoscopy may be useful to rule out other differential diagnoses. The most 
pathognomonic clinical feature is recurrent hematuria, with varying severity. In its most 
(and rare) severe forms, late radiation cystitis may be life-threatening. The incidence of late 
radiation cystitis was approximately 5% at 5 years and 10% at 20 years with conventional 
radiotherapy techniques [9]. It is important to eliminate any local recurrence or new cancer 
by performing cystoscopy. It should be highlighted that severe late symptoms (e.g., fistulas) 
may be worsened by inappropriate bladder biopsies, which should therefore be avoided in 
previously irradiated areas. Patients with a pelvic tumor extending to the bladder are also 
at high risk of fistulas [11]. A classification of this adverse event was developed (Figure 1). 
Severe late radiation cystitis is related to the volume and the dose of radiation exposure, 
the administration schedule and the technique used, but it is also important to identify 
patients with risk factors for developing a severe form. Marks et al. reported that patients 
with co-morbidities, such as hypertension, diabetes, a history of abdominal surgery, and 
patients receiving concomitant chemotherapy were at higher risk of developing radiation 
cystitis, especially in its late form [12]. Recent data suggested that after high dose exposures 
(such as after brachytherapy treatment), some anatomic subpart of the bladder may be at 
higher risk of complication, such as the bladder neck [13]. Although the pathophysiology 
of late radiation cystitis still remains unclear, endothelial cells appear to play an important 
role in this mechanism. Indeed, the submucosal vascularity is damaged by fibrosis of the 
vascular intima resulting in vessel obliteration and submucosal/muscular fibrosis. This 
is followed by urothelial atrophy, hypoxia with hypovascularization and ischemia of the 
bladder leading to the development of fibrosis and atrophy of the bladder tissue with the 
emergence of neovascularization in the form of telangiectasia that may easily bleed [14,15]. 
At the later stage, reduction in bladder capacity is observed linked to complete bladder 
fibrosis, mucosal ulcers with the risk of fistulization and spontaneous perforations of the 
bladder (or fistulae resulting from biopsies).

3. Current Treatments and Clinical Trials
3.1. Acute and Late Radiation Cystitis with Storage, Voiding Symptoms or Occasional Bleeding

The clinical management of storage symptoms for acute and late radiation cystitis 
is largely symptomatic with analgesics and anti-inflammatory drugs. Good hydration is 
recommended for patients in order to increase diuresis, cleanse the bladder, and avoid 
urinary obstruction resulting from blood clots [16].

Likewise, anticholinergics, like oxybutynin, trospium chloride, solifenacin, fesotero- 
dine or flavoxate hydrochloride, can be prescribed to help alleviate urgency and increased 
daytime frequency. Their action is to decrease the contractility of the detrusor and improve 
symptoms [4].

In some cases, antibiotics may be proposed to prevent the condition from worsening 
in the event of infection.

Alpha-blockers, 5-reductase inhibitors or phosphodiesterase 5 inhibitors may be useful 
to alleviate voiding symptoms. Their action is to decrease the tone of the posterior urethra, 
bladder neck and the volume of the prostate [1]. In severe cases, it is sometimes necessary 
to hospitalize the patient for transfusions or clot evacuation [4]. In fact, bladder irrigations 
are performed in order to obtain a dilution of hematuria and drain the clots. It is a sterile 
technique with lubrication for standard catheter insertion with a large three-way catheter.
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Blood clot évacuation is performed manually by using a large Toomey or catheter syringe 
until no further clots and output begin to clear. Then, we use normal saline (0.9%) for 
continuous irrigation [17].

If acute active bleeding does persist and is refractory to irrigations, electrocoagulation 
should be discussed, as described by Martinez and colleagues [18]. The procedure was 
performed with a rigid 22 French cystoscope. It was performed to identify the source 
of bleeding and rule out any other unidentified pathology. The Green Light laser was 
used to target any active source of bleeding. These areas were coagulated with the laser. 
Throughout the procedure, saline irrigation was used, and care was taken to ensure that 
the ureteral orifices were not injured. At the completion of the procedure, the bladder 
was drained under direct visualization to ensure adequate hemostasis. Very minimal 
bladder mucosal damage was reported. Then, a large three-way catheter was placed, and 
continuous irrigation was maintained overnight and stopped the next morning [18].

These treatments are tailored according to the severity of the symptoms (Figure 1).

3.2. Late Radiation Cystitis with Persistent or Récurrent Hematuria
3.2.1. Intravesical Instillations

Different molecules have been used for this indication, with different mechanisms of 
action. Their objectives are sterilization, cleansing and arrest of focal bleeding points.

Aluminum sait: Intravesical aluminous salts are considered astringent agents. They 
exert their action through protein precipitation on the cell surface and in interstitial spaces. 
They decrease blood vessel diameter and stiffness of capillary endothelium [9,19]. Alu­
minum salts are typically delivered as a 1% concentration of alum mixed with sterile water. 
Westerman et al. evaluated the benefit of alum instillations in 40 patients with hematuria, 
which was linked in 95% of patients to radiation cystitis [20]. These instillations led to a 
reduction in transfusion requirements (82% before instillation vs. 59% after instillation, 
p = 0.05). Moreover, 32.5% of patients did not require additional treatment after a median 
follow-up of 17 months. Tolerance was generally good. The main side effect reported was 
bladder spasm in 35% of patients [20].

Formalin: Formalin action consists of precipitating cellular proteins in the mucosa of 
the bladder. The consequence is to create occlusion within telangiectatic tissue. It appears 
to be the most effective intravesical agent with complete resolution rates ranging from 70 
to 89%. However, the safety profile for this treatment is mediocre. First of all, its instillation 
is quite painful and must therefore be performed under general anesthesia. In addition, 
formalin has a high rate of morbidity and mortality (31%), with risks of vesicoureteral reflux 
complicated by severe bilateral pyelonephritis, ureteral stenosis and fibrosis of the bladder 
with reduced capacity and increased urinary frequency [21]. To date, its use remains very 
limited due to its poor safety profile.

Hyaluronic acid: Hyaluronic acid is a mucopolysaccharidethathelps to repair the nor­
mal glycosaminoglycan layer of the bladder when administrated through intravesical 
instillations. It has immunomodulatory properties that enhance connective tissue healing. 
Shao et al. evaluated the efficacy of intravesical hyaluronic acid (HA) instillation and 
hyperbaric oxygen (HBO) in the management of hemorrhagic radiation cystitis [22]. The 
clinical benefit was identical in the 2 groups but was maintained over time significantly 
in the HA arm. Indeed, complete resolution of hematuria was noted in 88%, 75%, and 
50% of HA patients and in 75%, 50%, and 45% of patients in the HBO group, at 6-, 12- and 
18-months following therapy, respectively. Hyaluronic acid appears to be an interesting 
therapeutic alternative, though this must be confirmed in a larger cohort.

Other agents have shown interesting results but have been studied only in small co- 
horts, like botulinum toxin, chondroitin sulfate, polydeoxyribonucleotides, early placental 
extract [23-26].
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3.2.2. Hyperbaric Oxygen Therapy (HBOT)
This technique consists of placing the patient in a pressurized chamber (hyperbaric 

chamber) to administer pure or mixed oxygen at a pressure greater than atmospheric 
pressure, for 5-7 days a week, for a daily duration of 60-90 min up to approximately 
30-45 sessions [27]. The effect of hyperbaric oxygen therapy is to allow better oxygen 
diffusion in tissues and to disrupt the continuum between hypoxia and fibrosis. Hyperoxia 
induces primary neovascularization, secondary growth of healthy granulation tissue, and 
induces short-term vasoconstriction, which may help control active bleeding [28,29]. It 
is the most widely reported therapeutic technique in the management of hemorrhagic 
radiation cystitis. Dellis et al. evaluated the benefit of HBOT in 38 patients with severe 
radiation cystitis. The complete response rate was 86.8%, and the partial response rate was 
13.2%. The mean follow-up was 29.3 months. For the thirty-three patients with complete 
response who received HBO therapy within 6 months of the hematuria onset, the mean 
time interval was 4.9 months (range 1-6), while in the remaining five patients with partial 
response, the mean time interval was 22 months (range 8-48) (p < 0.001). Thirty-three 
patients were alive at the end of follow-up [29].

Recently, the randomized phase 2-3 RICH-ART evaluated the benefit of HBOT com- 
pared to standard of care for patients with late radiation cystitis and a value of fewerthan 
80 points in the urinary domain of the expanded prostate index composite score (EPIC 
score). Forty-one patients were randomized in the HBOT arm and 38 in the standard of 
care arm. HBOT significantly alleviated patient-perceived symptoms of late radiation 
cystitis and improved HRQOL. The mean improvement in EPIC urinary total score was 
higher (17.8 [SD 18.4]) in the hyperbaric oxygen therapy group compared with patients 
in the control group (7.7 [SD 15.5]). Seventy patients in HBOT presented a grade 1-2 
adverse events. The main adverse events grade 1-2 were ear pain (15%), myopia (12%) 
and barotrauma (10%). No grade 3-4 or 5 was reported in this group [30]. The HBOT's 
benefit was maintained in the time. In fact, Pereira et al. reviewed 105 patients diagnosed 
with RIHC whowere treated with HBOT between 2007 and 2016. After a median follow-up 
of 63 months, 76.3% had a complete response [31]. Cardinal et al. evaluated the bene- 
fits of HBOT through a meta-analysis of data from 602 patients treated with HBOT for 
hemorrhagic radiation cystitis. They determined that 84% of patients achieved partial 
or complete resolution, while 75% saw an improvement in hematuria. In their analysis 
of 499 patients with documented follow-up, authors observed a recurrence rate of 14%, 
with a median time to recurrence of 10 months (6 to 16.5 months). To summarize, this 
treatment is well-tolerated, the most common side effects being pressure-related, most 
notably ear and sinus barotrauma. HBOT is offered to patients for whom bladder washings 
and instillations are ineffective [32]. In a systemic review, Villeirs et al. emphasized HBOT 
benefit in radiation cystitis. In a cohort of 815 patients, an overall and complete response 
rate varied from 64.8% to 100% and 20% to 100%, respectively. Blood transfusion before 
HBOT, other treatment modalities before HBOT, use of anticoagulant therapy, along the 
interval between the onset of hematuria and start of HBOT were possible factors associated 
with lower efficacy of HBOT [27]. It is important to start HBOT in the onset of late radiation 
cystitis symptoms [33,34]. However, the availability and cost-effectiveness of high-pressure 
oxygen tanks is a critical factor in the success of HBOT [27].

3.3. Late Radiation Cystitis with Refractory or Life-Threatening Hematuria
In late radiation cystitis with refractory or life-threatening hematuria, the treatments 

aim at achieving volume expansion and at limiting the need for frequent transfusions due 
to active bleeding [35].
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3.3.1. Arterial Embolization
Improvements in interventional radiological techniques have led to improvements in 

morbidity and mortality compared with surgery in patients with refractory hemorrhagic 
radiation cystitis. The technical success rate reported is 88-100%. The main adverse events 
were Brown-Sequard's syndrome, bladder necrosis, and gluteal paresis or skin necrosis. 
Thanks to improved techniques, the incidence of adverse events has decreased from 65% 
to 9-31% [36,37]. The follow-up of these studies is brief.

