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The main difficulty of radiotherapy is to destroy cancer cells without depletion of
healthy tissue. Stem cells and cancers are tightly interrelated. On the one hand, radiosensi-
tivity/radioresistance of cancer stem cells affects the radiocurability of tumors, on the other
hand, radiosensitivity is responsible for the stem cell depletion of organs at risk exposed
to irradiation. Efficient solid cancer destruction is limited by the preservation of organ
homeostasis. For this reason, targeted irradiation is an effective cancer therapy, however,
damage inflicted to normal tissues surrounding the tumor may cause severe complications.
The consequences of stem cell depletion of healthy tissue irradiated are acute and chronic
radiation diseases. The depletion of endogenous stem cells can be compensated by a supply
of exogenous stem cells. For this reason, cell therapy is a therapeutic approach that offers a
therapeutic alternative to patients who have failed conventional treatment. This domain
will bring forth the solution for optimal radiocurability associated with long-term patients’
quality of life.

This special issue covers research on the radiosensitivity of cancer stem cells and adult
stem cells associated with tissue regenerative medicine.

Integration of the cross talk of these two types of stem cells is essential. Nagle and
colleague studied the roles of organoids as model to understand relationship between
normal tissue and tumor responses in radiobiological studies [1]. Understanding the
radioresistance mechanisms of cancer cells is fundamental in order to be able to eradicate
the tumor while preserving healthy tissue. Two research articles dealt with cancer cells.
The article of Park and colleagues demonstrated that SOX2 contributed to the induction
of colorectal cancer cells and is regulated by radio-induced activation of the PI3K/AKT
pathway [2]. Kamble and colleagues studied the relationships between radioresistance and
breast cancer stem cells mediated by Nrf2-Keap1 pathway. Nrf2-Keap1 signaling controls
mesenchymal–epithelial plasticity and regulates tumor-initiating ability and promotes the
radioresistance of breast cancer stem cells [3].

The consequence of restoring the homeostasis of healthy tissue is first of all to allow
tissue regeneration and then organ functionality on a permanent basis. A supply of mes-
enchymal stromal cells (MSCs) ensures this functionality, mainly through a trophic effect.

Two research articles dealt with MSCs in the treatment of radiological burns. Brunchukov
and colleagues studied the effect of human MSCs derived from the placenta and their condi-
tioned medium concentrate on skin-regenerative processes. The use of conditioned MSCs
in severe local radiation injuries accelerates the transition of the healing process to the stage
of regeneration and epithelization [4]. Cavallero and colleagues settled a method founded
on an in vitro bioengineering of human skin organoids, joined with in vivo xenografting
in immune-deficient mice. This model was used to understand significances of exposure
epidermal stem cells to low-dose irradiation and their consequences in radio-dermatitis [5].
Thanks to its trophic effect, the treatment of healthy tissue by MSCs seems to be able to address
many of the pathologies resulting from radiotherapy. Synthesis reports explore the recent
progress and discuss the future perspectives about MSCs and MSC-exosomes for mitigating
radiotherapy side effects [6–8].
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Each pathology related to radiotherapy is complex, which is why it is necessary to ap-
prehend all the elements of a pathology and its treatment but also to be able to understand
in detail the associated mechanisms. Helissey and colleagues reviewed radiation cystitis
and its treatments. The authors investigated the role of immunity with a special focus on
macrophages. They concluded that MSCs seem to be an excellent therapeutic substitute for
the treatment of fibrosis in chronic radiation cystitis [9].

To go further into the abovementioned issue and end on an optimistic note, it is
interesting to associate the beneficial effect of irradiation with cell therapy in order to
propose novel treatments for new pathologies. Tovar and colleagues tried a therapeutic
approach, based on MSCs stimulated with radiation, to improve pneumonia caused by
SARS-CoV-2. The activation of the immune system by the irradiated tumor to trigger
the beneficial abscopal effect is decisively improving radiotherapy applications and their
outcomes [10].
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Abstract: Ionising radiation-induced normal tissue damage is a major concern in clinic and public
health. It is the most limiting factor in radiotherapy treatment of malignant diseases. It can also
cause a serious harm to populations exposed to accidental radiation exposure or nuclear warfare.
With regard to the clinical use of radiation, there has been a number of modalities used in the field
of radiotherapy. These includes physical modalities such modified collimators or fractionation
schedules in radiotherapy. In addition, there are a number of pharmacological agents such as
essential fatty acids, vasoactive drugs, enzyme inhibitors, antioxidants, and growth factors for the
prevention or treatment of radiation lesions in general. However, at present, there is no standard
procedure for the treatment of radiation-induced normal tissue lesions. Stem cells and their role in
tissue regeneration have been known to biologists, in particular to radiobiologists, for many years.
It was only recently that the potential of stem cells was studied in the treatment of radiation lesions.
Stem cells, immediately after their successful isolation from a variety of animal and human tissues,
demonstrated their likely application in the treatment of various diseases. This paper describes the
types and origin of stem cells, their characteristics, current research, and reviews their potential in
the treatment and regeneration of radiation induced normal tissue lesions. Adult stem cells, among
those mesenchymal stem cells (MSCs), are the most extensively studied of stem cells. This review
focuses on the effects of MSCs in the treatment of radiation lesions.

Keywords: radiation; mesenchymal; stem cell; extracellular vesicles; micro vesicles; paracrine effect;
adipose tissue derived stem cells

1. Development of Radiation-Induced Lesions

It is now well accepted that the human body contains adult stem cells or in other words
post-natal stem cells that are capable of differentiating into other tissues and can regenerate
or repair damaged tissues. Over the last decades, stem cell hypothesis, the development
of tissue deficits due to the inability of stem cells to replenish lost cells, has become a
reality. Stem cells were in a way studied by radiobiologists well before it was proposed
as a hypothesis. In fact, the initial theory of the development of radiation lesions’ “target
cell theory” was based on radiation-induced cell loss. Target cell theory introduced by
Puck and Marcus [1] considers cell loss as the cardinal cause of radiation induced normal
tissue damage or tumour ablation. In recent years, it has been shown that the process of
development of radiation damage and the damage itself starts by molecular changes long
before denudation of target cells. However, one cannot deny the fact that the ultimate
lesions manifest as loss of functional cells. Most bodily tissues possess a pool of clonogenic
cells that are mobilised in response to assaults such as trauma or radiation. Damage to the
tissue is repaired by proliferation of clonogenic or tissue specific stem cells. Sterilisation
of these clonogenic cells by radiation manifests as radiation damage. In mild cases as the
damage is sensed, these clonogenic cells migrate to the site of damage, and together with
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local surviving clonogic cells, proliferate to repair the tissue. However, in severe cases of
tissue repairs, there might not be enough surviving clonogenic cells as the site of damage
or sufficient number of mobilised cells to reach the site and repair the damage. Thus,
the damage gets established as a result of failure of endogenous stem cells to regenerate
the damaged tissue.

