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Abstract 

The concern of nuclear accident treatment has become a reality with the recent exposition of many people to radiation and radio-contamination. The major risk after a local radiation over-exposure is the development of a cutaneous radiation syndrome characterized by dose-dependent burn lesions of the skin, muscles and bones. At present time, the conventional treatment of such radiation-induced burns is a surgical treatment. This conventional treatment has proven to be inefficient since it cannot prevent the appearance of an uncontrollable inflammatory local process. This inflammatory response often leads to lesions enlargements, with in worst cases, a possible death of the patient.

We report here a 5-year follow-up of 3 patients subjected to a new therapeutic approach to treat radiation-induced burns by combining surgery and local stem cell therapy.

On 2005, 2008 and 2010, 3 young men were accidentally over-exposed to γ rays (Iridium 192). They exhibited severe hand and thigh burn lesions targeting skin, muscle and bone tissues. They were treated by surgical excision of the lesions and subsequent autologous thin skin graft or conservative plastic surgery including muscle free flap technique. The surgery was associated to local administrations of autologous mesenchymal stromal cells obtained from bone marrow collection and further in vitro culture amplification.  

A few weeks after treatment, a complete healing of the lesions was evidenced for all patients. This successful tissue repair was accompanied by a rapid disappearance of pain and local inflammation. Neither adverse effect of cell therapy nor recurrences of lesions were detected, up to 5 years post-therapy.

These cases demonstrate the efficiency and feasibility of combined surgical approach with stem cell regenerative treatment to heal severe radiation burns. We hypothesize that mesenchymal stromal cells act as drug cells delivering paracrine anti-inflammatory molecules and growth factors in the lesion area, thus improving the efficacy of the surgery. This original regenerative treatment could also be successfully applied to patients exhibiting iatrogenic lesions due to interventionist radiological procedures.
INTRODUCTION

The recent Japan crisis revealed the need to urgently develop a specific medical response to radiation accident. In this context, the number and the nature of victims depends on the severity of the accident taking in account the environmental circumstances (earthquake, tsunami...). In terms of medical management, radiation exposure mainly leads to severe skin and soft tissue burns and must be distinguished from radio-contamination [1-3]. Radio-contamination of clothes or skin can be transferable to others persons. Conversely, there is no risk of radio-element dissemination in case of radiation exposure. If the general decontamination procedure is well managed, the treatment of soft tissue lesions by conventional surgical techniques remains unsatisfactory with limb amputation and subsequent patient death related to the necrotic tissue evolution. The main feature of severe radiation burns is the occurrence of unpredictable successive inflammatory waves leading to the extension, in surface and in depth, of the necrosis process. After an initial period marked by a clinical symptoms limited to a rash and itching, subsequent ulceration and necrosis appear, which may extend to the deep dermal and underlying muscle structures [4]. Moreover, these inflammatory waves are associated to uncontrollable pain highly resistant to opiates treatment. This uncontrolled and extensive morbid process is highly correlated to the absorbed dose: the necrosis of soft tissue is unavoidable at 25 Gy and higher doses while the osteo-necrosis appears from 40 Gy dose onwards.
Since 2005, we treated 6 patients exhibiting severe radiation burns with extensive soft tissue necrosis. This panel of 6 irradiated patients is unique in the world. Here, we report a favourable outcome for radiation lesion healing in three patients treated with our innovative therapeutic approach. In the framework of recent radiation accidents we are proposing an innovative treatment combining both autologous cell therapy and adapted reconstructive surgery. 
METHODS
Our case study includes industrial accidentally irradiated patients over-exposed to γ rays (Iridium 192).  They were admitted to Percy Hospital according to an agreement between International Atomic Energy Agency (IAEA) and French authorities: nuclear safety agency (ASN) and Radioprotection and Nuclear Safety Institute (IRSN). Treatment protocols were approved by the French Agency for the Sanitary Safety of Health Products (AFSSaPS), which guarantees the efficacy, the quality, and the appropriate use of human products. AFSSaPS delivers a temporary use authorization procedure for each patient. An inform consent was obtained from each patient. 

Patients 

Here, we present three representative patients exhibiting lesions localized to the hands and to the thigh. Hands are the most frequent localization of accidental radiation exposure necessitating a functional emergency treatment. The thigh lesion was a typical severe and extensive damage presenting a high risk for hip disarticulation as we experienced in the past. 