3.3.2. Cystectomy and Urinary Diversion
In some patients, treatment by means of cystectomy with urinary diversion is un- 

fortunately inevitable when clot evacuation, bladder fulguration and bladder irrigation 
have failed. This therapeutic option should be reserved for patients for whom local and 
conservative treatments have proven unsuccessful, given its high rate of morbidity and 
mortality. Linder et al. reported a postoperative complication rate of 42% and a 90-day 
mortality rate of 16% [38].

4. Clinical Trials: Other Therapeutic Avenues, Antifibrotics
4.1. Antifibrotic or Antioxidant Pharmacological Agents

Vitamin E has protectiveeffects against oxidative stress and also plays an important 
role in preventing lipid peroxidation in the cellular membrane [39]. Between April 2003 
and July 2009, 53 breast cancer patients were recruited to determine if a combination of 
Pentoxifylline (PTX) and Vitamin E could prevent the development of radiation fibrosis 
after radiotherapy for the definitive management (NCT00583700). This clinical study of 
post-irradiation cancer patients treated with PTX/vitamin E showed a significant difference 
in radiation-induced fibrosis. Of importance, the combination of PTX/vitamin E did not 
impact local control or survival within the first 2 years of follow-up (which is still quite 
a short follow-up). The oral PTX/vitamin E treatment was safe and well-tolerated. After 
pelvic irradiation in high-risk patients, the combination of Pentoxifylline (PTX) and Vitamin 
E can thus be considered clinically useful in preventing fibrosis [40,41]. Orgotein copper- 
zinc superoxide dismutase (SOD) is an enzyme found in various tissues throughout the 
body and has a fundamental role in the elimination of reactive oxidative species and free 
radicals that cause tissue damage and fibrosis [42]. SOD was found to be effective in 
reducing radiation-induced fibrosis by a reduced pain score and a decrease in the size of 
the fibrotic area in half of the cases after 6 months in 44 patients with clinical radiofibrosis 
following conservative treatment of breast cancer [43]. However, the role of antifibrotic 
agents in reducing or mitigating radiation cystitis remains unknown.

4.2. Angiotensin-Converting-Enzyme Inhibitors
An initial clinical study had revealed that angiotensin-converting-enzyme inhibitors 

mightdecrease the incidence of radiation pneumonitis in patients receiving thoracic ra­
diation for lung cancer [44]. An ongoing clinical study (NCT01754909) is evaluating the 
efficacy of enalapril on radiation pneumonitis and fibrosis for patients undergoing radi­
ation therapy for lung cancer or other intrathoracic cancers. A recently published phase 
2 prospective study supported the notion of radio-induced fibrosis reversibility, showing 
that pravastatin (40 mg/d for 12 months) was an efficient antifibrotic agent in patients with 
grade > 2 cutaneous and subcutaneous fibrosis following head and neck radiotherapy [45]. 
However, no data are available in the setting of radiation cystitis.

5. Impact of Macrophages in the Development of Radiation Fibrosis
Recent insights regarding the functional role of inflammatory cells suggest that inflam­

mation could play a role beyond the classical "acute" phase. During the radiation wound 
repair process, recruitment of inflammatory cells occurs at the site of injury, which can 
contribute to late inflammatory tissue damage through a continuous mechanismbetween 
inflammation, hypoxia and fibrosis [46]. During normal healing, sequential activation
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of the classical, proinflammatory, M1 and alternately activated macrophages, M2a, M2b 
and M2c, is known to occur, which facilitates the transitions between the inflammatory, 
proliferative and remodeling phases of the repair process [47]. Thus, macrophage dys- 
function or deficient generation can lead to the uncontrolled production of inflammatory 
mediators and growth factors. This can modify their communications with other cells 
(epithelial and/or endothelial cells, fibroblasts, progenitors and stem cells) and contribute 
to a state of persistent injury, which could, in turn, lead to the onset and maintenance of a 
pathological fibrotic process [48,49]. Macrophages are heterogeneous cells with various 
phenotypes and functions in part regulated by their micro-environment. Macrophages com- 
monly exist in two (basically defined) distinct subsets, M1 and M2 macrophages, which 
have different functions and transcriptional profiles (schematically: M1 macrophages 
are associated with the production of proinflammatory cytokines, while M2 phenotype 
reprogramming enhances the production of anti-inflammatory cytokines) [50-52]. The 
representation of macrophage subtypes and their different actions are illustrated in Figure 
2. The macrophage reprogramming processes, and steps have been reviewed elsewhere. 
Briefly, those include 1/an amplified macrophage response, which is a direct amplification 
following exposure to a reprogramming factor (e.g.,INFy) but also a cross-amplification 
consecutive to another factor, such as lipopolysaccharide; 2/a reciprocal suppression of the 
alternate phenotype (M1/M2); 3/a cascade activation of the reprogramming mechanisms; 
4/a feedback phenomenon [53].There are schematically two typical macrophage repro­
gramming signaling pathways: on the one hand, activation pathways such as JNK, Notch, 
TLR/NF-kB (p65/p50), PI3K/Akt2, JAK/STAT1, and HIF1afavor the M1 phenotype; while 
on the other hand pathways such as PI3K/Akt1, JAK/STAT3/6, TGF-p/SMAD, TLR/NF- 
kB (p50/p50) and HIF2a are mainly involved in M2 phenotype programming [54]. After a 
fractionatedirradiation, an abnormal wound healing response occurs, which is character- 
ized by the accumulation of M2 macrophages that promote fibrosis through the production 
of TGF-p1 [48,55]. Temporal and spatial coordination of myofibroblast activities with 
inflammatory macrophages is crucial for the controlled healing process and restored home- 
ostasis in injured tissue, such as after irradiation. In this context, the M1 phenotype has also 
been associated with an antifibrotic effect by releasing MMPs (MMP-9, MMP-12 and MMP- 
13 that degrade ECM). However, if the injury process persists, fibrosis progresses with 
the proliferation of myofibroblasts and ECM deposition (such as collagen and fibronectin) 
in and around inflamed or damaged tissue [56,57]. In this context, M1 macrophages 
represent the starting point of the profibrotic process. Indeed, M1 macrophages release 
proinflammatory cytokines and chemokines that indirectly promote the proliferation of 
myofibroblasts. In this deregulated tissue microenvironment. There is a modulating of 
the macrophage phenotype, in which M2 macrophages phenotype can be generated by 
apoptotic bodies accumulated, ECM quality modified and Th2 cytokines stimulation [58]. 
M2 initially involves anti-inflammatory cells, with the release of IL10, arginase, TGFp and 
HO-1 [59]. When the tissue microenvironment homeostasis is deregulated, M2 activation 
leads to fibrocytes recruitment and proliferation, myofibroblastactivation, and fibroblasts 
proliferation. In addition to collagen production, pro-fibro-fibrotic genes are transcripted, 
leading to the secretion of a large number of profibrotic factors such as TGF-B1, PDGF, 
IL6, IL-13 IL-7 and galactin-3and to an increase in tissue inhibitors of metalloproteinases 
(TIMPs) expression [55,57,60,61]. Recent data highlighted that the exacerbation of radiation- 
induced pulmonary fibrosis might depend on the mesenchymal transition of epithelial 
cells, promoted by the TGF-p-secreting M2 macrophages [62]. Therefore, any change in 
the M1/M2 balance will have a central role in terms of fibrosis control or worsening. In 
addition, exposure to irradiation may also activate macrophages indirectly. An abnor­
mal wound healing response occurs, which is characterized by the accumulation of M2 
macrophages, which promote fibrosis through the production of TGF-p1 [63]. Non-coding 
RNA appears to be involved in the initiation and progression of radiation-induced lung 
fibrosis by modulating the M2-mediated signaling pathway [64]. In animal models of lung 
fibrosis, it was reported a high expression of let-7i and low expression of miR-21 at 3 weeks
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post-irradiation. At a later stage (after 26 weeks), let-7i expression decreased, and miR-21 
was upregulated. In addition, it has been described that let-7i targets TGFBR1, inhibiting 
TGF-p signaling, while miR-21 degrades the TGF-p inhibitor SMAD7. In support of this, 
the miR-21 expression is upregulated in several models of fibrosis [65,66]. Significant 
functional and temporal differences have been shown among several distinct miRNAs 
that are found both in the inflammatory phase (immediately post-irradiation) and in the 
later fibrotic stages [58]. Mukherji et al. proposed that macrophage activation could be a 
secondary effect of radiation exposure, which may result from cellular damage signals and 
clearance of radiation-induced apoptotic cells, rather than a direct effect of irradiation [67]. 
In Oncoimmunology, Meziani and colleagues et al. provide a thorough discussion of the 
immune system/macrophage responses to radiotherapy and their involvement in the de­
velopment of radiation injury. Macrophages are described as a promising therapeutic target 
for the prevention or the treatment of radiation-induced toxicities [68]. This immunomodu- 
latory approach aims not only to increase the antitumor efficacy of radiotherapy but also 
to limit its side effects. To limit the initiation of fibrosis in healthy irradiated tissue, the 
migration of type 2 macrophages or the reprogramming of M1/M2 must be controlled [68]. 
However, the dynamics of myeloid cells in the bladder after pelvic radiotherapy have not 
yet been elucidated and must be investigated.
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Figure 2. Role of macrophage polarization in inflammation, phenotype markers and signaling molécules involved in 
M1 /M2, M2a, M2b, M2c, M2d. Importance of M1 ,/M2î balance in tissue repair. The M1 CD68 + /CD80 + macrophages which 
are pro-inflammatory and the M2 CD68 +/CD206 + macrophages which are anti-inflammatory. Red arrows: elevation. Blue 
arrow: decrease

6. Preclinical Studies of Radiation Cystitis and Cell Therapy: A New Therapeutic 
Avenue
6.1. Praclimael Studies o+Rrdiation-lnducrd Cystitis