In early responding tissues, such as gut, oral mucosa, or epidermis of skin, the ini-
tiation of molecular events triggered by radiation results in the loss of both clonogenic
and differentiated functional cells. Loss of clonogenic cells or in other words basal stem
cells results in a deficiency to replace the lost functional cells. In the event of survival of
a sufficient number of proliferating tissue specific stem cells in the irradiated region or
its vicinity, complete healing is observed. However, in severe cases, where the radiation
causes sterilisation of the tissue-specific clonogeic cells, denudation of the tissue will follow.
Deficiency of the stem cells to produce new cells to replace the lost cells and resulting
imbalance brings about the erosion of the epithelial layer.

In late responding tissues, such as late dermal reaction of skin or central nervous
system damage, the involvement of stem cells are also established. However, the pattern of
development of lesions in late responding tissues is more complex, as the response of slow
turnover tissues (such as neural tissue) differ from the response of rapid turnover tissues
(such as epithelial tissue). In late responding tissues, the overall tissue response is depen-
dent on more than one cell type and their response to irradiation. The complex process of
late radiation damage is initiated by a cascade of molecular events from injured cells that
result in eventual denudation of functional differentiated cells. The response develops as
the consequence of damage to both slow and rapid turnover tissues. For example, a rapid
unset of radiation-induced apoptosis has been reported as early as 3–6 h in dentate gyrus
after irradiation of rat brain [2,3]. These authors also reported a higher number of apoptosis
than the number of proliferating cells and concluded that non-proliferating cells as well as
proliferating cells in the subgranular zone of rat brain were sensitive to radiation and cell
number, in this region, was significantly lower than age-matched controls 120 days after
irradiation. This in part can be the cause of radiation-induced cognitive deficit. A dose-
dependent reduction in the number of subepidermal cells in irradiated rat brain and the
inability of surviving stem cells in regenerating the subepiderma, that manifest a clear
deficit at 180 days after irradiation, was reported [2]. Deficiency of stem cells to regenerate
the lost tissue results in the development of scaring or fibrosis as a final lesion. Therefore,
the replacement of stem cells by donor stem cells, possibly before establishment of the
lesion, may prevent the development or shorten the duration/severity of the lesions in
both early and late responding tissues.

2. Treatment of Radiation Lesions with Stem Cells

Radiation lesions is amenable to treatment by methods that result in repairing or
regeneration of the damaged tissue. In fact, stem cell transplantation in medical practice is
not new and have been used for decades in bone marrow transplantation [4].

Stem cell treatment of radiation damage is based on the assumption that the trans-
planted cells integrate with the damaged host tissue to replace the damaged/lost cells or
stimulate the host cells to prevent the damage or regenerate the damaged tissue. The later
will obviously be more efficient before establishment of the radiation damage. Trans-
planting the stem cells before the full establishment of radiation lesion can prevent the
development of radiation damage or shorten the duration of the manifestation of the lesion.

Bone marrow transplantation has been successfully used in the treatment of leukaemia,
lymphoma, and certain types of anaemia procedures. Initial efforts in this field were
directed towards transplantation of pre-differentiated stem cells and a good example of this
is bone marrow transplantation that started as early as 1951 with the work of Lorenz [5]
who found that infusion of the spleen or marrow cells could protect the irradiated mice.
Bone marrow transplantation is based on allogenic use of stem cells. Whole marrow
or stem cells of the marrow are extracted from a donor and transplanted to the host to
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reconstruct the haemopoietic tissues of cancer patients. The patient, prior to bone-marrow
transplantation, is myeloablated by radiation or chemotherapy. The process of bone marrow
transplantation is reviewed by [4].

Later, non-tissue specific or naive stem cells were transplanted on the basis of the opin-
ion that the niche, or local microenvironment, consisting of surrounding cells, will define
the fate of the transplanted cells and direct the administered stem cells to lodge into target
tissue and differentiate into the required cells to restore structural and functional deficits.

In this article, a number of papers indicating the application of stem cells in the
treatment of radiation-induced lesions are reviewed. It is also argued that the beneficial
effect of transplanted stem cells in irradiated bodies is not necessarily due to the lodging
of the transplanted stem cells in the irradiated tissue to replace the lost/damaged cells.
It is suggested that perhaps the result is by paracrine effect; i.e., transplanted stem cells
secrete bioactive substances that are capable of stimulating the host cells to reproduce
and repair the damaged tissue. This means that the transplanted stem cells, besides
integrating in the structure of damaged tissues, secrete biologically active factors, mainly
in the form of extracellular vesicles, such as exosomes and microvesicles, that stimulate
and mobilise the endogenous stem cells to repair the damage. Recently, it was shown by
many researchers including ourselves, that the effect of stem cells is exerted in a paracrine
fashion [6–8]. Transplanted stem cells, by integration with the host tissue, mobilisation
of endogenous stem cells, or a combination of both mechanisms, result in functional and
structural improvements of injured tissues. For a review on extracellular vesicles, see [9,10].

3. Types of Stem Cells

Stem cells are undifferentiated cells that are capable of dividing to produce more stem
cells and/or differentiate specialised cells. Stem cells are classified by their potentiality
into three main types; multipotent, pluripotent, and totipotent. Totipotent stem cells can
generate an entire individual. Pluripotency is the ability of certain cells to differentiate into
the three embryonic layers (ectoderm, mesoderm, and endoderm). Multipotency is the
ability of stem cells to differentiate into one or two embryonic layers such as mesoderm
and endoderm. In contrast, adult stem cells are multipotent cells.The stem cells currently
used in medical applications or studied in research can be divided into three main types.

(1) Embryonic stem cells (ES): these are pluripotent cells located at the inner cell mass
of blastocysts. Embryonic stem cells are usually harvested around four days after
fertilisation when the embryo is in its blastula phase [11]. Embryonic stem cells
can be differentiated into any one of the three germ layers; endoderm, mesoderm,
or ectoderm.

(2) Induced pluripotent stem cells (iPCs): these cells, as indicated by their name are
pluripotent that are generated from mature somatic cells, like skin or blood cells,
by introduction of transcription factors for encoding certain genes. This is in fact back
reprogramming of mature cells to embryonic stem cell state. The classic mixture of
transcriptions factors to produce iPSCs consist of Oct3/4, Sox2, Klf4, and c-Myc [12].