The first patient was a 26-year old Chilean worker irradiated at the left hand (the absorbed dose was estimated to be higher than 50 Gy). Immediately after the irradiation, the patient had warming sensation at the site of irradiation. One week later, an inflammatory syndrome with edema appeared on the hand. Fourteen days after the accident, the patient was transferred to our hospital medical unit. At admission, he was in good general health but had very deep pain persisting despite opiate administration. He had a very painful erythematous lesion on the first three left fingers with functional disability. We observed a rapid evolution to a typical exudative epidermitis lesion in correlation to an estimated absorbed dose ranging between 15 and 20 Gy (figure 1a). In this accidental context, necrosis of the lesions was unavoidable. Because the excision of hand tissue lesions was impossible without amputation, we administered to the patient our innovative treatment combining both an autologous thin skin graft directly applied on the exsudative lesion and local MSC administrations. The patient received a total of 76.106 cells corresponding to 1 injection (figure 1b). The following day, pain had disappeared and autologous skin graft revealed to be subsequently successful. Physiotherapy had been quickly performed during post operative time to improve the hand function recovery.
The second patient was a 23 year old Tunisian worker who presented a localized accidental irradiation of both hands (the absorbed dose was estimated to be higher than 70 Gy). In the minutes after the irradiation, the patient felt itching in both hands and this was rapidly followed by hot flushes. Hand symptoms persisted for two weeks and were associated with pain and burning sensation in both hands. Blisters surrounded by a bright red edging appeared on each finger and in the palms. Twenty eight days after irradiation the patient was admitted in our hospital medical unit. He was in good general health with no fever. He presented hand edema with very severe and typical exsudative epidermitis lesions on all fingers of both hands and of the left palm with pain relieved by NSAIDs (figures 2a, 2b). Similarly to the previous case and because of the risk of necrosis extension necessitating amputation, it has been decided to treat the patient with the same new procedure. Thin autologous skin graft was performed on all fingers rapidly after the admission and at the same time bone marrow was collected for further MSC preparation and administration. Two weeks later, a first series of MSC injections was performed at the periphery of each lesion and at each corner finger. Inflammation with edema persisted on hands and fingers, leading to a new series of MSC injections. In total, the patient received 198.106 cells (figure 2c). Two months later, when the patient left the hospital, lesions of both hands was completely healed, without pain and physiotherapy was prescribed (figures 2d, 2e). 

The third patient was a 32 year-old worker from Equator who stayed for about two hours in contact with an Iridium 192 source placed in his left trouser pocket (corresponding approximately to 4200 Gy at the center contact point of the thigh). In the first minutes following irradiation, he experienced a warm feeling of the thigh and asthenia. The following day, an itching and painful blister appeared surrounded by an erythematous area. Severe edema associated with loss of pedal pulse necessitated a discharge aponevrosis incision of the thigh and the leg. He was admitted in our hospital medical unit 13 days after the irradiation. At the admission, the patient was in good health, with no fever and presented very extensive and painful skin and muscle necrosis at the site of aponevrosis incision (figure 3a). Regarding the severity of the lesion, we prescribed a Nuclear Magnetic Resonance (NMR) to appreciate the extension of the inflammatory process (figure 3b). Furthermore, a C Reactive Protein (CRP) blood quantification was carried out. On the basis of dose reconstruction mapping, a wide resection of necrotic tissues was performed on day 22 after exposure. All tissues exposed to a dose higher than 20 Gy, which were located between the center of the lesion and the 20 Gy isodose surface, were excised (even if they appeared to be intact on the day of the operation) according to a hemisphere of 14 cm in diameter (figure 3a). After a second additive excision a skin graft was performed and was combined to the first MSC administration. An unfavourable evolution was observed over 65 days with skin graft failure and a new extension of the necrotic process to the hip despite two MSC injections. It was therefore decided to intensify cell therapy (figure 3d) and to cover the hip with a latissimus dorsi free flap with vascular anastomosis on femoral vessels site (figure 3c, 3e). In total, eighty days after admission, six injections of autologous MSC were performed in the bank and around the lesion (1238.106 cells injected in total). Healing was favourable and 3 months later when the patient left our plastic surgery medical unit, wound had satisfactorily healed without pain and limb function was preserved.
Autologous MSC preparation 