Animal models of rediation cystitis are preferably performed in rodents. As illus- 
trated in Table 1, the radiation exposure is mostly delivered as a ringle dose via an X-ray
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or gamma-ray irradiator. However, it appears more appropriate to use X-rays to study 
the effects of radiotherapy on tissues. For example, the SARRP (Small Animal Radiation 
Research Platform) is one of the X-ray irradiators used in preclinical research. These small 
animal radiotherapy devices enable state-of-the-art image-guided therapy (IGRT) research 
to be performed by combining high-resolution cone-beam computed tomography (CBCT) 
imaging with an isocentric irradiation system [69]. This radiation fractionation is, however, 
not clinically relevant, as most pelvic therapeutic irradiations are delivered through frac- 
tionated schemes in patients. Among the factors inducing fibrosis, Th-2 cytokines were 
among the first to be recognized to have strong profibrotic properties. Typical cytokines 
released from Th-2 cells are IL-4, IL-5, IL-10 and IL-13. Three of them, IL-4, IL-5 and IL-13, 
are linked to fibrosis development [70]. A few months after irradiation of the bladder, 
degenerative epithelial tissue, urothelial swelling, pseudo-carcinomatous epithelial hyper- 
plasia, fibrous tissue in the lamina propria and between muscle cells, a mild increase in 
inflammatory cells, disruptions in tight junction formation, edema, loss of endothelial cells, 
urothelial hyperplasia, and bleedings (in the most severe cases) were detected [71]. As 
described in Table 1, three preclinical treatments were shown to reduce the development of 
radiation cystitis, including Hyperbaric oxygen therapy (HBOT), liposomal and tacrolimus 
instillations and also vasculogenic and angiogenic localized therapies [72-74]. For HBOT, 
14 days after radiation, rats were treated in the chamber (95% oxygen and pressurized to 
200 kPa for 90 min), twice daily, for a period of two weeks. This therapy reduced radiation 
oxidative stress and TGF-Beta and consequently lowered levels of IL-10. Using endothelial 
cells as a vasculogenic therapy and vascular endothelial growth factor (VEGF) as an angio­
genic therapy wasbeneficial in the early chronic phase. But this angiogenic therapy using 
endothelial cells could promote tumor revascularization, although routine endothelial cells 
culture is still limited [75,76]. It is well documented that ionizing radiations activate the Nu- 
clear Factor kB (NF-kB) signaling cascade directly or via induction of double-strand breaks 
and oxidative stress [77]. The NF-kB pathway is a link to the immune system in radiation re- 
sponse [78]. Thalidomide, an immunosuppressive drug thatinterferes with the activation of 
NF-kB, may be a valid treatment option for patients with inflammatory diseases refractory 
to other first- and second-line treatments. Considering the immunomodulatory effect of 
thalidomide, Kowaliuk et al. recently investigated the role of NF-kB and the functional ef- 
fects of this treatment on radiogenic bladder dysfunction. Early thalidomide infusion after 
pelvic irradiation using a YXLON MG325 X-ray device showed beneficial and promising 
effects on the incidence and severity of bladder dysfunction [79]. The late administration of 
thalidomide showed no significant effect on functionality with possible neurological side 
effects, limiting its use [80]. Oral administration of clarithromycin or isoflavone before and 
after irradiation results in the anti-inflammatory macrophage subtype switch and reduction 
of macrophage infiltrate, respectively [81,82]. Intraperitoneal injection of Melatonin before 
radiation reduces lymphocytic and macrophagic infiltrates [83]. Moreover, Intraperitoneal 
injection over 8 weeks of Purified murine anti-IL-13 IgG antibody, starting 3 Week post ra­
diation exposure participate ininhibition of polarization of alternatively M2-macrophages, 
also after Iterative IV infusion 5 x 10 Adipose -MSCs/infusion [84,85]. To increase the 
chances of finding a potential preclinical treatment for radiation cystitis, it is imperative to 
explore novel mitigators of radio-induced inflammatory reactions.
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Table 1. Recent animal models for preclinical studies of radiation cystitis (RC) and preclinical studies targeting immune 
cells to limit the development of radio-induced fibrosis.

Animais

Adult female 
Sprague- 
Dawley 

rats

Adult female 
Sprague- 
Dawley 

rats

Adult female 
Lewis rats

Female 
BALB/c mice

Female
C57BL/6J mice

C57BL/6 
female mice

Adult male 
Wistar rats

Sprague-
Dawley

rats

Method of Radiation 
Cystitis Induction

Treatments

Administration
Type

Time
Post-Radiation 
Exposure (PE)

Effect(s)

Single 20 Gy dose by a 
linear accelerator (6MV)

20 sessions of 
HBOT over a 

fortnight

Reduction of oxidative 
14 days PE stress and

proinflammatory factors

SARRP, singledose 40 
Gy

6-8 weeks PE: 
histological tissue 

damage to the bladder

A single 20 Gy dose of 
using a cesium 

isotope-based irradiator.

Single 10 Gy dose by 
Siemens Stabilipan X-ray 

to the whole lung, 
Thickened alveolar 
septa, reflective of 

pneumonitis at 18 weeks 
PE

Single 18 Gy dose by 
linear accelerator (21EX 

3153 VARIAN) to the 
whole lung 

Interstitial edema and 
fibrosis sections at 16 

weeks PE,
5 x 6 Gy thoracic 

irradiation by X-RAD 
320,

Macrophage 
accumulation in the 
irradiated lung at 10 

weeks PE

Liposomal
tacrolimus
instillation

Injection into the 
bladder wall of a 

solution containing 
VEGF +/- 

endothelial cells

Isoflavone mixture 
gavage

Oral
clarithromycin

Purified murine 
anti-IL-13 IgG 
antibody by 

intraperitoneal (ip) 
injection

Increase in
6 weeks PE inter-micturition

intervals

Revascularization of 
30 days PE radiation-damaged

urinary bladders

M1 subtype switched to 
Before and an anti-inflammatory

after radiation M2 subtype with
exposure increased levels of Arg-1 

and decreased NOS2

Before and 
after radiation 
exposure, and 

continuing 
until the day of 

sacrifice

Inhibition of fibrosis 
scoring, influx of 
macrophages and 
interstitial edema

Weekly ip 
injection over 8 
weeks, starting 

3 weeksPE

Inhibition of recruitment 
and polarization of 

alternatively activated 
YM-1 positive 
macrophages

60 Co source 

Single dose Gy 15 to the 
whole lung

- Mild fibrosis at 17 
weeks PE

1 mL of 
melatonin Increased levels of IL-4,
solution

30 min before 
irradiation

DuoX1, Duox-2 and
(100 mg/kg) decreased lymphocyte

Intraperitoneal
and macrophage 

infiltration
injection

Single 27 Gy dose by 60 

Co irradiator inthe 
colorectal region, 

Anastomosis in the 
colon at 4 weeks PE

Iterative IV 
infusion 

5 x 10 adipose- 
MSCs/infusion

The proportion of 
anti-inflammatory M2 

macrophages grew,
3 weeks PE favoring the M2

phenotype and 
promoting wound 

healing
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6.2. Stem Cell Therapy: A New Therapeutic Avenue
Because of their ability to migrate to the irradiated site and of their immunomodula- 

tory and antioxidant properties in promoting tissue repair, mesenchymal stem (or stromal) 
cells (MSCs) are a potential antifibrotic therapeutic candidate [86-90]. Preclinical studies 
have described their beneficial effects, in particular their ability to limit the development of 
pulmonary and colorectal after irradiation by modulating the polarization of macrophages. 
From these investigations, it seems that MSCs could not only replace damaged epithelial 
cells but also promote tissue repair through the secretion of anti-inflammatory and antifi­
brotic factors [85,91,92]. However, it is important to note that these studies were performed 
on non-cancerous models. In a recent preclinical study of radiotherapy to treat colorectal 
cancer, it was shown that treatment with bone marrow (BM)-derived MSCs significantly 
reduced both cancer initiation and cancer progression by increasing the number of tumor- 
free animals as well as decreasing the number and the size of the tumors by half, thereby 
extending their lifespan. The attenuation of cancer progression was mediated by the ca- 
pacity of the MSCs to modulate the immune component. The MSCs reprogrammed the 
macrophages to become regulatory cells involved in phagocytosis, thereby inhibiting the 
production of proinflammatory cytokines. Thus in the long term post-radiotherapy, this bio- 
therapy allows the maintenance of tissue homeostasis and inhibits tumor progression [93]. 
MSCs inhibit fibrosis by reducing the expression of TGF-81, modulating the inflammatory 
response, apoptosis, oxidative stress and remodeling of the extracellular matrix. In par- 
ticular, preclinical studies have shown that MSCs could act on fibrosis by directing the 
polarization of macrophages and the differentiation of CD4+ T lymphocytes [94-96]. In 
response to signals derived from tissue damage, macrophages undergo reprogramming, 
which leads to the emergence of a spectrum of distinct functional phenotypes (Figure 2). 
A study by Chen et al. showed that MSCs couldpromote M2 macrophage polarization 
by secreting TGF-p3 and TSP1 [97]. Recent publications have shown that MSCs could 
induce M2 macrophages through the secretion of exosomes, and these effects could be 
due to the activation of transcription factors Stat6, MafB [98] and the secretion of miR-223 
targeting PKNOX1 in macrophages [99]. These regulatory mechanisms are involved in 
acute inflammation. However, in the case of chronic radiation cystitis, fibrosis is triggered 
by chronic inflammation. MSCs could inhibit chronic inflammation by altering the polar­
ization of macrophages to resolve chronic inflammation through the secretion of exosomes 
containing miR let-7b [100]. Moreover, HGF and TSG-6 have been shown to be major 
effectors of the antifibrotic activity of MSCs in several models (e.g., cutaneous and renal 
fibrosis [101-103]. HGF has been shown to be up the urine of prostate cancer survivors 
with a radiation history [104]. HGF could potentially play a dual role in radiation cystitis 
whereby it promotes angiogenesis and is protective against fibrosis [105]. TSG-6 is able 
to form hyaluronan polymers, which trigger the activation of NF-kB and the subsequent 
acquisition of the M1 phenotype [82]. Thus, TSG-6 could act as a negative regulator of 
M2 activity by promoting the availability of hyaluronan. As prolonged M2 activity has 
previously been associated with worsening fibrosis, newly secreted TSG-6 could be a major 
regulator of inflammation after MSC transplantation [106,107].

7. Discussion and Conclusions
Although irradiation techniques have improved over time, the incidence of radiation 

cystitis still poses a real problem for clinical management. Indeed, the management of 
radiation cystitis, especially in the late-stage, is based largely on symptomatic treatments. 
This was historically explained by the (theoretical) irreversibility of late-stage histological 
fibrotic lesions. Despite encouraging results, evidence that radiation cystitis can be modu- 
lated pharmacologically is insufficient and requires further confirmation as these findings 
are based only on small sample sizes or on retrospective analyses. The pathogenesis of 
fibrotic diseases remains a major challenge, due not only to the variety and multiplicity of 
initiating events but also to a large number of profibrotic mediators involved. Neverthe- 
less, MSCs appear to be a promising therapeutic alternative for the treatment of fibrosis
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in chronic radiation cystitis. The pro- or antitumor effects of biotherapies using MSCs 
have been widely discussed in the literature and are one major parameter that must be 
better understood before clinical application [108-110]. Other stem cells may be promising 
treatments of hemorrhagic cystitis. The placenta is a potential source of stromal cells, 
with decidual stromal cells (DSCs). These stem cells are easily amplified in vitro and have 
greater immunosuppressive potential than BM-MSCs. DSCs inhibit alloreactive T cell 
proliferation better than stromal cells from other sources and induce coagulation more 
effectively than BM-MSCs. Iterative infusions can be considered in patients with inflam- 
matory pathologies [111-113]. In preclinical studies, compared to bone marrow-derived 
MSCs, DSCs had better viability [114]. Their clinical use must, however, be optimized. It 
should be noted that stromal cell injections must be carried out only in a patient with a long 
complete remission to limit their potential implantation near dormant cancer cells. Such 
safety issues may limit the use of MSC in clinics. MSC paracrine action is widely described 
in the literature [115,116]. To limit the implantation of these cells, it is possible to use the ex­
tracellular microvesicles (Evs-MSCs) that they secrete to reduce radiation-induced lesions, 
including fibrosis, without exposing patients to the risk of cancer reactivation [117-119].