(3) Adult stem cells: This is another group of stem cells that are multipotent. Adult stem
cells or adult progenitor cells are tissue-specific stem cells are available almost in
all body tissues [13] such as epidermal stem cells of skin, stem cells of human hair
follicles, cardiac stem cells of heart, neural stem cells of the brain, hepatic stem cells,
intestinal stem cells, dental pulp stem cells, ovarian epithelial stem cells, mammary
stem cells, testicular stem cells, and satellite cells/myogenic stem cells of the skeletal
muscle. Hemopoietic stem cells and mesenchymal stem cells are other groups of
adult stem cells. Hemopoietic stem cells are derived from blood vessels and bone
marrow. Mesenchymal stromal cells (MSCs) are another type of multipoint adult
cells [14–16] found in bone marrow, adipose tissue [17,18], and almost all postnatal
tissues [19]. MSCs are non-hematopoietic stem cell-like cells first identified by Frieden-
stein [20,21] and their characteristics are described [22]. In bone marrow, MSCs have a
supportive role for hematopoietic stem progenitor cells (HSPCs) that is also involved
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in the maintenance of marrow microenvironment by secreting bioactive factors [23].
MSCs of adipose tissue are termed Adipose Tissue-derived Stem cells (ADSCs), which,
like other MSCs are spindle-shaped plastic adherent cells, capable of differentiating
to other cells [24,25]. Another source of MSCs (UC-MSCs) is umbilical cord blood [26]
or Wharton jelly of umbilical cord [27,28]. UC-MSCs like other MSCs differentiate
into three germ layers and contribute to tissue repair and regeneration [29].

ES and IPS cells have the advantage of indefinite renewal and the ability to differentiate
into all cell types. This property gives them a role in replacing damaged cells by direct
differentiation. On the other hand, adult stem cells are limited in their proliferation. Adult
stem cells can either differentiate to replace specialized cells but in a limited number of cases.
This is the case, for example, with MSCs that differentiate into osteoblasts. On the other
hand, when adult stem cells come to repairing tissue from which they did not originate,
they preferentially act by trophic effect, such as MSCs to allow intestinal regeneration.

The Mesenchymal and Tissue Stem Cell Committee of the International Society for
Cellular Therapy [30] states three conditions as the minimal criteria for definition of human
MSC. (1) MSC must be plastic-adherent, (2) express CD105, CD73, and CD90, and lack
expression of CD45, CD34, CD14 or CD11b, CD79alpha or CD19 and HLA-DR surface
molecules, and (3) differentiate into osteoblasts, adipocytes, and chondroblasts in vitro.
MSCs has been shown to differentiate into endodermal lineage such as hepatocytes [31],
cardiomyocytes [32], and ectodermal lineage neurons [33].

MSCs are the most extensively studied adult stem cells and BM-MSCs are the first to
be transplanted and used in regenerative medicine, including treatment of radiation lesions.
Alternatively, ADSCs appear to be a better kind of MSCs [34]. Furthermore, ADSCs can be
obtained by lipoaspiration, which is much less invasive than obtaining BM-MSCs by bone
marrow aspiration. ADSCs exhibit intermediate radiation sensitivity [35] and it appears
that irradiation of human ADSCs with low-level laser changes their morphology and
enhances their proliferation and therapeutic potential [36]. The potential of mesenchymal
stem cell therapy in the treatment of radiation-induced lesions has been reviewed [37].

4. Homing of Transplanted Stem cells

MSCs, for regenerative purposes, can be transplanted directly into the site of damage
or introduced systemically. In the latter, it is assumed that homing of the transplanted cells
is regulated by the local microenvironment and they are directed to the site of injury by cues
from damaged tissues of the host through a series of signals. Furthermore, the transplanted
cells secrete diverse trophic factors and immunomodulatory substances that contribute
to the process of regeneration by stimulating the endogenic stem cells. In majority of the
studies of the distribution of transplanted cells in irradiated animals, it has been shown
that the transplanted cells home to the radiation-damaged tissues. MSCs intravenously
transplanted to rats with myocardial lesions home to the infarct region of the heart, while in
uninjured control animals, the transplanted cells migrated to the bone marrow [38]. In the
treatment of radiation-induced multi-organ failure in non-human primates, transplanted
MSCs home to injured tissues [39]. Human MSCs were systemically transplanted into
total body or abdominal irradiated NOD/SCID mice [40,41]. It was reported that the
transplanted cells home to the irradiated organs and were found three months post irra-
diation. These observations support the hypothesis that transplanted stem cells migrate
to radiation-induced injury sites in irradiated animals. However, this does not seem to
be specific to radiation lesions as migration of transplanted stem cells to non-radiation
damaged tissues has been reported too. In an acute nontransmural myocardial infarct
model [42], it was shown that transplanted MSCs mainly home to the infarct myocardial
region observed 24 h after intravenous transplantation that lasted for 7 days after trans-
plantation. However, these authors observed some migration to non-target organs as well
but the main concentration was in the infarct region.

Homing factors are crucial in the delivery of stem cells to damaged tissues. Some hom-
ing factors have been identified. For example stromal cell-derived factor-1 (SDF-1) is known
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to allow the targeting of hematopoietic stem cells to the marrow when it needs to be recolo-
nized by hematopoietic stem cells. The secretion of SDF-1 similarly allows the homing of
MSCs that express the C-X-C Motif Chemochine Receptor-4 (CXCR4) molecule, which is
the receptor for the SDF-1 molecule. Another chemokine, Monocyte Chemotactic Protein-1
(MCP-1), was found to be a key regulator for stem cell recruitment to the myocardium in
or cochlear tissue.

5. Stem Cell Treatment of Radiation Lesions

Interest in the application of mesenchymal cells as therapeutics has increased recently.
A few early stage clinical trials have also been reported [43–46] but in general one can say
that treatment with MSCs is still in an experimental phase and larger clinical trials are
needed before its clinical use. Safety of MSCs in clinical trials have been reviewed and
adverse effects listed [47]. The safety of MSCs for the treatment of radiation lesions has
also been reported [48].

Like other cells, irradiation of MSCs induces senescence and/or apoptosis [49]. This has
been shown in MSCs isolated from irradiated human skin, where colony formation, prolif-
eration, and differentiation capacity are reduced [50].

MSCs have been shown not to give rise to tumours [51] as they are non-tumourgenic [52].

6. Studies on Hematopoietic System

Although interest in stem cell treatment increased over the last two decades, stem cell
transplantation started more than half a century ago with bone marrow transplantation
by Lorenz et al. [5] followed by Barnes et al. [53]. These authors demonstrated that trans-
plantation of bone marrow cells could protect mice against ionising radiation. This was
the pioneering process of bone marrow transplantation that developed as a routine clin-
ical procedure, where whole marrow or marrow cells extracted from bone marrow are
transplanted into myeloablated host in the treatment of both malignant and non-malignant
diseases such as leukaemia, lymphoma, and certain types of anaemia [54].

The effect of transplantation of bone marrow-derived mononuclear cells in non-
human primates were studied by Bertho et al. [55]. These authors demonstrated that cell
transplantation 24 h after 8 Gy total body irradiation shortened the period and severity
of pancytopenia. Acute radiation syndrome (ARS), besides multi-organ failure, causes
pancytopenia too. The efficacy of transplantation of human UC-MSCs to combat the effects
of ARS was also studied [56]. However, in this study, UC-MSCs were modified to to express
human extracellular superoxide dismutase. The regenerative potential of MSCs combined
with the antioxidant effect of human extracellular superoxide dismutase was intended to
produce a rapid and effective strategy for the treatment of radiation accident victims.

