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Abstract
Acute Radiation Syndrome (ARS) represents the clinical response of key radiation-sensitive tissues following whole body or extended partial body exposure to high doses of ionizing radiation. New drugs and new therapeutic strategies are still required to cope with the high morbidity/mortality of ARS. In particular there remains a need to significantly arise up the hematopoietic stem and progenitor cells transplantation threshold and to prevent/cure the radiation-induced multiple organ failure syndrome. In order to repair or to replace damaged tissues, cell/gene therapy represents a pattern of sophisticated approaches among which multipotent stem cell grafting may represent the gold standard of the future.

1.0
Introduction
According to the classical view, following total-body (TBI) or extended partial-body irradiation, the Acute Radiation Syndrome represents a dose-dependent graduate response of key tissues of decreasing radiosensitivity and the clinical continuum of Hematopoietic/H(>2 Gy TBI), gastrointestinal G(>10Gy) then neurovascular/N(>30 Gy) can be observed [1].

Successively can be distinguished an initial prodromal phase within the first hours following exposure, a latent period and then a manifest illness phase, the onset, duration and gravity (score) of which mainly depending on total dose received, instantaneous or protracted delivery and dose distribution in the body. Quantifying organism damages integratively has been proposed by Fliedner et al. (200). Thus the Response Category (RC) [2] system consists in a dynamic reevaluable clinical (semi-quantitative) scoring which combines the damage evaluation for HGN and cutaneous /C syndromes with the aim to help physician in therapeutic decisions without excessively focusing on dose evaluation. In fact one should consider that ARS development mainly results from the early events and involves a complex interplay between irradiated tissues so that radiation syndrome has to be considered as a global systemic illness for a broad dose range. In fact abscopal effects and functional disorders following irradiation at doses below their recognized threshold have been reported in acute or more protracted exposure schedule.

Radiation-induced multiple organ failure syndrome (RI-MOF) may represent the final evolution of ARS in numerous cases – especially when more than one tissue is involved in RI damages [3]. This non specific syndrome of very poor prognosis can be defined as “a progressive and potentially reversible pathophysiological dysfunction in two or more organs, induced by a variety of acute insults, including sepsis” (American College of Chest Physicians/Society of critical care medicine consensus in 1991). Different models have been proposed (single hit or two hits models) to describe the cascade of events involved [4, 5] and Systemic Inflammatory Response Syndrome (SIRS) is likely to represent the core of this pathology (figure 1). ARS could be also largely modelized as a systemic vascular and stem cell & stem cell niche disease - niche defined as stem cell microenvironment made of extra-cellular-matrix and cellular components exhibiting key controls on survival, quiescence, proliferation/differentiation and this has been the rationale of cell therapy approaches since the first bone marrow transplantations of Pr Mathé at the end of the fifties to cure accidental bone marrow aplasia. In fact two main strategies can be identified corresponding to RI damage mitigation (cytokines and non-cytokine drugs) and tissue substitution (cell/gene therapy associated or not to cytokines).
2.0
Cytokine drugs: an overview
Mainly based on animal studies the rationale of cytokine treatment to mitigate myelosuppression in accidental/intentional terrorist exposures is the heterogeneity of bone marrow damage. Granulocyte colony-stimulating factor (G-CSF) with granulocyte-monocyte colony-stimulating factor (GM-CSF) as an alternative represents the gold standard after exposure to less than lethal dose 50% (estimated about 4.5 Gy gamma) in order to shorten neutropenia [6-10] via the enhancement of cell proliferation from residual hematopoiesis. Combining cytokines clearly improves their efficacy above additive effects in animals but few data are available in clinic [7, 11-13]. In 2006 the stem cell factor (SCF) + erythropoietin (Epo) + pegylated G-CSF (pegG-CSF) combination was tested in two patients with some success in a short-term administration schedule [14]. Mitigation of RI cell death represents a powerful strategy - if feasible - to accelerate recovery. Thus our group has evaluated for some years the efficacy of antiapoptotic cytokines in combination (Emergency Antiapoptotic CytoKinotherapy). We have shown that the SFT3 combination [stem cell factor, FLT3-ligand, thrombopoietin (TPO), interleukin-3] exhibited some efficacy in lethally irradiated mice and in monkeys irradiated up to 7 Gy TBI [15-17]. However TPO - the core of this combination - has been discarded by agencies as immunogenic. New thrombopoietic agents, such as AMG531/Romiplostim/Nplate and Eltrombopag AKR501, LGD-4665, ALXN4100TPO, are now used or are under evaluation [18-21] as substitutes for TPO/Pegylated Megakaryocyte Growth and Development factor, but their capacity to enhance hematopietic recovery following RI myelosuppression remains to be established.