To increase the likelihood of finding a potential preclinical treatment for radiation 
cystitis, it is imperative to test novel mitigators of the radio-induced inflammatory reaction. 
For example, TCDO/WF10 is a chemically stabilized chlorite matrix that has previously 
been shown to have a positive effect in the context of chronic inflammatory conditions. 
It induces natural immunity and stimulates cellular defense mechanisms through its 
actions on natural killer cells, cytotoxic T lymphocytes, and modification of the monocyte- 
macrophage system. It reduces inflammation quickly so that healing can begin [120,121]. In 
an early-stage clinical study, 20 patients with grade 3 radiation cystitis received intravenous 
TCDO treatment for 5 consecutive days. From 1 to 9 months after TCDO treatment, 
patients had no recurrent bleeding, and no side effects from treatment with TCDO were 
observed [122]. In a phase-II study involving 100 patients, Veerasarn et al. evaluated the 
effectiveness of WF10 in combination with standard care compared to standard care alone. 
The complete resolution rate for hematuria was comparable in both arms (74% vs. 64% 
in the experimental arm and in the standard arm, respectively). However, a significant 
reduction in the relapse of hematuria was noted among responders in the experimental 
arm (47% vs. 77%, p-0.01). No severe adverse events were reported [123,124].

To date, no preclinical treatment without reconstructive surgery appears to fully re­
store the function and structure of the bladder after radiation exposure. A number of 
preclinical studies have described strategies for limiting fibrosis (cf. Table 1). The majority 
of studies have been carried out in mice on a model of radio-induced pulmonary fibrosis. 
Those were mitigating and continuous treatments (isoflavone mixture gavage, oral clar- 
ithromycin) that were evaluated with respect to the inflammation and migration of immune 
cells, including macrophages, and the development of fibrosis [81,125]. Clarithromycin 
(CLA) administration, before and after lung radiation exposure, reduced expression lev- 
els of TNF-a, TNFR1, TNFR2, TGF-p 1, CTGF and type I collagen, and inhibits both the 
increased acetylation of NF-kB p65 and the elevated expression of COX-2 with reduction 
of both fibrosis and macrophage infiltration [81]. To reduce fibrosis, as described by Chung 
et al., it is necessary to target type 2 cytokines such as IL13, limiting recruitment and 
polarization of Ym1/Chi3L3-positive macrophages, which are alternatively activated in 
the lungs following thoracic irradiation. Intraperitoneal injection of IL-13 neutralizing 
antibody does not completely suppress radiation-induced TGF-p expression, suggesting 
that sustained IL-13 or TGF-p neutralization therapy may be necessary to durably mitigate 
fibrotic progression [84]. Rapamycin is a potent immunosuppressive drug used in solid 
organ transplantation for the prevention of allograft rejection. In oncology, mTOR (mam- 
malian target of rapamycin) inhibitors are currently being evaluated in several types of 
cancers. Targeting mTOR signaling may provide a therapeutic option for radiation-induced 
lung injury. Indeed, mTORC2 activity has been described in the non-canonical signaling 
of TGF-p, and mTORC2 inhibitors could thus be of interest in the case of fibrosis [126].
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In rats, melatonin or metformin administration before irradiation using a 60Co source 
of gamma rays in the thoracic area (i.e., heart and lungs) helped prevent the infiltration 
of macrophages and lymphocytes, as well as the upregulation of IL-4, IL4ra1, Duox1, 
andDuox2 [83,127]. Furthermore, metformin treatment could stimulate the activity of 
antioxidant enzymes such as superoxide dismutase (SOD) and glutathione (GSH) [128]. 
Other antioxidants, such as fucoidan, have been orally administered preclinically after 
whole lung irradiation at 10Gy, mitigating different proteins (TIMP-1, CXCL1, MCP-1, 
MIP-2, and IL-1Ra) expression in pleural fluid, decreasing pleural fluid accumulation and 
reducing neutrophil and macrophage infiltration in lung tissues. Fucoidan changed the 
expression patterns of inflammatory cytokines, which may consequently attenuate lung 
fibrosis [129,130].

Many molecular mechanisms still need to be better understood in order to develop a 
targeted treatment for fibrosis and radiation cystitis. It is, therefore, necessary to broaden 
our knowledge of myeloid and lymphocytic dynamics in the development of this fibrosis 
induced after pelvic radiotherapy, based on data obtained in other models (ex: lung fibrosis). 
It is also necessary to follow a step-by-step translational development to ensure that patient 
outcome may be improved, through the integration of robust biomarkers of toxicity, as 
well as through the implementation of modern radiotherapy tools in clinical research to 
minimize the doses to organs at risk, including the bladder, and therefore improve the 
therapeutic index. The current knowledge on the biological processes involved in late 
radiation toxicity clearly suggests that it is indeed easier to prevent late toxicity than to 
reverse [131].

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Rehailia-Blanchard, A.; He, M.Y.; Rancoule, C.; Guillaume, É.; Guy, J.-B.; Vial, N.; Nivet, A.; Orliac, H.; Chargari, C.; Magné, N. 

Medical prevention and treatment of radiation-induced urological and nephrological complications. Cancer Radiother. J. Soc. Fr. 
Radiother. Oncol. 2019,23,151-160.

2. Martin, S.E.; Begun, E.M.; Samir, E.; Azaiza, M.T.; Allegro, S.; Abdelhady, M. Incidence and Morbidity of Radiation-Induced 

Hemorrhagic Cystitis in Prostate Cancer. Urology 2019,131,190-195. [CrossRef] [PubMed]
3. Freites-Martinez, A.; Santana, N.; Arias-Santiago, S.; Viera, A. CTCAE version 5.0. Evaluacion de la gravedad de los eventos 

adversos dermatologicos de las terapias antineoplasicas. Actas Dermo-Sifiliogrâficas 2020. [CrossRef] [PubMed]
4. Rigaud, J.; Hetet, J.-F.; Bouchot, O. Management of radiation cystitis. Progres. En. Urol. J. Assoc. Fr. Urol. Soc. Fr. Urol. 2004,14, 

568-572.
5. Smit, S.G.; Heyns, C.F. Management of radiation cystitis. Nat. Rev. Urol. 2010, 7, 206-214. [CrossRef]
6. Mazeron, R.; Castelnau-Marchand, P.; Dumas, I.; Del Campo, E.R.; Kom, L.K.; Martinetti, F.; Farha, G.; Tailleur, A.; Morice, P.; 

Chargari, C.; et al. Impact of treatment time and dose escalation on local control in locally advanced cervical cancer treated by 
chemoradiation and image-guided pulsed-dose rate adaptive brachytherapy. Radiother. Oncol. 2015,114,257-263. [CrossRef]

7. Zwaans, B.M.M.; Chancellor, M.B.; Lamb, L.E. Modeling and Treatment of Radiation Cystitis. Urology 2016, 88,14-21. [CrossRef]
8. Cox, J.D.; Stetz, J.; Pajak, T.F. Toxicity criteria of the Radiation Therapy Oncology Group (RTOG) and the European Organization 

for Research and Treatment of Cancer (EORTC). Int. J. Radiat. Oncol. Biol. Phys. 1995, 31,1341-1346. [CrossRef]
9. Denton, A.S.; Clarke, N.W.; Maher, E.J. Non-surgical interventions for late radiation cystitis in patients who have received radical 

radiotherapy to the pelvis. Cochrane Database Syst. Rev. 2002, CD001773. [CrossRef]

10. Pavlidakey, P.G.; MacLennan, G.T. Radiation cystitis. J. Urol. 2009,182,1172-1173. [CrossRef]
11. Sun, R.; Koubaa, I.; Limkin, E.J.; Dumas, I.; Bentivegna, E.; Castanon, E.; Gouy, S.; Baratiny, C.; Monnot, F.; Maroun, P.; et al. 

Locally advanced cervical cancer with bladder invasion: Clinical outcomes and predictive factors for vesicovaginal fistulae. 
Oncotarget 2018, 9, 9299-9310. [CrossRef] [PubMed]

12. Marks, L.B.; Carroll, P.R.; Dugan, T.C.; Anscher, M.S. The response of the urinary bladder, urethra, and ureter to radiation and 

chemotherapy. Int. J. Radiat. Oncol. Biol. Phys. 1995, 31,1257-1280. [CrossRef]
13. Manea, E.; Escande, A.; Bockel, S.; Khettab, M.; Dumas, I.; Lazarescu, I.; Fumagalli, I.; Morice, P.; Deutsch, E.; Haie-Meder, C.; 

et al. Risk of Late Urinary Complications Following Image Guided Adaptive Brachytherapy for Locally Advanced Cervical 

Cancer: Refining Bladder Dose-Volume Parameters. Int. J. Radiat. Oncol. 2018,101, 411-420. [CrossRef] [PubMed]
14. Mendenhall, W.M.; Henderson, R.H.; Costa, J.A.; Hoppe, B.S.; Dagan, R.; Bryant, C.M.; Nichols, R.C.; Williams, C.R.; Harris, S.E.; 

Mendenhall, N.P. Hemorrhagic Radiation Cystitis. Am. J. Clin. Oncol. 2015, 38, 331-336. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.urology.2019.05.034
http://www.ncbi.nlm.nih.gov/pubmed/31201826
http://dx.doi.org/10.1016/j.ad.2019.05.009
http://www.ncbi.nlm.nih.gov/pubmed/32891586
http://dx.doi.org/10.1038/nrurol.2010.23
http://dx.doi.org/10.1016/j.radonc.2014.11.045
http://dx.doi.org/10.1016/j.urology.2015.11.001
http://dx.doi.org/10.1016/0360-3016(95)00060-C
http://dx.doi.org/10.1002/14651858.CD001773
http://dx.doi.org/10.1016/j.juro.2009.06.034
http://dx.doi.org/10.18632/oncotarget.24271
http://www.ncbi.nlm.nih.gov/pubmed/29507691
http://dx.doi.org/10.1016/0360-3016(94)00431-J
http://dx.doi.org/10.1016/j.ijrobp.2018.02.004
http://www.ncbi.nlm.nih.gov/pubmed/29559282
http://dx.doi.org/10.1097/COC.0000000000000016
http://www.ncbi.nlm.nih.gov/pubmed/24322335


Cells 2021,10,21 16 of 20

15. Muruve, N.A. Radiation Cystitis. 2017. Available online: https://emedicine.medscape.com/article/2055124-overview (accessed 
on 23 December 2020).

16. D'Ancona, C.; Haylen, B.; Oelke, M.; Abranches-Monteiro, L.; Arnold, E.; Goldman, H.; Hamid, R.; Homma, Y.; Marcelissen, T.; 
Rademakers, K.; et al. The International Continence Society (ICS) report on the terminology for adult male lower urinary tract 

and pelvic floor symptoms and dysfunction. Neurourol. Urodynam. 2019, 38, 433-477. [CrossRef]
17. Pascoe, C.; Duncan, C.; Lamb, B.W.; Davis, N.F.; Lynch, T.H.; Murphy, D.G.; Lawrentschuk, N. Current management of radiation 

cystitis: A review and practical guide to clinical management. BJU Int. 2019,123, 585-594. [CrossRef]
18. Martinez, D.R.; Ercole, C.E.; Lopez, J.G.; Parker, J.; Hall, M.K. A Novel Approach for the Treatment of Radiation-Induced 

Hemorrhagic Cystitis with the GreenLightTM XPS Laser. Int. Braz. J. Urol. 2015, 41, 584-587. [CrossRef]
19. Arrizabalaga, M.; Extramina, J.; Parra, J.L.; Ramos, C.; Gonzàlez, R.D.; Leiva, O. Treatment of Massive Haematuria with 

Aluminous Salts. BJU Int. 1987, 60, 223-226. [CrossRef]
20. Westerman, M.E.; Boorjian, S.A.; Linder, B.J. Safety and efficacy of intravesical alum for intractable hemorrhagic cystitis: A 

contemporary evaluation. Int. Braz. J. Urol. 2016, 42,1144-1149. [CrossRef]
21. Donahue, L.A.; Frank, I.N. Intravesical formalin for hemorrhagic cystitis: Analysis of therapy. J. Urol. 1989, 141, 809-812. 