The protective effects of allogenic stem cell transplantation against acute radiation
syndrome was demonstrated by transplantation of human umbilical cord-derived MSCs in
mice [57].

7. Studies on Nervous System

Study of the regeneration of nervous system after irradiation was first started by
transplantation of oligodendrocyte progenitor cells [58,59]. The results showed significant
remyelation of radiation-induced demyelinated rat spinal cord.

Later, regenerative properties of transplantation of two types of neural stem cell were
studied in a rat model of radiation myelopathy [60]. Twelve millimetre of rats’ spinal
cord was irradiated with 22 Gy gamma rays. This was ED100 in six months in this model
of radiation myelopathy. Neuroepithelial stem cells were obtained from the hipocampal
proliferative analogue on embryonic day 14 from an H-2kb-tsA58 transgenic mouse. It was
believed that both cell types were multipoint stem cells because they were 90% nestin
positive in culture and they had been shown to differentiate into neurons, oligodendrocytes,
and astrocytes. Stem cells were transplanted, intradurally, three months after spinal cord
irradiation. While control animals developed front leg paralysis within 183 days after
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irradiation, 30% of animals in stem cell transplanted group stayed paralysis free until
day 200.

Wei et al. [61] using rat cervical spinal cord irradiation model irradiated 20 mm of
cervical spinal cord of rats and injected one million UC-MSCs through the tail vein at
90 days after injection followed by three weekly injections. These authors demonstrated
that multiple injections of stem cells significantly improved neuron survival and locomotor
recovery at 180 days post irradiation.

In a rat model of cranial irradiation [62], human embryonic stem cells were trans-
planted to the hippocampus of athymic nude rats two days after 10 Gy cranial irradiation.
This resulted in a significant cognitive improvement four months after irradiation com-
pared to the controls that did not receive stem cell transplantation. The same authors
observed similar results in the same model after transplantation of human neural stem
cells [63]. These authors reported equivalent cognitive restoration with both types of stem
cell transplantations [64]. Efficacy of stem cell therapy in amelioration of radiation-induced
brain damage is reviewed by Chu et al. [65].

8. Studies on the Gut

Semont et al. [66] studied the regenerative effects of transplantation of human BM-
MSCs in NOD/SCID mice. Transplantation was by infusion and the results were assessed
by functional and histological assessment of the jejunum. The results demonstrated both
structural and functional improvements by MSC transplantation.

The effect of autologous bone marrow derived stem cell treatment was studied in a pig
model of irradiation proctitis, developed by 4MV photons [67]. It was demonstrated that
repeated administration of mesenchymal stem cells resulted in reduction of collagen depo-
sition and radiation-induced fibrosis. Reduction in expression of inflammatory cytokines
both systemically and in rectal mucosa were also observed.

In a rat model of colorectal cancer, transplantation of allogenic MSCs significantly im-
proved normal tissue damage induced by radiotherapy [68]. This study also demonstrated
that MSC transplantation increased the tumour-free survival of the animals. The number of
tumour free animals was higher than expected while the incidence and size of the tumours
were reduced.

In our own laboratory (unpublished work), the effect of transplantation by ip injection
of human ADSCs on gut was studied in rats. In this study, four cm of rats’ distal colon
were irradiated with 11 Gy 250 kV X-rays while the rest of the animal was shielded.
Twenty four hours after irradiation, the animals were grouped into six groups and treated.
Group 1: unirradiated controls received only one ml PBS injection, Group 2–6 received
radiation followed by one ml saline injection (radiation only- Group 2), two million ADSCs
suspended in one ml PBS (Group 3), two million ADSCs lysate in one ml saline (Group 4).
One ml conditioned media collected from 2 million ADSC cultures (Group 5) injected
ip and finally conditioned media administered three times 24 h, 72 h, and 120 hrs after
irradiation (Group 6). The results were assessed by counting the number of crypts per
circumference by light microscopy nine days after irradiation. As expected, radiation only
reduced the number of crypts significantly compared with unirradiated control group.
Injection of 2 million intact ADSCs, lysate, or a single dose of conditioned media increased
the number of crypts almost equally. However, the best result was obtained by three
consecutive injections of conditioned media. Comparable results obtained from injection
of intact MSCs or the lysate of the equivalent number of cell indicates the possibility of a
paracrine effect. This was also confirmed that the outcome of conditioned media injection
that usually contains mi-RNA, a number of proteins, and biologically active lipids was
more effective than the intact stem cells injections.

The possibility of the paracrine effect was indicated in a similar study [69] where the
effectiveness of secretions of human UC-MSC to prevent radiation-induced intestinal injury
was investigated in BALB/C mice after 10 Gy cobalt irradiation. In this study, UC-MSCs
were expanded under hypoxic conditions. Multiple injections of the hypoxic conditioned
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media was delivered to the animals after irradiation for seven days. This treatment
improved the structure of the intestine, decreased diarrhoea, and increased the survival rate.

Paracrine effect of stem cell transplantation was also shown in a study by Chen
et al. [70] where conditioned media obtained from rat bone marrow MSCs were injected
into rats just before irradiation. The results indicated that the conditioned media injection
increased the expression of anti-inflammatory cytokines and reduced the expression of
inflammatory cytokines.

In a recent study [71], total body irradiated mouse, at a dose of 7 Gy (60Co γ-rays),
received intravenous injections of one million human placenta-derived stem cells for
10 days after irradiation and compared with another group of animals that received
radiation only. Ten days after irradiation, radiation-induced small intestinal damage
was compared with that of a control group. It was shown that stem cell transplantation
significantly improved (p < 0.01) the outcome of radiation enteropathy or lethal radiation
syndrome. It was also shown that stem cell transplantation exerted inhibitory actions on
inflammatory cytokines and assisted the re-establishment of epithelial homeostasis.

In a rat model of colonic anastomosis performed by irradiation [72], it was shown
that transplantation of rat ADSCs promoted anastomotic healing of the irradiated colon
through enhanced vessel formation and reduced inflammation. In this study, the ADSC
injections were delivered several times before and after the surgical procedure.

Sémont et al. [66,73] described the effects of MSCs as a consequence of their ability to
improve the renewal capability of the small intestine epithelium. They also suggested that
MSC treatment favours the re-establishment of cellular homeostasis by both increasing
endogenous proliferation processes and inhibiting radiation-induce apoptosis of the small
intestine epithelial cells.

MSC treatment decreased the interactions between mast cells and nerve fibers and
reversed mechanical visceral hypersensitivity [74]. These authors suggest that the mecha-
nism of effect is that the MSCs release cytokines and growth factors, such as interleukin
(IL)-11, human hepatocyte growth factor, fibroblast growth factor-2, and insulin-like growth
factors. Each of these factors have been described earlier as facilitating intestinal mucosa
repair, either through enhancement of cell proliferation or inhibition of epithelial cell
apoptosis [66,69,73,74].

9. Studies on the Liver

Prevention of radiation-induced liver damage was the subject of study well before the
establishment of mesenchymal cells as stem cells. In an earlier work [75], lethally irradiated
mice were treated with syngeneic fetal liver cells that resulted in longer survival.