Pleiotropic cytokines administration may represent a realistic strategy to mitigate RI extrahematological toxicity in mass casualty context. Thus our group has tested the SFT3+erythropoietin combination according to an early and short term injection schedule. No stimulation of the hematological activity was observed during the critical death period when compared with SFT3 but the survival rate was increased (European Cytokine Network in press). Keratinocyte growth factor (KGF) may represent another candidate [22, 23] albeit its use has been submitted to some restrictions by the European drug agency. In clinic, KGF reduces the incidence and severity of oral and intestinal mucositis in high-dose chemotherapy protocols (treatment schedule day-3/day+3) [24]. In transplanted monkeys KGF stimulates immune reconstitution [25]. KGF has been evaluated in our laboratory in highly irradiated monkeys as a single treatment after whole body irradiation (3 i.p. injections, day1-day3; 250µg/kg). Using this model no protection of gastro-intestinal tract was observed - citrullinemia evaluation - and lymphocyte counts did not significantly differ between treated and control animals.  
3.0
Cell/gene therapy to prevent RI toxicity     
3.1
Mesenchymal stem cells (MSC) mitigate RI toxicity

Friedenstein and coworkers were the first to describe spindle-shaped cells i.e. fibroblasts-like cells derived from bone marrow that attached to tissue culture plastic and formed colonies termed colony-forming unit-fibroblast [26]. In fact such cells are also resident in parenchymal non-hematopoietic tissues such as muscle, fat or liver as well as from peripheral blood and umbilical cord blood or gingival tissue.  These cells represent a heterogeneous population only a fraction of which should be named stem cells [27, 28]. Regarding functional characterization 
MSCs retain the capacity to differentiate in vitro into bone, cartilage and adipose following specific stimulation. Attempts to define their phenotype were made in different global consensus. Classically MSCs lack the expression of hematopoietic cell markers such as CD45 (common leucocyte antigen), CD14 (monocyte surface protein) and CD34 (mucosialin). In contrast they express typical surface antigens such as CD44 (hyaluronate receptor), CD106 (vascular cell adhesion molecule-1), CD90 (Thy-1), CD29 (integrin beta 1) and CD73 (SH-3/SH-4). Human adult MSCs also lack CD11b, CD18, CD31, CD80/CD86/CD40 and express CD49a-f, CD51, CD105, CD166 and Stro1. They may represent specialized vascular pericytes [27, 29] and are described as mobile cells -see above their complex profile of adhesion molecule/chemokine. Thus circulation processes have been modelized from leucocyte transmigration sequence. MSCs respond to stress signals -among which irradiation- in animal models exhibiting a specific homing towards damaged tissues following systemic or local injection [27, 30].  

MSCs represent promising tools in regenerative medicine favouring wound healing albeit their mechanisms of action remain unclear. Some level of transdifferentiation /plasticity remains a possibility but most of the authors are in favour of a local paracrine effect. In fact only a marginal level of engraftment has been reported in transplantation studies. Importantly MSCs are immunogenic cells (MHC I+/MHC IIneg/costimulatory moleculesneg) with immunomodulatory properties and thus can be transplanted in an allogeneic context but their efficacy in non autologous context is not fully validated. In radiobiology, bone marrow MSCs have been demonstrated for some years to favour wound healing in rodent models of radiation burns and to mitigate RI gastro-intestinal syndrome – restoration of villus height [31 and improvement of intestinal absorption. These results have been confirmed in clinic in small size cohorts of cutaneous radiation syndrome (CRS)(autologous bone marrow-MSCs; Percy military hospital, Clamart, France) [32] and proctracted gastro-intestinal irradiations (family related MSCs; Saint Antoine hospital, Paris, France). Finally, stem cells from adipose tissues (ASC) are currently under evaluation to validate a complementary cell drug as recently demonstrated in a minipig model of cutaneous radiation syndrome (see paper by Forcheron et al in this issue).

3.2
Transient gene therapy
The hematopoietic syndrome associates immunosuppression, coagulation disorders, SIRS and pancytopenia which mainly results from the death of hematopoietic stem and progenitor cells (HSPCs). Medical management would consist of allogeneic hematopoietic stem cell transplantation in case of bone marrow eradication above the cytokine efficacy threshold (>7 Gy: [3]) despite unsolved morbidity/mortality complications. Thus identifying new drugs and developing new strategies remain a priority especially in order to manage a mass casualty scenario with two major goals: raising up the HSPC transplantation threshold and prevention/cure of RI-MOF. 

This paper did not intend to discuss current efforts to improve allogeneic HSPC transplantation but, as a cell therapy, the capacity of MSCs co-grafting to enhance hematopoietic recovery and to mitigate graft versus host disease – consequence of the immunogenic properties of MSCs- has to be noticed. In addition, regarding autologous strategy, MSCs may stimulate residual HSPC ex vivo coculture/cografting [33]. However no effect of intra-osseous injection of MSCs as a single treatment has been observed in monkeys.   

In fact the HSPC niche and differentiation compartment(s) represent crucial targets to develop optimized treatments. Emergency antiapoptotic cytokinotherapy or parathyroid hormone injection may represent such an approach (see above) but none has reached today a significant level of maturity. Cell therapy represents another sophisticated approach to restore hematopoiesis. Interestingly the Chute’s group has established the capacity of specific primary murine brain-derived endothelial cells to promote the repair of 4 Gy in vitro irradiated HSCs and to improve the hematopoietic survival/recovery of irradiated mice [34]. This effect is likely to result, according to the authors, from soluble factor release and does not involve bone marrow engraftment. Adipose tissue stem cells were also tested with some benefit in lethally irradiated mice [35].   