The procedure for production of clinical grade autologous MSC has been previously validated by the AFSSaPS. The stem cell unit of the Military Blood Center in the Percy military Hospital possesses an AFSSaPS agreement for the preparation of cell therapy products. For MSC production, autologous bone marrow mononuclear cells (BMMNCs) were isolated from unexposed iliac crest aspirations. MSC preparation used closed culture devices (cellstack( from Macopharma, Tourcoing, France). Cells were expanded in a clinical grade medium containing alpha-MEM (Macopharma), 10µg/ml ciprofloxacin (Ciflox( 400mg/200ml, Bayer Pharma, Puteaux, France) and 8% human platelet lysate (PL) as a source of growth factors [5-7]. PL was obtained from platelet apheresis products, which were biologically qualified according to French legislation. BMMNCs were plated at a density of 100 x 103 cells/cm² and cultured at 37°C in 95% of air and 5% CO2. After three days the non adherent cells were removed and the cultures were re-fed with fresh medium. On day 14 to 17 after the start of the culture, cells reached confluence. One part of the MSCs was harvested after enzyme treatment, conditioned in human albumin and freshly administrated to the patient (P1 MSCs). The remaining MSCs were sub-cultured at a density of 4 x 103 cells/cm2 and seven days later, P2 MSCs were harvested for a second local administration. Subsequent cell administrations were performed with MSC obtained from a new bone marrow collection.
Quality controls were achieved for each cell product: MSC phenotype characterization (CD45-/CD105+/CD73+/CD90+); colony forming unit-fibroblast (CFU-F) frequency numeration; MSC telomerase activity, contamination control for bacteria, fungi and mycoplasma and karyotype check. Cells were injected only when contamination controls were negative and they exhibited a normal karyotype.
RESULTS

In regard to our innovative therapeutic approach, a successful healing of the lesions was always observed despite high radiation dose exposure.

It is important to notice that when radiation burns were localized to the hands, we carried out autologous thin skin graft directly on the exudative epidermitis lesion since tissue excision was impossible to perform. This surgical procedure was always combined to MSCs injections (Figures 1b, 2c) leading to the healing of the lesions after one month (Figures 1c, 2d, 2e).

After a 2-years follow-up, the healing of the treated left hand lesions of the first patient was stable. However, the fourth finger of the left hand, which was initially safe (figure 1a, 1b, 1c) exhibited a damage recurrence on his distal palm face (figure 1e). This skin damage recurrence was treated with a thin autologous skin graft combined to a local cell therapy (2 injections representing a total of 450.106 cells). We also observed at the distal thumb phalanx of this finger an osteo-necrosis process without any associated skin lesion (figure 1d).
This bone necrotic evolution was similarly observed for the second patient 8 months after treatment since he developed an osteonecrosis of the distal phalanx of the 2nd and 3rd left fingers (figure 2f). It is interesting to notice that these lesion recurrences were only characterized by osteonecrosis without soft tissues damage.

Regarding this evolution, we applied the same treatment for these two patients: a partial bone resection associated to a simple tissue closure by skin suturing. This surgical treatment was completed with local MSC injections in the bank of amputation and in the finger corners (2 injections of 85.106 cells and 204.106 cells for patient 1 and 2, respectively). Cell therapy was associated to this surgical procedure in order to control a putative re-activation of new inflammatory waves that could compromise the healing of the soft tissues.
3 years after these treatments, healing was complete with no lesion recurrence. This result was particularly spectacular for the thumb of the first patient as shown by the nail re-growing (figure 1f).

Bone resections were analyzed to assess the absorbed dose on bone by Electron Paramagnetic Resonance (EPR) spectrometry [8]. The results showed that the bone absorbed dose was higher than 30 Gy for the first patient and upper than 40 Gy for the second. According to these results, the dose extrapolation at the skin level was higher than 50 Gy for both patients.
Concerning the third patient exhibiting a severe and large lesion of the thigh, the evolution was different. The necrosis was very extensive (figure 3a) and was confirmed by NMR (figure 3b). After treatment, almost complete healing was achieved four month post-irradiation (figure 4a). The clinical decrease in local inflammation was well correlated to the NMR analysis showing extinguishing inflammatory signals (figure 4b). Systemic inflammatory response was assessed in the blood by C-Reactive Protein quantitative immuno-turbidimetric assay. The CRP level curve exhibits several peaks illustrating the occurrence of huge systemic inflammatory waves (figure 4c). The maximal CRP value occurred at day 37 post irradiation reaching 217 mg/L after the two iterative excisions. A drastic decrease in CRP values (less than 10 mg/L at day 90) was observed following the third surgical excision and conservative plastic surgery procedure (Latissimus dorsi muscle free flap) combined with intensified cell therapy. According to this inflammation lessening, the pain decreased very significantly after each MSC injection.

No recurrence was observed during the follow-up of this patient. The healing was complete and stable at two years post irradiation without pain. The function of the lower limb was totally preserved and the only persistent sequels being aesthetic (figure 4d). 