Later, the effects of BM-MSC transplantation on irradiated liver was studied in
NOD/SCID mice [76]. In this study, animals received 10.5 Gy of 60Co gamma rays, fol-
lowed by intravenous delivery of 5 million human BM-MSCs five hours after irradiation.
This study demonstrated that MSC transplantation reduced radiation-induced apopto-
sis and significantly reduced the transaminase values (AST and ALT) compared with
irradiated but not transplanted animals.

In a study of the effects of hepatic irradiation on transplanted BM-MSCs in cirrhotic
rats and the underlying mechanism by which mesenchymal stem cells (MSCs) relieve
liver fibrosis [77], the BM-MSCs from male rats were injected via portal vein into two
groups of thioacetamide-induced cirrhotic rats. The right hemiliver of one cirrhotic rat
group was irradiated (15 Gy) four days before transplantation. It was shown that the
transplantation of MSCs alleviated liver fibrosis and reduced expression of transforming
growth factor-β1, Smad2, and collagen type I. In addition, hepatic irradiation promoted
homing and repopulation of MSCs and enhanced the effect of BM-MSCs in improving
thioacetamide-induced liver fibrosis in rats. The authors concluded that BM-MSCs may
function by inhibiting transforming growth factor-β-Smad signaling pathway in the liver.
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10. Studies on the Lung

Mice exposed to thoracic irradiation were injected intravenously on days 0 and 14
after irradiation with genetically modified MSCs, expressing soluble transforming growth
factor-b, MSCs conditioned media (MSC-CM). Sixty weeks after irradiation, all animals in
the control group that had received only PBS injection after irradiation died. The survival
rate of MSC and MSC-CM groups was 40% and 80%, respectively. The thickness of alveolar
septa, malondialdehyde in lung homogenates, and plasma TGF-β1 levels significantly
decreased in mice treated with either MSCs or MSC-CM, indicating the protective effects of
MSC transplantation or MSC-CM injection, which reflects the paracrine effect of MSCs [78].

Improvements in acute radiation-induced lung injury has been demonstrated by Jiang
et al. [79]. These authors injected rat ADSCs through the tail vein to right lung irradiated
rats two hours after irradiation with 15 Gy X-rays. ADSC transplantation resulted in
increased serum levels of anti-inflammatory cytokine IL-10 and reduced serum levels of
the pro-inflammatory cytokines TNF-alpha, IL-1, and IL-6.

Human umbilical cord stem cells were transplanted 24 h before or 24 h after lung
irradiation in rats [80]. The results demonstrated alleviation of radiation pneumonitis in
both groups in comparison with the controls. Transplantation of umbilical cord MSCs have
also been shown to be beneficial in the prevention of radiation-induced lung fibrosis [81,82].
However, these authors have shown that modification of stem cells to produce manganese
superoxide dismutase significantly enhances the modulatory effect of MSC transplanta-
tion. Furthermore, MSC transplantation has been shown to reduce the incidence of lung
metastasis in mice [83], beside lowering radiation-induced lung injury.

Feasibility and mode of action of mesenchymal stem cell therapy in amelioration of
radiation-induced lung injury have been reported by Xu [84].

11. Studies on the Skin

Francois et al. [85] irradiated the skin of the hind leg of NOD/SCID mouse with 30 Gy
single dose of Cobalt-60 gamma rays. Human BM-MSCs was transplanted by intravenous
injection 24 h after irradiation. In stem cell transplanted animals, partial healing of the
skin lesions was observed two weeks earlier; at six weeks after irradiation. Complete
healing of epithelium was observed at eight weeks after irradiation in this group. While in
control animals that had received radiation only, only partial healing of the skin lesions
were observed at eight weeks.

BM-MSCs were injected into the skin of mini-pigs irradiated with large dose of 50 Gy
of 60Co gamma rays [86]. Autologous BM-MSCs were injected intradermally 4–14 weeks
after irradiation, 2–3 times a week. Each injection contained 99–128 million autologous
cells. Minipigs were followed up for over 30 weeks and it was shown that the treatment
lead to local accumulation of lymphocytes at the dermis/subcutis border, improved vascu-
larization, and reduction of inflammatory reactions. In another study of acute cutaneous
radiation syndrome [87], skin of mini-pigs were irradiated with 50 Gy of 60Co gamma rays.
At day 76 post irradiation, inflammatory cytokines IL-1α and IL-6 (specific markers of M1
macrophage) and IL-10 and TGF-β (specific markers of M2 macrophages) were assessed.
Treatment with autologous ADSCs resulted in increased M2 macrophage markers associ-
ated with CD68+/CD206+ cells, indicating that MSC treatment directed the inflammatory
response to proregenerapive outcome.

ADSC treatment of irradiated wounds on rats resulted in accelerated healing of
wounds in rats [88]. Three-cm diameter of rats dorsal skin was irradiated with 50 Gy of
6MeV electrons. Three weeks after irradiation, rats received one million MSCs in PBS,
compared with those that received only PBS. At week six after irradiation, wounds on
ADSC treated rats were significantly smaller than controls. Histological examination of the
wounds also indicated re-epithelialsation and neoangiogenesis in MSC-treated wounds.

This was supported by the reported beneficiary effects of ADSC injection on healing
of irradiated wounds in nude mice [89]. The dorsal skin of nude mice were irradiated
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non-lethally and wounds were created by skin biopsy punch. Wounds were injected with
ADSCs and compared with vehicle injected wounds.

Beneficial effects of cell therapy was demonstrated after transplantation of bone
marrow mononuclear cells (BMMNC) on irradiated wounds [90]. Skin wounds were
created by skin biopsy punch after cobalt-60 irradiation. It was demonstrated that cell
therapy resulted in increased vascular density and improved matrix remodelling.

With respect to the clinical effects of MSC transplantation on treating radiation-
induced lesions, a 27-year-old Chilean radiation accident victim was treated by skin
allograft after excision of the irradiated tissue [91]. The graft did not last very long and
got infected. The patient was treated with skin allograft again but this time with addition
of autologous BM-MSCs. A second dose of stem cells was delivered nine days after that,
resulting in complete healing and wound closure at 75 days after first MSC transplantation.

A number of clinical studies that are not stem cell transplantation per se but can be
attributed to the existence of ADSCs in fat have been reported. These include the treatment
of radiation induced normal tissue lesions by autologous fat grafting. A 67-year-old cancer
patient who developed a chronic non-healing ulcer in her leg after surgery and radio-
therapy of a squamous cell carcinoma was treated with fat infiltrated around and under
the ulcer area. The ulcer fully healed two months after treatment [92]. Rigoti et al. [93]
treated 20 patients suffering from radiation-induced normal tissue lesions as side effects
of radiotherapy with autologous fat grafting that resulted in improvements in all cases.
Fat grafting was successfully used in rectifying aesthetic defects caused radiotherapy in
head and neck cancer patients [94]. Breast irradiated patients do not respond favourably
to allogenic reconstruction [95]. However, favourable outcomes and formation of new
subcutaneous tissue have been reported after fat grafting in mastectomy patients who had
received breast irradiation [96,97].