Regarding late effects, the Epperly team set up an elegant manganese superoxyde dismutase gene therapy strategy to prevent lung alveolis/fibrosis in irradiated mice using plasmid-liposome or adenovirus delivery which downsized pro-inflammatory cytokines [36].  

Our group is testing in monkeys a transient gene therapy strategy to favour the repair of severe RI niche damages. MSCs are ex vivo manipulated, in order to transiently secrete trophic factors, and are injected via an intraosseous way, in order to act locally. This approach especially aims at targeting the bone marrow vascular niche and the stimulation of residual HSPCs. Sonic hedgehog morphogene is tested as a first candidate based on proangiogenic activity and capacity to stimulate HSPCs [37, 38]. ASCs are used as vector cells following nucleofection with mock and Sonic hedgehog pIRES2 plasmids according to Amaxa technology. 8-Gy gamma irradiated monkeys are grafted according to a single intra-osseous injection schedule 48 hours following total body irradiation. Ongoing studies will determine the putative efficacy of this therapeutic strategy (figure 2).

3.3    Gene silencing

During the early phase of ARS, the rapid induction of numerous genes -involved in cell cycle regulation, apoptosis, transcriptional /post-transcriptional regulation of cytokine mediators etc...- composes a complex network which remains largely unclear in many aspects. It has been hypothesized that beneficial effects could be achieved from the inhibition (at least transient) of selected patterns of RI gene targets. Thus the Komarov group has tested the small molecule pifithrin alpha as a p53 inhibitor and showed a reversible block of apoptosis which resulted in an enhanced survival of lethally irradiated mice [39]. However p53 deficiency is also known to sensitize the gastro-intestinal system to RI damage. To avoid this detrimental effect, puma (p53 up-regulated mediator of  apoptosis) has been proposed as an alternative target [40].  Using a similar approach the antiaptotic Bcl-xL-derived BH4 peptide has also been evaluated in irradiated mice [41]. 

Small interfering RNA (siRNA) has also been proposed. In animal, siRNA directed towards CD95-Fas antigen and caspase 8 have been demonstrated to improve the survival of septic mice. In clinic siRNA are proposed in some protocols- mainly local delivery- but the specificity of siRNA delivery has to be improved. Our group has evaluated the early (2 hours) injection of siRNA directed towards tumor necrosis alpha (TNF- chemokine (C-X-C motif) ligand 1(CXCL-1) [42] and p53 genes in lethally irradiated mice using an hydrodynamic pressure injection strategy. Some level of inhibition was achieved but only a marginal effect if any was observed regarding survival (figure 3). Globally this approach is still in its infancy and further studies are required especially to optimize specific cell delivery and identify key targets.
4.0
 Conclusion

Following the pioneer phase of bone marrow transplantation, the use of cell therapy to cure ARS is now progressing towards adulthood. MSCs represent today the more advanced candidate in regenerative medicine albeit the safety of use is not definitely established [43]. Indeed they proved to favour wound healing and to mitigate pain, (auto)inflammatory and sepsis processes. Today gene therapy is globally still in its infancy. Finally, as proposed by the Yamanaka’s group some years ago, reprogramming adult somatic cells [44]  -autologous or allogeneic - to replace - transiently or definitively- damaged tissues unable to be repaired may no longer represent a hype to-morrow but a reality (figure 4).
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Figure 1: Kinetic evolution of radiation-induced damages following high dose whole body exposure. NVS: neurovascular syndrome, GIS: gastrointestinal syndrome, HS: hematopoietic syndrome, CRS: cutaneous radiation syndrome, SIRS: systemic inflammatory response syndrome, MOF: multiple organ failure syndrome
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Figure 2: ASCs stimulate vascular colonization of matrigel scaffold in immunocompromized mouse. A: macroscopic aspect of matrigel scaffold +ASC graft on day 10; B: macroscopic aspect of matrigel scaffold + Shh-ASC graft on the same day (images from representative animals); C: Hemoglobin content of the matrigel scaffold evaluated using a colorimetric assay (n=9 each, p<0.05). Results are expressed as means + SEM. 
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Figure 3: Effect of small interfering RNA (siRNA) injection on the survival of mice irradiated at lethal dose 90% over 30 days. B6D2F1 mice were irradiated using a 60Co gamma source (8 Gy total body irradiation; dose rate 25 cGy/min). Two hours after irradiation, mice were given Mock siRNA or siRNA targeted towards p53 or TNF- (Dharmacon, Lafayette CO, USA). Lethality was moderately delayed and reduced in the p53 and the TNF- groups (n=40 each group).   
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Figure 4: Induced pluripotent stem cells (iPS) grafting strategy to mitigate radiation-induced damages. MSC: mesenchymal stem cells, KSOM: Klf-4 + Sox-2 + Oct-3/4 + c-Myc.
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