[CrossRef]
22. Shao, Y.; Lu, G.; Shen, Z. Comparison of intravesical hyaluronic acid instillation and hyperbaric oxygen in the treatment of 

radiation-induced hemorrhagic cystitis. BJU Int. 2012,109, 691-694. [CrossRef] [PubMed]
23. Chuang, Y.-C.; Kim, D.K.; Chiang, P.-H.; Chancellor, M.B. Bladder botulinum toxin A injection can benefit patients with radiation 

and chemical cystitis. BJU Int. 2008,102, 704-706. [CrossRef] [PubMed]
24. Hazewinkel, M.H.; Stalpers, L.J.A.; Dijkgraaf, M.G.; Roovers, J.-P.W.R. Prophylactic vesical instillations with 0.2% chondroitin 

sulfate may reduce symptoms of acute radiation cystitis in patients undergoing radiotherapy for gynecological malignancies. Int. 
Urogynecol. J. 2011, 22, 725-730. [CrossRef] [PubMed]

25. Bonfili, P.; Franzese, P.; Marampon, F.; La Verghetta, M.E.; Parente, S.; Cerasani, M.; Di Genova, D.; Mancini, M.; Vittorini, F.; 
Gravina, G.L.; et al. Intravesical instillations with polydeoxyribonucleotides reduce symptoms of radiation-induced cystitis in 
patients treated with radiotherapy for pelvic cancer: A pilot study. Support. Care Cancer 2013, 22,1155-1159. [CrossRef]

26. Micic, S.; Genbacev, O. Post-irradiation cystitis improved by instillation of early placental extract in saline. Eur. Urol. 1988,14, 
291-293.

27. Villeirs, L.; Tailly, T.; Ost, P.; Waterloos, M.; Decaestecker, K.; Fonteyne, V.; Van Praet, C.; Lumen, N. Hyperbaric oxygen therapy 
for radiation cystitis after pelvic radiotherapy: Systematic review of the recent literature. Int. J. Urol. 2019, 27, 98-107. [CrossRef]

28. Capelli-Schellpfeffer, M.; Gerber, G.S. The use of hyperbaric oxygen in urology. J. Urol. 1999,162, 647-654. [CrossRef]
29. Dellis, A.; Deliveliotis, C.; Kalentzos, V.; Vavasis, P.; Skolarikos, A. Is there a role for hyberbaric oxygen as primary treatment for 

grade IV radiation-induced haemorrhagic cystitis? A prospective pilot-feasibility study and review of literature. Int. Braz J. Urol. 

2014, 40, 296-305. [CrossRef]
30. Oscarsson, N.; Müller, B.; Rosén, A.; Lodding, P.; Molne, J.; Giglio, D.; Hjelle, K.M.; Vaagbn, G.; Hyldegaard, O.; Vangedal, M.; 

et al. Radiation-induced cystitis treated with hyperbaric oxygen therapy (RICH-ART): A randomised, controlled, phase 2-3 trial. 

Lancet Oncol. 2019, 20,1602-1614. [CrossRef]
31. Pereira, D.; Ferreira, C.; Catarino, R.; Correia, T.; Cardoso, A.; Reis, F.; Cerqueira, M.; Prisco, R.; Camacho, O. Hyperbaric oxygen 

for radiation-induced cystitis: A long-term follow-up. Actas Urolôgicas Espanolas (English Edition) 2020, 44, 561-567. [CrossRef]
32. Cardinal, J.; Slade, A.; McFarland, M.; Keihani, S.; Hotaling, J.N.; Myers, J.B. Scoping Review and Meta-analysis of Hyperbaric 

Oxygen Therapy for Radiation-Induced Hemorrhagic Cystitis. Curr. Urol. Rep. 2018,19, 38. [CrossRef]
33. Chong, K.T.; Hampson, N.B.; Corman, J.M. Early hyperbaric oxygen therapy improves outcome for radiation-induced hemor­

rhagic cystitis. Urology 2005, 65, 649-653. [CrossRef] [PubMed]
34. Nakada, T.; Nakada, H.; Yoshida, Y.; Nakashima, Y.; Banya, Y.; Fujihira, T.; Karasawa, K. Hyperbaric Oxygen Therapy for 

Radiation Cystitis in Patients with Prostate Cancer: A Long-Term Follow-Up Study. Urol. Int. 2012, 89, 208-214. [CrossRef] 
[PubMed]

35. Choong, S.K.; Walkden, M.; Kirby, R. The management of intractable haematuria. BJU Int. 2000, 86,951-959. [CrossRef] [PubMed]
36. Loffroy, R.; Pottecher, P.; Cherblanc, V.; Favelier, S.; Estivalet, L.; Koutlidis, N.; Moulin, M.; Cercueil, J.; Cormier, L.; Krausé, 

D. Current role of transcatheter arterial embolization for bladder and prostate hemorrhage. Diagn. Interv. Imaging 2014, 95, 
1027-1034. [CrossRef]

37. Gowda, G.G.; Vijayakumar, R.; Tigga, M.P. Endovascular Management of Radiation-Induced Hemorrhagic Cystitis. Indian J. 

Palliat. Care 2019, 25, 471-473.
38. Linder, B.J.; Tarrell, R.F.; Boorjian, S.A. Cystectomy for refractory hemorrhagic cystitis: Contemporary etiology, presentation and 

outcomes. J. Urol. 2014,192,1687-1692. [CrossRef]
39. Marquardt, D.; Williams, J.A.; Kucerka, N.; Atkinson, J.; Wassall, S.R.; Katsaras, J.; Harroun, T.A. Tocopherol Activity Correlates 

with Its Location in a Membrane: A New Perspective on the Antioxidant Vitamin E. J. Am. Chem. Soc. 2013,135, 7523-7533. 
[CrossRef]

40. Jacobson, G.M.; Bhatia, S.; Smith, B.J.; Button, A.M.; Bodeker, K.; Buatti, J. Randomized Trial of Pentoxifylline and Vitamin E vs 
Standard Follow-up After Breast Irradiation to Prevent Breast Fibrosis, Evaluated by Tissue Compliance Meter. Int. J. Radiat. 

Oncol. 2013, 85, 604-608. [CrossRef]

https://emedicine.medscape.com/article/2055124-overview
http://dx.doi.org/10.1002/nau.23897
http://dx.doi.org/10.1111/bju.14516
http://dx.doi.org/10.1590/S1677-5538.IBJU.2014.0411
http://dx.doi.org/10.1111/j.1464-410X.1987.tb05487.x
http://dx.doi.org/10.1590/s1677-5538.ibju.2015.0588
http://dx.doi.org/10.1016/S0022-5347(17)41016-0
http://dx.doi.org/10.1111/j.1464-410X.2011.10550.x
http://www.ncbi.nlm.nih.gov/pubmed/21895939
http://dx.doi.org/10.1111/j.1464-410X.2008.07740.x
http://www.ncbi.nlm.nih.gov/pubmed/18485037
http://dx.doi.org/10.1007/s00192-010-1357-0
http://www.ncbi.nlm.nih.gov/pubmed/21365332
http://dx.doi.org/10.1007/s00520-013-2051-9
http://dx.doi.org/10.1111/iju.14130
http://dx.doi.org/10.1097/00005392-199909010-00002
http://dx.doi.org/10.1590/S1677-5538.IBJU.2014.03.02
http://dx.doi.org/10.1016/S1470-2045(19)30494-2
http://dx.doi.org/10.1016/j.acuroe.2020.03.004
http://dx.doi.org/10.1007/s11934-018-0790-3
http://dx.doi.org/10.1016/j.urology.2004.10.050
http://www.ncbi.nlm.nih.gov/pubmed/15833500
http://dx.doi.org/10.1159/000338910
http://www.ncbi.nlm.nih.gov/pubmed/22797611
http://dx.doi.org/10.1046/j.1464-410x.2000.00900.x
http://www.ncbi.nlm.nih.gov/pubmed/11119085
http://dx.doi.org/10.1016/j.diii.2014.03.008
http://dx.doi.org/10.1016/j.juro.2014.06.030
http://dx.doi.org/10.1021/ja312665r
http://dx.doi.org/10.1016/j.ijrobp.2012.06.042


Cells 2021,10,21 17 of 20

41. Younus, H. Therapeutic potentials of superoxide dismutase. Int. J. Health Sci. 2018,12, 88-93.
42. Campana, F.; Zervoudis, S.; Perdereau, B.; Gez, E.; Fourquet, A.; Badiu, C.; Tsakiris, G.; Koulaloglou, S. Topical superoxide 

dismutase reduces post-irradiation breast cancer fibrosis. J. Cell. Mol. Med. 2007, 8,109-116. [CrossRef]
43. Kharofa, J.; Cohen, E.P.; Tomic, R.; Xiang, Q.; Gore, E. Decreased risk of radiation pneumonitis with incidental concurrent use 

of angiotensin-converting enzyme inhibitors and thoracic radiation therapy. Int. J. Radiat. Oncol. Biol. Phys. 2012, 84, 238-243. 
[CrossRef] [PubMed]

44. Gensel, J.C.; Zhang, B. Macrophage activation and its role in repair and pathology after spinal cord injury. Brain Res. 2015,1619, 
1-11. [CrossRef] [PubMed]

45. Bourgier, C.; Auperin, A.; Rivera, S.; Boisselier, P.; Petit, B.; Lang, P.; Lassau, N.; Taourel, P.; Tetreau, R.; Azria, D.; et al. Pravastatin 
Reverses Established Radiation-Induced Cutaneous and Subcutaneous Fibrosis in Patients With Head and Neck Cancer: Results 

of the Biology-Driven Phase 2 Clinical Trial Pravacur. Int. J. Radiat. Oncol. 2019,104, 365-373. [CrossRef] [PubMed]
46. Chargari, C.; Supiot, S.; Hennequin, C.; Chapel, A.; Simon, J.-M. Treatment of radiation-induced late effects: What's new? Cancer 

Radiother. J. Soc. Francaise Radiother. Oncol. 2020, 24, 602-611.
47. Bentzen, S.M. Preventing or reducing late side effects of radiation therapy: Radiobiology meets molecular pathology. Nat. Rev. 

Cancer 2006, 6, 702-713. [CrossRef] [PubMed]
48. Wynn, T.A.; Vannella, K.M. Macrophages in Tissue Repair, Regeneration, and Fibrosis. lmmunity 2016, 44, 450-462. [CrossRef]
49. Mantovani, A.; Sica, A.; Sozzani, S.; Allavena, P.; Vecchi, A.; Locati, M. The chemokine system in diverse forms of macrophage 

activation and polarization. Trends Immunol. 2004,25, 677-686. [CrossRef]
50. Shapouri-Moghaddam, A.; Mohammadian, S.; Vazini, H.; Taghadosi, M.; Esmaeili, S.A.; Mardani, F.; Seifi, B.; Mohammadi, A.; 

Afshari, J.T.; Sahebkar, A. Macrophage plasticity, polarization, and function in health and disease. J. Cell. Physiol. 2018, 233, 
6425-6440. [CrossRef]

51. Zhang, L.; Wang, Y.; Wu, G.R.; Xiong, W.N.; Gu, W.K.; Wang, C.Y. Macrophages: Friend or foe in idiopathic pulmonary fibrosis? 