12. Studies on the Salivary Gland and Oral Mucosa

In a mouse model, the ability of ADSCs to minimize and/or repair single dose
radiation-induced oral mucositis was demonstrated after 18 Gy single-dose of orthovoltage
X-ray [98]. It was shown that intraperitoneal transplantation of 5 doses of 2.5 million
freshly cultured syngenic ADSCs significantly and reproducibly reduced the duration of
radiation-induced oral mucositis from 5.6 ± 0.3 days to 1.6 ± 0.3 days. The therapeutic
benefits were shown to be significantly dependent on dose, frequency, and the start of cell
transplantation.

Effects of BM-MSCs on irradiated salivary gland was assessed by mobilisation of
autologus BM-MSC by administration of granulocyte stimulating factor (G-CSF) [99].
It was shown that the mobilised MSCs promoted regeneration of irradiated salivary glands
and increased gland weight, number of ancinar cells, and salivary flow rate.

In another study [100], it was shown that the local transplantation of human ADSCs
resulted in tissue remodelling with a greater number of salivary epithelial cells in a rat
model of salivary gland irradiation. This indicated that local transplantation of ADSCs
alleviated radiation-induced cell death. It was also shown that when an injectable porcine
small intestinal submucosa matrix was used as a cell delivery carrier, the anti-apoptotic
and anti-oxidative effects of ADSCs and salivary protein synthesis were enhanced.

Protective and regenerative effects of ADSCs on radiation induced salivary gland was
also studied in rats [101]. These authors reported statistically significant improvements in
the salivary gland of rats treated with ADMSc, 48 h after irradiation. The efficacy of stem
cell transplantation and mobilisation in the treatment of radiation-induced xerostomia was
discussed and reviewed [102,103].

Clinically, in a randomised placebo-controlled phase 1/2 trial [48], 30 patients were
studied. In this study ADSCs or placebo were transplanted in submandibular glands of
patients who had had previously received radiotherapy for oropharyngeal squamous cell
carcinoma. No adverse events were detected from ADSC transplantation, indicating its
safety. Unstimulated whole salivary flow rates in the transplanted group significantly
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increased compared to the placebo-arm. The xerostomia symptom scores significantly
decreased and salivary gland function improved in the ADSC group.

13. Discussion

In a living body, cell loss and regeneration takes place continually as a natural process.
Tissues function takes place as a result of a continued cell loss and replacement with new
cells. Cells are lost due to ageing, wear and tear, or other insults such as radiation, and are
replaced by new cells produced by indigenous stem cells or tissue-specific progenitor
cells that differentiate into functional cells. Target cell theory of radiation damage [1]
was developed exactly on this basis. According to this theory, cell loss is the cardinal
cause of development of radiation lesions or tumour eradication by irradiation. In fact,
radiation disturbs the usually continuous process of cell loss and cell replacement. The cells
killed or damaged by radiation fail to produce sufficient progenies to replace the lost
cells, therefore, the number of lost cells exceed the number of cells produced. When the
deficit goes beyond a critical level where the number of progenies become so low that
it cannot produce sufficient differentiated cells to maintain the tissue function, radiation
lesion manifests. In early responding tissues, the latency period of the development of
radiation lesion corresponds to the turnover time of the cells. For example, radiation
mucositis, and radiation-induced moist desquamation of the skin are considered as a result
of sterilisation of epithelia and their latency period corresponds to the turnover time of
the target cells. However, late radiation damage cannot be described by turnover time
of a certain cell type; however, it develops as a result of loss of a number of cells and
subsequent events. For example, in the development of radiation-induced late dermal
damage or late submucosal damage, loss or damage to endothelial cells play an important
role. Loss of endothelial cells and damage to the vasculature impair the circulation and loss
of parenchyma ensues. This is also true of radiation damage in two central nervous tissues,
where late radiation damage manifests as demyelination of axons and necrosis. Some
believe that the reproductive death of glial cells is the cardinal cause and demyelination
and necrosis develop as a consequence of gradual loss of these cells [104]. However, some
authors [105,106] consider vascular damage and lack of sufficient blood supply as the
cardinal cause of the development of radiation-induced demyelination and necrosis of
nervous tissue. Whatever the cause, both schools of thought agree that the demyelination
and subsequent necrosis of nervous tissue is initiated by cell death, reproductive steril-
isation of vascular or glial cells. The severity and duration of radiation-induced lesions
are dose-dependent. This implies that the more cell loss, the more severe and long lasting
the lesion. Besides radiation dose, radiation quality is another determinant factor on the
degree of cell loss and consequently lesion development. However, treatment of radiation
lesions, particularly treatment with stem cells, is in its infancy and there is not much data
to be discussed.

Not all radiation lesions are fatal. Radiation lesions heal after sublethal doses;
when surviving cells in the irradiated region regenerate or healthy cells from the mar-
gin of the irradiated region migrate to the irradiated area and revive the damaged tissue.
However, when the cell loss is extensive or the number of surviving/migrating cells is not
sufficient, the lesions remain unhealed. On this basis, replacement of lost cells by stem cell
transplantation was a plausible attempt to modify radiation induced tissue damage.

Regeneration of irradiated salivary gland by mobilizing endogenous stem cells [99]
supports the idea that there is always a number of stem cells in the damaged tissue and
whole body, and their stimulation and mobilisation either by secretory factors from other
stem cells or by cytokines could rescue damaged tissue. Protection of salivary glands
from radiation-induced apoptosis and preservation of acinar structure and function were
attributed to the activation of FGFR-PI3K signalling via actions of ADSC-secreted factors,
including FGF10 [107].

The effectiveness of cell transplantation in amelioration of radiation lesions is sup-
ported by the works reviewed in this paper. Radiation lesions that develop due to lack
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or insufficiency of functional cells are modified by the transplantation of exogenous
cells [90,108–111]. Besides, amelioration of radiation-induced lesions and subcutaneous
tissue formation in patients who received fat grafting after mastectomy of breast-irradiated
patients can be attributed to the stem cell component of the fat graft [96,97].

However, it is not certain that the beneficial effect of stem cell transplantation is
the result of direct integration of transplanted cells in the damaged tissue or the result of
stimulation of the surviving endogenous cells by the transplanted cells—the paracrine effect.
Some authors, while reporting the beneficial effects of stem cell transplantation, fail to
demonstrate the integration of the transplanted donor cells in host tissue or demonstrate a
very low level of engraftment that cannot justify the significant functional improvements
as a result of transplantation. In the study of the effect of stem cell transplantation on
amelioration of radiation-induced salivary gland damage by mobilisation of endogenous
bone marrow stem cells [99], significant improvements were seen in the gland weight and
salivary flow but transdifferentiation of stimulated bone marrow cells in the salivary glands
were not observed. Stem cell transplantation showed therapeutic effects on irradiated
lung tissue but the number of transplanted cells in irradiated lungs were so low that
they could not justify the observed improvements [78]. Neural stem cells transplanted
intradurally in spinal cord irradiated rats resulted in 30% reduction in the development of
radiation myelopathy [60] but these authors failed to demonstrate the transdifferentiation
of the transplanted cells in the irradiated spinal cords of engrafted rats. Similarly, despite
improvements in irradiated liver tissue by exogenous cell transplantation, the transplanted
cells were not found in the liver of the irradiated animals [76].