Following this therapeutic approach combining both surgery and cell therapy, no adverse reaction to the autologous MSC administration was observed. Regarding these clinical results, we postulate that the adjuvant cell therapy act as a facilitator of the healing process by decreasing the local inflammation as demonstrated by NMR and CRP analysis.
DISCUSSION

In contrast to thermal burns, radiological burns exhibit several clinical patterns including dry desquamation, moist desquamation and necrosis with an severity correlated to the radiation dose level [4, 9].
Necrosis of soft tissues is unavoidable for an absorbed dose higher than 25 Gy whereas bone necrosis is observed for doses upper than 40 Gy. This is the consequence of tissue radiation injuries for which spontaneous healing is rarely efficient and unstable [10]. 

The conventional surgical management of severe necrotic radiological burns was well codified, including excision of the necrotic tissues followed by plastic reconstructive surgery. In practice, the planning of such a surgical approach often encounters insurmountable technical difficulties due to the occurrence of successive and unpredictable inflammatory waves. Such an unfavourable evolution is worsened by surgical act leading to a progressive extension of the necrotic process compromising functional and vital prognosis [10]. In this context, we evidenced that cell therapy could act as a crucial adjuvant to surgical treatment and then we propose a new adapted regenerative treatment of severe radiation-induced burns. Here, we demonstrate a pivotal role of cell therapy as evidenced for the first patient who exhibited a complete healing of soft tissues without recurrence only when MSC were locally administrated (figure 1f). Even if our new treatment succeeded in soft tissue repair, it could not prevent osteo-radionecrosis as demonstrated in the two first patients (figure 1d, 2f). 
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. It has been previously shown that they exert a positive effect in promoting the healing of radiation burn lesions in a preclinical immunodeficient NOD/SCID mouse model [17]. Recently, a trophic effect of MSCs has been reported demonstrating that these stromal cells are able to produce and deliver a high number of cytokines and growth factors that promote tissue repair processes [18]. Furthermore, we suggest that the promoting effect of MSC on soft tissue healing observed in our cases, could act through the secretion of soluble paracrine mediators (cytokines and chemokines). These paracrine factors could counteract the local inflammatory waves and could also exhibit anti-apoptotic, pro-angiogenic and antiseptic activities [19, 20].
In our experience, the control of the healing based on these paracrine effects is more efficient when MSC were iteratively administrated. To date, our protocol includes three successive bone marrow collections allowing six MSC injections. Regarding the financial aspects of the medical management of these patients, the new therapeutic protocol we propose allows a reduction of the hospitalisation duration and insures an efficient clinical control of these radiation-induced burns. Moreover, this new treatment advantageously combines surgery and cell therapy using bone-marrow-derived stromal stem cells which are easy to implement.

In conclusion, our case series open new perspectives for medical response to industrial radiation accidents. Nevertheless, in the world, radiation exposure is not only due to industrial events but essentially to medical activities. In this context, this new adapted treatment would be also applicable to iatrogenic lesions due to interventionist radiological procedures.
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Figure 1: Evolution of left hand lesions of the first patient before and after treatment. Initial radiation-induced exsudative epidermitis (a), autologous skin graft combined to MSC injection (b), complete healing was obtained one month post treatment (c). Two years follow up, ostéoradionecrosis of thumb distal phalanx (d), and exudative epidermitis recurrence of the fourth finger (e). Final aspect of the lesions five years post irradiation: the healing was complete and stable (f).

[image: image2.emf]Figure 2: Evolution of left hand lesions of the second patient before and after treatment. Initial radiation-induced exsudative epidermitis with loss of nails : dorsal face aspect with edema (a) and palm face aspect (b). MSC local injections in fingers and in commissures of fingers (c). Complete healing of dorsal face (d) and palm face (e) of the hand at one month post treatment. osteoradionecrosis of distal phalanx of second and third fingers at eight months post treatment (f).

[image: image3.emf]Figure 3: Reconstructive plastic surgery and local cell therapy of thigh lesions of the third patient. Initial radiation-induced burn lesions of the proximal part of the thigh (a); NMR with inflammation signals of underlying muscles and skin tissues (b); Surgical procedure: excision up to the trochanter bone bank and covering with a latissimus dorsi free flap (c); MSC local administrations (d); final aspect of the lesion 65 days after irradiation (e). 

[image: image4.emf]
Figure 4: Evolution of the lesions of the third patient after treatment. Healing of the lesions at day 114 post irradiation (a); NMR at day 14 post irradiation showing an extinguishing of inflammation signals (b); CRP value kinetic (black curve) before and after surgical procedures (blue triangle) and MSC administrations (red square) (c); Complete healing of the lesion at two year post irradiation (d).
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