Respir. Res. 2018,19,170. [CrossRef]
52. Malyshev, I.; Malyshev, Y. Current Concept and Update of the Macrophage Plasticity Concept: Intracellular Mechanisms of 

Reprogramming and M3 Macrophage 'Switch' Phenotype. BioMed Res. Int. 2015, 2015, 341308. [CrossRef]
53. Zhou, D.; Huang, C.; Lin, Z.; Zhan, S.; Kong, L.; Fang, C.; Li, J. Macrophage polarization and function with emphasis on the 

evolving roles of coordinated regulation of cellular signaling pathways. Cell. Signal. 2014, 26,192-197. [CrossRef] [PubMed]
54. Lech, M.; Anders, H.-J. Macrophages and fibrosis: How resident and infiltrating mononuclear phagocytes orchestrate all phases 

of tissue injury and repair. Biochim. Biophys. Acta 2013,1832, 989-997. [CrossRef] [PubMed]
55. Braga, T.T.; Agudelo, J.S.H.; Camara, N.O.S. Macrophages During the Fibrotic Process: M2 as Friend and Foe. Front. Immunol. 

2015, 6, 602. [CrossRef] [PubMed]
56. Chou, J.; Chan, M.F.; Werb, Z. Metalloproteinases: A Functional Pathway for Myeloid Cells. Microbiol. Spectr. 2016, 4,1-15.
57. Pakshir, P.; Hinz, B. The big five in fibrosis: Macrophages, myofibroblasts, matrix, mechanics, and miscommunication. Matrix 

Biol. J. Int. Soc. Matrix Biol. 2018, 68-69, 81-93. [CrossRef]
58. Wynn, T.A.; Barron, L. Macrophages: Master regulators of inflammation and fibrosis. Semin. Liver Dis. 2010, 30, 245-257. 

[CrossRef]
59. Nikolic-Paterson, D.J.; Wang, S.; Lan, H.Y. Macrophages promote renal fibrosis through direct and indirect mechanisms. Kidney 

Int. Suppl. 2014, 4, 34-38. [CrossRef]
60. Sunderkotter, C.; Steinbrink, K.; Goebeler, M.; Bhardwaj, R.; Sorg, C. Macrophages and angiogenesis. J. Leukoc. Biol. 1994, 55, 

410-422. [CrossRef]

61. Vernon, M.A.; Mylonas, K.J.; Hughes, J. Macrophages and renal fibrosis. Semin. Nephrol. 2010, 30, 302-317. [CrossRef]
62. Park, H.-R.; Jo, S.-K.; Jung, U. Ionizing Radiation Promotes Epithelial-to-Mesenchymal Transition in Lung Epithelial Cells by 

TGF-|3-producing M2 Macrophages. Vivo Athens Greece 2019, 33,1773-1784. [CrossRef]
63. Huang, Y.; Zhang, W.; Yu, F.; Gao, F. The Cellular and Molecular Mechanism of Radiation-Induced Lung Injury. Med. Sci. Monit. 

Int. Med. J. Exp. Clin. Res. 2017, 23, 3446-3450. [CrossRef] [PubMed]
64. Duru, N.; Wolfson, B.; Zhou, Q. Mechanisms of the alternative activation of macrophages and non-coding RNAs in the 

development of radiation-induced lung fibrosis. World J. Biol. Chem. 2016, 7, 231-239. [CrossRef] [PubMed]

65. Patel, V.; Noureddine, L. MicroRNAs and fibrosis. Curr. Opin. Nephrol. Hypertens. 2012, 21, 410-416. [CrossRef] [PubMed]
66. Zhu, H.; Luo, H.; Li, Y.; Zhou, Y.; Jiang, Y.; Chai, J.; Xiao, X.; You, Y.; Zuo, X. MicroRNA-21 in Scleroderma Fibrosis and its 

Function in TGF-|3- Regulated Fibrosis-Related Genes Expression. J. Clin. Immunol. 2013, 33,1100-1109. [CrossRef] [PubMed]
67. Mukherjee, D.; Coates, P.J.; Lorimore, S.A.; Wright, E.G. Responses to ionizing radiation mediated by inflammatory mechanisms. 

J. Pathol. 2014, 232, 289-299. [CrossRef] [PubMed]
68. Meziani, L.; Deutsch, E.; Mondini, M. Macrophages in radiation injury: A new therapeutic target. Oncoimmunology 2018, 7, 

e1494488. [CrossRef]
69. Ghita, M.; McMahon, S.J.; Thompson, H.F.; McGarry, C.K.; King, R.B.; Osman, S.O.S.; Kane, J.L.; Tulk, A.; Schettino, G.; 

Butterworth, K.T.; et al. Small field dosimetry for the small animal radiotherapy research platform (SARRP). Radiat. Oncol. 2017, 
12 , 204. [CrossRef]

70. Gieseck, R.L.; Wilson, M.S.; Wynn, T.A. Type 2 immunity in tissue repair and fibrosis. Nat. Rev. Immunol. 2018, 18, 62-76. 
[CrossRef]

http://dx.doi.org/10.1111/j.1582-4934.2004.tb00265.x
http://dx.doi.org/10.1016/j.ijrobp.2011.11.013
http://www.ncbi.nlm.nih.gov/pubmed/22300564
http://dx.doi.org/10.1016/j.brainres.2014.12.045
http://www.ncbi.nlm.nih.gov/pubmed/25578260
http://dx.doi.org/10.1016/j.ijrobp.2019.02.024
http://www.ncbi.nlm.nih.gov/pubmed/30776452
http://dx.doi.org/10.1038/nrc1950
http://www.ncbi.nlm.nih.gov/pubmed/16929324
http://dx.doi.org/10.1016/j.immuni.2016.02.015
http://dx.doi.org/10.1016/j.it.2004.09.015
http://dx.doi.org/10.1002/jcp.26429
http://dx.doi.org/10.1186/s12931-018-0864-2
http://dx.doi.org/10.1155/2015/341308
http://dx.doi.org/10.1016/j.cellsig.2013.11.004
http://www.ncbi.nlm.nih.gov/pubmed/24219909
http://dx.doi.org/10.1016/j.bbadis.2012.12.001
http://www.ncbi.nlm.nih.gov/pubmed/23246690
http://dx.doi.org/10.3389/fimmu.2015.00602
http://www.ncbi.nlm.nih.gov/pubmed/26635814
http://dx.doi.org/10.1016/j.matbio.2018.01.019
http://dx.doi.org/10.1055/s-0030-1255354
http://dx.doi.org/10.1038/kisup.2014.7
http://dx.doi.org/10.1002/jlb.55.3.410
http://dx.doi.org/10.1016/j.semnephrol.2010.03.004
http://dx.doi.org/10.21873/invivo.11668
http://dx.doi.org/10.12659/MSM.902353
http://www.ncbi.nlm.nih.gov/pubmed/28710886
http://dx.doi.org/10.4331/wjbc.v7.i4.231
http://www.ncbi.nlm.nih.gov/pubmed/27957248
http://dx.doi.org/10.1097/MNH.0b013e328354e559
http://www.ncbi.nlm.nih.gov/pubmed/22622653
http://dx.doi.org/10.1007/s10875-013-9896-z
http://www.ncbi.nlm.nih.gov/pubmed/23657402
http://dx.doi.org/10.1002/path.4299
http://www.ncbi.nlm.nih.gov/pubmed/24254983
http://dx.doi.org/10.1080/2162402X.2018.1494488
http://dx.doi.org/10.1186/s13014-017-0936-3
http://dx.doi.org/10.1038/nri.2017.90


Cells 2021,10,21 18 of 20

71. Zwaans, B.M.; Krueger, S.; Bartolone, S.N.; Chancellor, M.B.; Marples, B.; Lamb, L.E. Modeling of chronic radiation-induced 
cystitis in mice. Adv. Radiat. Oncol. 2016,1, 333-343. [CrossRef]

72. Oscarsson, N.; Ny, L.; Molne, J.; Lind, F.; Ricksten, S.-E.; Seeman-Lodding, H.; Giglio, D. Hyperbaric oxygen treatment reverses 

radiation induced pro-fibrotic and oxidative stress responses in a rat model. Free. Radie. Biol. Med. 2017,103, 248-255. [CrossRef]
73. Rajaganapathy, B.R.; Jayabalan, N.; Tyagi, P.; Kaufman, J.; Chancellor, M.B. Advances in Therapeutic Development for Radiation 

Cystitis. Low. Urin. Tract Symptoms 2014, 6,1-10. [CrossRef] [PubMed]
74. Soler, R.; Vianello, A.; Füllhase, C.; Wang, Z.; Atala, A.; Soker, S.; Yoo, J.J.; Williams, J.K. Vascular therapy for radiation cystitis. 

Neurourol. Urodynam. 2010, 30, 428-434. [CrossRef] [PubMed]
75. Ferrara, N. Role of vascular endothelial growth factor in physiologic and pathologic angiogenesis: Therapeutic implications. 

Semin. Oncol. 2002,29,10-14. [CrossRef] [PubMed]
76. Palchesko, R.N.; Lathrop, K.L.; Funderburgh, J.L.; Feinberg, A.W. In vitro expansion of corneal endothelial cells on biomimetic 

substrates. Sci. Rep. 2015, 5, 7955. [CrossRef]
77. Magné, N.; Toillon, R.-A.; Bottero, V.; Didelot, C.; Van Houtte, P.; Gérard, J.-P.; Peyron, J.-F. NF-kappaB modulation and ionizing 

radiation: Mechanisms and future directions for cancer treatment. Cancer Lett. 2006,231,158-168. [CrossRef]
78. Hellweg, C.E. The Nuclear Factor kB pathway: A link to the immune system in the radiation response. Cancer Lett. 2015, 368, 

275-289. [CrossRef]
79. Kowaliuk, J.; Sarsarshahi, S.; Hlawatsch, J.; Kastsova, A.; Kowaliuk, M.; Krischak, A.; Kuess, P.; Duong, L.; Dorr, W. Translational 

Aspects of Nuclear Factor-Kappa B and Its Modulation by Thalidomide on Early and Late Radiation Sequelae in Urinary Bladder 

Dysfunction. Int. J. Radiat. Oncol. 2020,107, 377-385. [CrossRef]
80. Bauditz, J. Effective treatment of gastrointestinal bleeding with thalidomide-Chances and limitations. World J. Gastroenterol. 2016, 

22, 3158-3164. [CrossRef]
81. Lee, S.J.; Yi, C.O.; Song, D.H.; Cho, Y.J.; Jeong, Y.Y.; Kang, K.M.; Roh, G.S.; Lee, J.D. Clarithromycin Attenuates Radiation-Induced 

Lung Injury in Mice. PLoS ONE 2015,10, e0131671. [CrossRef]
82. Abernathy, L.M.; Fountain, M.D.; Rothstein, S.E.; David, J.M.; Yunker, C.K.; Rakowski, J.; Lonardo, F.; Joiner, M.C.; Hillman, G.G. 