These findings suggest that the beneficial effects of stem cell transplantation are not
necessarily due to the replacement of damaged cells by healthy transplanted cells or their
trans differentiation into functional cells. It is probable that the paracrine effect also plays
a role [112–114]. It is to say that the transplanted cells secrete some bioactive factors that
stimulate endogenous stem cells. Bioactive factors secreted by MSCs are both immunomod-
ulatory and trophic. Secretion of angiogenic and antiapoptotic factors by transplanted
human ADSCs have been reported [115]. VEGF secretion were increased manyfold when
the ADSCs were cultured under hypoxic conditions. In fact, paracrine effect was reported
as early as 1971 by Little [116] who reported the repair of potentially lethal radiation dam-
age by a conditioned medium of cultured mammalian cells. Later, it was shown that the
growth of cultured endothelial cells was enhanced and endothelial apoptosis was reduced
by the addition of conditioned media obtained from ADSCs grown under hypoxic condi-
tions [115]. Regeneration of radiation damaged tissues by transplanted MSCs has been
attributed to the indirect effect of stem cell transplantation due to the secretion of cytokines
and growth factors [76]. Tissue regeneration, acceleration of angiogenesis, and growth of
nerves have been reported after transplantation of ADSCs in mice [117]. The beneficial
effects of ADSC transplantation were attributed to the secretion of neurotrophic genes and
extracellular matrix proteins required for nerve growth and myelination. MSCs, besides
trophic effects, exert immunomodulatory effects too [109] that inhibit the surveillance
ability of lymphocytes. This prevents the immunogenicity and allows allogenic transplan-
tation of MSCs. A total of 73 proteins secreted by human ADSCs have been reported that
includes factors such as heat shock proteins, macrophage inflammatory proteins, proteases,
protease inhibitors, cycloskelethal components, extracellular matrix components, metabolic
enzymes, anti-inflammatory proteinsVEGF, IGF-1, EGF, EGF, and many others [118,119].
Besides, RNA-containing microparticles are also involved in the paracrine effect. Micropar-
ticles or microvesicles consist of extracellular vesicles (EVs) that are released by almost
all bodily cells, including stem cells. Evs are referred to a heterogenous population of
membrane-coated small vesicles with diameter of 30–1000 nm. Exosomes constitute the
microvesicles of diameter less than 200 nanometer. EVs consist of a bilipid membrane and
a cargo consisting of various proteins and miRNA. Intracellular communication of cells is
facilitated by secreted microvesicles [120–123]. Microvesicles released by stimulation of
MSCs show therapeutic characteristics against ischemia-repurfusion induced acute and
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chronic kidney injury [124]. The same authors also demonstrated that inactivating RNA by
pretreatment of microvesicles by RNase abrogated its therapeutic effect. This indicates the
importance of the RNA component of microvesicles in exerting its therapeutic effect.

Evidence is mounting in support of paracrine effect of stem cells; in recent years
particularly, EVs derived from stem cells have been the focus of extensive research ef-
forts in the fields of regenerative medicine and radiation. The beneficial effects of MSC-
secreted microvesicles have been demonstrated in vitro and in vivo treatment of many
lesions [113,125–133]. Inhibition of tumour growth by MSC-derived microvesicles have
also been demonstrated [68,128]. It has also been shown that platelet-derived microvesi-
cles facilitate the homing of transplanted bone marrow stem cells in irradiated mice [134].
EVs extracted from human MSCs were injected into nude mice by three consecutive applica-
tions after a lethal whole body irradiation that resulted in 85% reduction in mortality [135].
Recently, the efficacy of MSC-derived EVs in amelioration of radiation-induced hematopoi-
etic syndrome was reported [136]. Exosomes derived from mesenchymal stem cells have
been used for conditioning macrophages to be used in the treatment of acute radiation
syndrome [137]. It appears that, besides proteins and bioactive lipids, the RNA content
of the cargo of EVs is the major component of the action of the beneficiary effects of EVs.
This mode of action have been shown to be responsible for the amelioration of radiation-
induced lung injury by mesenchymal cell-derived EVs [138]. The mode of action and
potential of EVs in the treatment of radiation lesions are reviewed by Forsberg et al. [139].
EVs have also been indicated in mediating radiation-induced bystander effects [140].

14. Conclusions

The results of publications reviewed in this article indicate the beneficial effects of
stem cell transplantation in the treatment of radiation lesions and tumour inhibition.
Transplantation of intact stem cells or EVs derived from stem cells exert beneficial effects.
However, it must be noted that radiation dose can play a major role in defining the results
of the stem cell transplantation. The main principal of paracrine effect is based on the
fact that paracrine factors excreted by transplanted stem cells stimulate endogenous stem
cells to regenerate damaged tissue. After mild radiation doses, the donor cells partially
contribute in regeneration of the damaged tissue and partially stimulate the endogenous
stem cells to repair the damaged tissues. However, if a substantial large radiation dose
is delivered to an organ, depleting almost all of the endogenous stem cells within the
irradiated volume, the regeneration will be dependent almost entirely on the direct effect
of the transplanted stem cells. This is to say that after a substantially large radiation dose,
the paracrine effect will not be sufficiently effective and a substantially large stem cell dose
will be required. Finally, it must be borne in mind that the conclusions made in this article
are on the basis of limited experimental results published during recent years. Further
research on the efficacy of stem cell transplantation and microvesicles secreted by activated
stem cells, in amelioration of radiation lesions, is required.
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Abstract: Radiation therapy for cancers also damages healthy cells and causes side effects. Depending
on the dosage and exposure region, radiotherapy may induce severe and irreversible injuries to
various tissues or organs, especially the skin, intestine, brain, lung, liver, and heart. Therefore,
promising treatment strategies to mitigate radiation injury is in pressing need. Recently, stem cell-
based therapy generates great attention in clinical care. Among these, mesenchymal stem cells
are extensively applied because it is easy to access and capable of mesodermal differentiation,
immunomodulation, and paracrine secretion. Here, we summarize the current attempts and discuss
the future perspectives about mesenchymal stem cells (MSCs) for mitigating radiotherapy side effects.