Soy Isoflavones Promote Radioprotection of Normal Lung Tissue by Inhibition of Radiation-Induced Activation of Macrophages 

and Neutrophils. J. Thorac. Oncol. 2015,10,1703-1712. [CrossRef]
83. Aliasgharzadeh, A.; Farhood, B.; Amini, P.; Saffar, H.; Motevaseli, E.; Rezapoor, S.; Nouruzi, F.; Shabeeb, D.H.; Musa, A.E.; 

Mohseni, M.; et al. Melatonin Attenuates Upregulation of Duox1 and Duox2 and Protects against Lung Injury following Chest 

Irradiation in Rats. Cell J 2019, 21, 236-242. [PubMed]
84. Chung, S.I.; Horton, J.A.; Ramalingam, T.R.; White, A.O.; Chung, E.J.; Hudak, K.E.; Scroggins, B.T.; Arron, J.R.; Wynn, T.A.; Citrin, 

D.E. IL-13 is a therapeutic target in radiation lung injury. Sci. Rep. 2016, 6, 39714. [CrossRef] [PubMed]
85. Van de Putte, D.; Demarquay, C.; Van Daele, E.; Moussa, L.; Vanhove, C.; Benderitter, M.; Ceelen, W.; Pattyn, P.; Mathieu, N. 

Adipose-Derived Mesenchymal Stromal Cells Improve the Healing of Colonic Anastomoses Following High Dose of Irradiation 
Through Anti-Inflammatory and Angiogenic Processes. Cell Transplant. 2017, 26,1919-1930. [CrossRef] [PubMed]

86. Murphy, M.B.; Moncivais, K.; Caplan, A.I. Mesenchymal stem cells: Environmentally responsive therapeutics for regenerative 

medicine. Exp. Mol. Med. 2013, 45, e54. [CrossRef] [PubMed]
87. François, S.; Bensidhoum, M.; Mouiseddine, M.; Mazurier, C.; Allenet, B.; Semont, A.; Frick, J.; Sache, A.; Bouchet, S.; Thierry, 

D.; et al. Local Irradiation Not Only Induces Homing of Human Mesenchymal Stem Cells at Exposed Sites but Promotes Their 
Widespread Engraftment to Multiple Organs: A Study of Their Quantitative Distribution After Irradiation Damage. Stem Cells 

2006, 24,1020-1029. [CrossRef]
88. Sensebé, L.; Bourin, P. Mesenchymal stem cells for therapeutic purposes. Transplantation 2009, 87, S49-S53. [CrossRef]
89. Charbord, P. Bone marrow mesenchymal stem cells: Historical overview and concepts. Hum. Gene Ther. 2010, 21,1045-1056. 

[CrossRef]
90. Khalifa, J.; François, S.; Rancoule, C.; Riccobono, D.; Magné, N.; Drouet, M.; Chargari, C. Gene therapy and cell therapy for 

the management of radiation damages to healthy tissues: Rationale and early results. Cancer/Radiothérapie 2019, 23, 449-465. 
[CrossRef]

91. Voswinkel, J.; François, S.; Simon, J.-M.; Benderitter, M.; Gorin, N.-C.; Mohty, M.; Fouillard, L.; Chapel, A.; Chapel, A. Use of 
Mesenchymal Stem Cells (MSC) in Chronic Inflammatory Fistulizing and Fibrotic Diseases: A Comprehensive Review. Clin. Rev. 

Allergy Immunol. 2013, 45,180-192. [CrossRef]
92. Zanoni, M.; Cortesi, M.; Zamagni, A.; Tesei, A. The Role of Mesenchymal Stem Cells in Radiation-Induced Lung Fibrosis. Int. J. 

Mol. Sci. 2019,20, 3876. [CrossRef]
93. François, S.; Usunier, B.; Forgue-Lafitte, M.-E.; L'Homme, B.; Benderitter, M.; Douay, L.; Gorin, N.-C.; Larsen, A.K.; Chapel, A. 

Mesenchymal Stem Cell Administration Attenuates Colon Cancer Progression by Modulating the Immune Component within 
the Colorectal Tumor Microenvironment. Stem Cells Transl. Med. 2019, 8, 285-300. [CrossRef]

94. Linard, C.; Busson, E.; Holler, V.; Strup-Perrot, C.; Lacave-Lapalun, J.-V.; Lhomme, B.; Prat, M.; Devauchelle, P.; Sabourin, J.-C.; 
Simon, J.-M.; et al. Repeated Autologous Bone Marrow-Derived Mesenchymal Stem Cell Injections Improve Radiation-Induced 
Proctitis in Pigs. Stem Cells Transl. Med. 2013, 2, 916-927. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.adro.2016.07.004
http://dx.doi.org/10.1016/j.freeradbiomed.2016.12.036
http://dx.doi.org/10.1111/luts.12045
http://www.ncbi.nlm.nih.gov/pubmed/26663493
http://dx.doi.org/10.1002/nau.21002
http://www.ncbi.nlm.nih.gov/pubmed/21412823
http://dx.doi.org/10.1053/sonc.2002.37264
http://www.ncbi.nlm.nih.gov/pubmed/12516033
http://dx.doi.org/10.1038/srep07955
http://dx.doi.org/10.1016/j.canlet.2005.01.022
http://dx.doi.org/10.1016/j.canlet.2015.02.019
http://dx.doi.org/10.1016/j.ijrobp.2020.01.028
http://dx.doi.org/10.3748/wjg.v22.i11.3158
http://dx.doi.org/10.1371/journal.pone.0131671
http://dx.doi.org/10.1097/JTO.0000000000000677
http://www.ncbi.nlm.nih.gov/pubmed/31210428
http://dx.doi.org/10.1038/srep39714
http://www.ncbi.nlm.nih.gov/pubmed/28004808
http://dx.doi.org/10.1177/0963689717721515
http://www.ncbi.nlm.nih.gov/pubmed/29390877
http://dx.doi.org/10.1038/emm.2013.94
http://www.ncbi.nlm.nih.gov/pubmed/24232253
http://dx.doi.org/10.1634/stemcells.2005-0260
http://dx.doi.org/10.1097/TP.0b013e3181a28635
http://dx.doi.org/10.1089/hum.2010.115
http://dx.doi.org/10.1016/j.canrad.2019.06.002
http://dx.doi.org/10.1007/s12016-012-8347-6
http://dx.doi.org/10.3390/ijms20163876
http://dx.doi.org/10.1002/sctm.18-0117
http://dx.doi.org/10.5966/sctm.2013-0030
http://www.ncbi.nlm.nih.gov/pubmed/24068742


Cells 2021,10,21 19 of 20

95. Bessout, R.; Semont, A.; Demarquay, C.; Charcosset, A.; Benderitter, M.; Mathieu, N. Mesenchymal stem cell therapy induces 
glucocorticoid synthesis in colonic mucosa and suppresses radiation-activated T cells: New insights into MSC immunomodulation. 
Mucosal Immunol 2014, 7, 656-669. [CrossRef] [PubMed]

96. Bessout, R.; Demarquay, C.; Moussa, L.; René, A.; Doix, B.; Benderitter, M.; Sémont, A.; Mathieu, N. TH17 predominant T-cell 
responses in radiation-induced bowel disease are modulated by treatment with adipose-derived mesenchymal stromal cells. J. 

Pathol. 2015,237, 435-446. [CrossRef] [PubMed]
97. Chen, X.; Yang, B.; Tian, J.; Hong, H.; Du, Y.; Li, K.; Li, X.; Wang, N.; Yu, X.; Wei, X. Dental Follicle Stem Cells Ameliorate 

Lipopolysaccharide-Induced Inflammation by Secreting TGF-|33 and TSP-1 to Elicit Macrophage M2 Polarization. Cell. Physiol. 

Biochem. 2018, 51, 2290-2308. [CrossRef] [PubMed]
98. Heo, J.S.; Choi, Y.; Kim, H.O. Adipose-Derived Mesenchymal Stem Cells Promote M2 Macrophage Phenotype through Exosomes. 

Stem Cells Int. 2019, 2019, 7921760. [CrossRef]
99. He, X.; Dong, Z.; Cao, Y.; Wang, H.; Liu, S.; Liao, L.; Jin, Y.; Yuan, L.; Li, B. MSC-Derived Exosome Promotes M2 Polarization and 

Enhances Cutaneous Wound Healing. Stem Cells Int. 2019,2019,1-16. [CrossRef]
100. Ti, D.; Hao, H.; Tong, C.; Liu, J.; Dong, L.; Zheng, J.; Zhao, Y.; Liu, H.; Fu, X.; Han, W. LPS-preconditioned mesenchymal stromal 

cells modify macrophage polarization for resolution of chronic inflammation via exosome-shuttled let-7b. J. Transl. Med. 2015,13, 
1-14. [CrossRef]

101. Qi, Y.; Jiang, D.; Sindrilaru, A.; Stegemann, A.; Schatz, S.; Treiber, N.; Rojewski, M.; Schrezenmeier, H.; Beken, S.V.; Wlaschek, M.; 
et al. TSG-6 Released from Intradermally Injected Mesenchymal Stem Cells Accelerates Wound Healing and Reduces Tissue 

Fibrosis in Murine Full-Thickness Skin Wounds. J. Investig. Dermatol. 2014,134, 526-537. [CrossRef]
102. Wu, Y.; Huang, S.; Enhe, J.; Ma, K.; Yang, S.; Sun, T.; Fu, X. Bone marrow-derived mesenchymal stem cell attenuates skin fibrosis 

development in mice. Int. Wound J. 2013,11, 701-710. [CrossRef]
103. Wang, B.; Yao, K.; Huuskes, B.M.; Shen, H.H.; Zhuang, J.L.; Godson, C.; Brennan, E.P.; Wilkinson-Berka, J.L.; Wise, A.F.; Ricardo, 

S.D. Mesenchymal Stem Cells Deliver Exogenous MicroRNA-let7c via Exosomes to Attenuate Renal Fibrosis. Mol. Ther. J. Am. 
Soc. GeneTher. 2016,24,1290-1301. [CrossRef] [PubMed]

104. Zwaans, B.M.M.; Bartolone, S.N.; Chancellor, M.B.; Nicolai, H.E.; Lamb, L.E. Altered Angiogenic Growth Factors in Urine of 

Prostate Cancer Survivors With Radiation History and Radiation Cystitis. Urology 2018,120,180-186. [CrossRef] [PubMed]
105. Zwaans, B.M.M.; Nicolai, H.E.; Chancellor, M.B.; Lamb, L.E. Prostate cancer survivors with symptoms of radiation cystitis have 

elevated fibrotic and vascular proteins in urine. PLoS ONE 2020,15, e0241388. [CrossRef]
106. Wojtan, P.; Mierzejewski, M.; Osinska, I.; Domagala-Kulawik, J. Macrophage polarization in interstitial lung diseases. Cent. Eur. J. 

Immunol. 2016, 41,159-164. [CrossRef]
107. Song, W.-J.; Li, Q.; Ryu, M.-O.; Ahn, J.-O.; Bhang, D.H.; Jung, Y.C.; Youn, H.-Y. TSG-6 Secreted by Human Adipose Tissue-derived 

Mesenchymal Stem Cells Ameliorates DSS-induced colitis by Inducing M2 Macrophage Polarization in Mice. Sci. Rep. 2017, 7, 
1-14. [CrossRef]

108. Hong, I.-S.; Lee, H.-Y.; Kang, K.-S. Mesenchymal stem cells and cancer: Friends or enemies? Mutat. Res. 2014, 768, 98-106. 
[CrossRef]

109. Cortes-Dericks, L.; Galetta, D. The therapeutic potential of mesenchymal stem cells in lung cancer: Benefits, risks and challenges. 

Cell. Oncol. Dordr. 2019, 42, 727-738. [CrossRef]
110. Galland, S.; Stamenkovic, I. Mesenchymal stromal cells in cancer: A review of their immunomodulatory functions and dual 

effects on tumor progression. J. Pathol. 2020, 250, 555-572. [CrossRef]
111. Karlsson, H.; Erkers, T.; Nava, S.; Ruhm, S.; Westgren, M.; Ringdén, O. Stromal cells from term fetal membrane are highly 

suppressive in allogeneic settings in vitro. Clin. Exp. Immunol. 2012,167, 543-555. [CrossRef]
112. Moll, G.; Ignatowicz, L.; Catar, R.; Luecht, C.; Sadeghi, B.; Hamad, O.; Jungebluth, P.; Dragun, D.; Schmidtchen, A.; Ringden, O. 

Different Procoagulant Activity of Therapeutic Mesenchymal Stromal Cells Derived from Bone Marrow and Placental Decidua. 

Stem Cells Dev. 2015,24, 2269-2279. [CrossRef]
113. Aronsson-Kurttila, W.; Baygan, A.; Moretti, G.; Remberger, M.; Khoein, B.; Moll, G.; Sadeghi, B.; Ringdén, O. Placenta-Derived 

Decidua Stromal Cells for Hemorrhagic Cystitis after Stem Cell Transplantation. Acta Haematol. 2018,139,106-114. [CrossRef] 
[PubMed]

114. Sadeghi, B.; Moretti, G.; Arnberg, F.; Samén, E.; Kohein, B.; Catar, R.; Kamhieh-Milz, J.; Geissler, S.; Moll, G.; Holmin, S.; 

et al. Preclinical Toxicity Evaluation of Clinical Grade Placenta-Derived Decidua Stromal Cells. Front. Immunol. 2019,10, 2685. 
[CrossRef] [PubMed]

115. Caplan, A.I.; Dennis, J.E. Mesenchymal stem cells as trophic mediators. J. Cell. Biochem. 2006, 98,1076-1084. [CrossRef] [PubMed]
116. Gnecchi, M.; Danieli, P.; Malpasso, G.; Ciuffreda, M.C. Paracrine Mechanisms of Mesenchymal Stem Cells in Tissue Repair. 

Methods Mol. Biol. 2016,1416,123-146. [PubMed]
117. Xu, S.; Liu, C.; Ji, H.-L. Concise Review: Therapeutic Potential of the Mesenchymal Stem Cell Derived Secretome and Extracellular 

Vesicles for Radiation-Induced Lung Injury: Progress and Hypotheses. Stem Cells Transl. Med. 2019, 8, 344-354. [CrossRef]
118. Jafarinia, M.; Alsahebfosoul, F.; Salehi, H.; Eskandari, N.; Ganjalikhani-Hakemi, M. Mesenchymal Stem Cell-Derived Extracellular 

Vesicles: A Novel Cell-Free Therapy. Immunol. Invest. 2020, 49, 758-780. [CrossRef]
119. Cavallero, S.; Riccobono, D.; Drouet, M.; François, S. MSC-Derived Extracellular Vesicles: New Emergency Treatment to Limit the 

Development of Radiation-Induced Hematopoietic Syndrome? Health Phys. 2020,119, 21-36. [CrossRef]

http://dx.doi.org/10.1038/mi.2013.85
http://www.ncbi.nlm.nih.gov/pubmed/24172849
http://dx.doi.org/10.1002/path.4590
http://www.ncbi.nlm.nih.gov/pubmed/26177977
http://dx.doi.org/10.1159/000495873
http://www.ncbi.nlm.nih.gov/pubmed/30537736
http://dx.doi.org/10.1155/2019/7921760
http://dx.doi.org/10.1155/2019/7132708
http://dx.doi.org/10.1186/s12967-015-0642-6
http://dx.doi.org/10.1038/jid.2013.328
http://dx.doi.org/10.1111/iwj.12034
http://dx.doi.org/10.1038/mt.2016.90
http://www.ncbi.nlm.nih.gov/pubmed/27203438
http://dx.doi.org/10.1016/j.urology.2018.07.025
http://www.ncbi.nlm.nih.gov/pubmed/30059715
http://dx.doi.org/10.1371/journal.pone.0241388
http://dx.doi.org/10.5114/ceji.2016.60990
http://dx.doi.org/10.1038/s41598-017-04766-7
http://dx.doi.org/10.1016/j.mrfmmm.2014.01.006
http://dx.doi.org/10.1007/s13402-019-00459-7
http://dx.doi.org/10.1002/path.5357
http://dx.doi.org/10.1111/j.1365-2249.2011.04540.x
http://dx.doi.org/10.1089/scd.2015.0120
http://dx.doi.org/10.1159/000485735
http://www.ncbi.nlm.nih.gov/pubmed/29408819
http://dx.doi.org/10.3389/fimmu.2019.02685
http://www.ncbi.nlm.nih.gov/pubmed/31803191
http://dx.doi.org/10.1002/jcb.20886
http://www.ncbi.nlm.nih.gov/pubmed/16619257
http://www.ncbi.nlm.nih.gov/pubmed/27236669
http://dx.doi.org/10.1002/sctm.18-0038
http://dx.doi.org/10.1080/08820139.2020.1712416
http://dx.doi.org/10.1097/HP.0000000000001264


Cells 2021,10,21 20 of 20

120. McGrath, M.S.; Kahn, J.O.; Herndier, B.G. Development of WF10, a novel macrophage-regulating agent. Curr. Opin. Investig. 
Drugs Lond. Engl. 2002, 3, 365-373.

121. Giese, T.; McGrath, M.S.; Stumm, S.; Schempp, H.; Elstner, E.; Meuer, S.C. Differential effects on innate versus adaptive immune 

responses by WF10. Cell. Immunol. 2004, 229,149-158. [CrossRef]
122. Srisupundit, S.; Kraiphibul, P.; Sangruchi, S.; Linasmita, V.; Chingskol, K.; Veerasarn, V. The efficacy of chemically-stabilized 

chlorite-matrix (TCDO) in the management of late postradiation cystitis. J. Med Assoc. Thail. 1999, 82, 798-802.
123. Veerasarn, V.; Khorprasert, C.; Lorvidhaya, V.; Sangruchi, S.; Tantivatana, T.; Narkwong, L.; Kongthanarat, Y.; Chitapanarux, I.; 

Tesavibul, C.; Panichevaluk, A. Reduced recurrence of late hemorrhagic radiation cystitis by WF10 therapy in cervical cancer 
patientsA multicenter, randomized, two-arm, open-label trial. Radiother. Oncol. 2004, 73,179-185. [CrossRef]

124. Veerasarn, V.; Boonnuch, W.; Kakanaporn, C. A phase II study to evaluate WF10 in patients with late hemorrhagic radiation 
cystitis and proctitis. Gynecol. Oncol. 2006,100,179-184. [CrossRef] [PubMed]

125. Fountain, M.D.; Abernathy, L.M.; Lonardo, F.; Rothstein, S.E.; Dominello, M.M.; Yunker, C.K.; Chen, W.; Gadgeel, S.; Joiner, M.C.; 
Hillman, G.G. Radiation-Induced Esophagitis is Mitigated by Soy Isoflavones. Front. Oncol. 2015, 5, 238. [CrossRef] [PubMed]

126. Chung, E.J.; Sowers, A.; Thetford, A.; McKay-Corkum, G.; Chung, S.I.; Mitchell, J.B.; Citrin, D.E. Mammalian Target of Rapamycin 
Inhibition With Rapamycin Mitigates Radiation-Induced Pulmonary Fibrosis in a Murine Model. Int. J. Radiat. Oncol. 2016, 96, 
857-866. [CrossRef]

127. Farhood, B.; Aliasgharzadeh, A.; Amini, P.; Saffar, H.; Motevaseli, E.; Rezapour, S.; Nouruzi, F.; Shabeeb, D.; Musa, A.E.; Ashabi, 
G.; et al. Radiation-Induced Dual Oxidase Upregulation in Rat Heart Tissues: Protective Effect of Melatonin. Medicina 2019, 55, 
317. [CrossRef]

128. Xu, G.; Wu, H.; Zhang, J.; Li, D.; Wang, Y.; Wang, Y.; Zhang, H.; Lu, L.; Li, C.; Huang, S.; et al. Metformin ameliorates ionizing 

irradiation-induced long-term hematopoietic stem cell injury in mice. Free. Radic. Biol. Med. 2015, 87,15-25. [CrossRef]
129. Senthilkumar, K.; Manivasagan, P.; Venkatesan, J.; Kim, S.-K. Brown seaweed fucoidan: Biological activity and apoptosis, growth 

signaling mechanism in cancer. Int. J. Biol. Macromol. 2013, 60, 366-374. [CrossRef]
130. Yu, H.-H.; Ko, E.C.; Chang, C.-L.; Yuan, K.S.-P.; Wu, A.T.; Shan, Y.; Wu, S.-Y. Fucoidan Inhibits Radiation-Induced Pneumonitis 

and Lung Fibrosis by Reducing Inflammatory Cytokine Expression in Lung Tissues. Mar. Drugs 2018,16, 392. [CrossRef]
131. Chargari, C.; Levy, A.; Paoletti, X.; Soria, J.-C.; Massard, C.; Weichselbaum, R.R.; Deutsch, E. Methodological Development of 

Combination Drug and Radiotherapy in Basic and Clinical Research. Clin. Cancer Res. 2020,26, 4723-4736. [CrossRef]

http://dx.doi.org/10.1016/j.cellimm.2004.08.001
http://dx.doi.org/10.1016/S0167-8140(04)00325-1
http://dx.doi.org/10.1016/j.ygyno.2005.08.014
http://www.ncbi.nlm.nih.gov/pubmed/16169580
http://dx.doi.org/10.3389/fonc.2015.00238
http://www.ncbi.nlm.nih.gov/pubmed/26557504
http://dx.doi.org/10.1016/j.ijrobp.2016.07.026
http://dx.doi.org/10.3390/medicina55070317
http://dx.doi.org/10.1016/j.freeradbiomed.2015.05.045
http://dx.doi.org/10.1016/j.ijbiomac.2013.06.030
http://dx.doi.org/10.3390/md16100392
http://dx.doi.org/10.1158/1078-0432.CCR-19-4155

	Introduction 
	Background Information 
	Acute Radiation Cystitis 
	Late Radiation Cystitis 

	Current Treatments and Clinical Trials 
	Acute and Late Radiation Cystitis with Storage, Voiding Symptoms or Occasional Bleeding 
	Late Radiation Cystitis with Persistent or Recurrent Hematuria 
	Intravesical Instillations 
	Hyperbaric Oxygen Therapy (HBOT) 

	Late Radiation Cystitis with Refractory or Life-Threatening Hematuria 
	Arterial Embolization 
	Cystectomy and Urinary Diversion 


	Clinical Trials: Other Therapeutic Avenues, Antifibrotics 
	Antifibrotic or Antioxidant Pharmacological Agents 
	Angiotensin-Converting-Enzyme Inhibitors 

	Impact of Macrophages in the Development of Radiation Fibrosis 
	Preclinical Studies of Radiation Cystitis and Cell Therapy: A New Therapeutic Avenue 
	Preclinical Studies of Radiation-Induced Cystitis 
	Stem Cell Therapy: A New Therapeutic Avenue 

	Discussion and Conclusions 
	References