Keywords: radiation-induced injury; radiotherapy; mesenchymal stem cells

1. Introduction

Malignant tumors are one of the most aggressive diseases and have high mortality.
Currently, there are no efficient methods capable of eradicating cancers clinically. As a
conventional cancer treatment modality, radiotherapy (RT) can kill cancer cells and improve
patient survival rates. Unfortunately, cancer patients also have to risk radiotoxicity to
healthy tissues around the tumor. Clinical studies have revealed skin, intestinal, brain,
pulmonary, hepatic, and cardiovascular injuries in cancer patients who received RT [1–5].
Although developments in RT devices and techniques (e.g., intensity-modulated RT, IMRT;
image-guided RT, IGRT.) have significantly decreased radiation dose, exposure volume,
and area, radiation injury is still unavoidable [6–9]. There is no evidence showing the
existing dose threshold that would not damage the cell [10]. Emerging epidemiological data
have consistently confirmed that low-dose radiation could also cause tissue damage [11,12].
Thus, when optimizing the RT technique to reduce the risk of radiation exposure, more
effort should be made to seek satisfactory treatment for radiation-induced tissue injury.

In recent decades, stem cells have become a hot topic of research in regenerative
medicine, bioengineering, and other clinical settings. Among the various stem cell types,
mesenchymal stem cells (MSCs) are the most frequently studied. Thousands of publications
are issued, and more than 490 clinical trials utilizing MSCs have been carried out or ongo-
ing [13]. The reasons might be that MSCs are easy to access due to their abundant resources,
including bone marrow, adipose tissue, umbilical cord, and placental tissue. Additionally,
MSCs possess stable genomes, great self-renewal ability, mesodermal differentiation ca-
pacity, and immunomodulatory and paracrine secretome [14]. Indeed, MSCs reveal the
tremendous therapeutic potential in various diseases such as cancer, diabetes mellitus,
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autoimmune disease, liver injury, and cardiovascular disease [15–19]. Thus, scientists
attempt to investigate whether MSCs therapy could also mitigate radiation injury. Here,
we will first introduce the underlying mechanisms of radiation injury and the features of
MSCs briefly. Then, we focus on the recent progress on MSCs therapy in treating radiation
injury. Last, we discuss the challenges and future perspectives of the MSCs therapy.

2. Pathophysiological Mechanisms of Radiation Injury

RT utilizes high doses of radioactive energy, known as ionizing radiation (IR), to
kill cancer cells. Notably, IR also injuries the healthy cells around the tumor, causing
various complications. However, the pathophysiological mechanisms of radiation injury
remain mostly unclear. IR induces increased production of reactive oxygen species (ROS),
referred to as oxidative stress, injuring cell components such as DNA, proteins, organelles,
etc. [20]. The damages to DNA mainly comprise single- and double-stranded breaks and
base lesions [21]. Incorrect DNA repair would give rise to mutagenesis or chromosomal
instability resulting in cell apoptosis and carcinogenesis [22]. Excessive ROS activates
unfolded protein response in the endoplasmic reticulum (ER), which further elicits Ca2+

release from ER, causing ER stress [23]. If the ER stress was uncontrolled, the unfolded
protein response pathways trigger downstream signals such as c-Jun N-terminal kinase and
Bcl-2 protein family members, initiating cell apoptosis or autophagy [24]. The enhanced
ROS and imbalanced Ca2+ in the cytoplasm cause mitochondrial membrane permeabiliza-
tion [25], leading to Bax’s activation and the release of cytochrome c, promoting apoptosis
development [26]. Moreover, mutated mitochondrial DNA, impaired PPAR-α pathways,
and dysregulated ROS production induce mitochondrial dysfunction [26]. The proper func-
tionality of cellular components is closely connected with the cell fate. Thus, clarifying the
alterations of intercellular and intracellular signal cascades is beneficial for understanding
the radiation injury.

Inflammatory responses, endothelial cell injuries, and fibrosis are vital radiation injury
features [27–29]. At the acute phase after IR, inflammatory cytokines (tumor necrosis
factor, TNF; interleukin-1, IL-1; IL-6; IL-8), chemokines (C-C motif chemokine ligand,
CCL; C-C motif chemokine, CXC), and adhesion molecules (intercellular cell adhesion
molecule, vascular cell adhesion molecule, E-selectin) are secreted, inducing vasodilation
and vascular permeability [30]. Subsequently, coagulation cascade signals are triggered,
and endothelial basement membrane is degraded, enabling clearance of damaged tissue
and repairing initiation. This acute response may sustain from minutes to several days after
IR [29]. Notably, chronic inflammation and oxidative stress would induce fibrosis at the
later phase of diseases [31]. The transforming growth factor-β1 (TGF-β1)/Smad signaling
has been recognized as the primary player that mediates myofibroblasts proliferation
and regulates extracellular matrix and collagens deposition [32]. IR also upregulates the
connecting tissue growth factor levels that can enhance the binding of TGF-β1 with its
receptor (Smad2, Smad3), promoting fibroblast trans-differentiation [33]. By dissociating
TGF-β from its complex, the enhanced ROS promotes TGF-β1/Smad signaling, which
further modulates ROS generation via upregulating NADPH oxidase 4 transcriptional
activity [34]. Moreover, myofibroblasts are also found to originate from the process named
epithelial or endothelial to mesenchymal transition [35]. Other profibrotic cytokines, such
as CCL3, CCL2, IL-1, and IL-6, are also essential for fibrosis progress. Elevated IL-6 levels
post IR is correlated with radiation toxicity in breast cancer patients and the degree of
fibrosis in the irradiated lung [36,37]. Fibrosis formation is usually a chronic but ongoing
progressing process, and it lacks sensitive tools allowing for early detection.

Apart from these mechanisms, telomere erosion, miRNAs alterations, epigenetic
regulations, and stem cell damage are also engaged in the pathophysiological development
of radiation injury [38–41]. Moreover, these underlying mechanisms interconnect with
each other and vary depending on the tissue/cell types, IR patterns (types, doses, and dose
rates), and patient-related factors (individual comorbidities and risk factors, such as body
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mass index, smoking, and genetic predisposition). Thus, determining factors that promote
radiation injury progression from asymptomatic remains challenging.

3. Characteristics of MSCs

Currently, there is no absolute definition of MSCs. To facilitate the development of
MSCs-based study, the International Society for Cellular Therapy proposes several minimal
criteria identifying MSCs [42–44]. Firstly, surface CD antigens are the most primary and
necessary verification method. MSCs positively express stro-1, CD44, CD73, CD90, and
CD105. Different from hematopoietic stem cells, MSCs lack CD34, CD45, CD14 (or CD11b),
CD79α (or CD19), and HLA-DR. Secondly, MSCs are considered to be plastic-adherent
when cultured under standard conditions. Lastly, MSCs must possess the capability
of differentiating into osteoblasts, adipocytes, and chondroblasts. This report largely
standardizes the definition of MSCs and instructs investigators to estimate the authenticity
of their cells.

MSCs can be obtained from multiple tissues (bone marrow, adipose tissue, periph-
eral blood, umbilical cord, and placenta), providing researchers with great convenience
and increasing its clinical application popularity [45]. MSCs derived from differed tis-
sues show distinct characteristics, including proliferation and differentiation potential,
paracrine effect, immunophenotypes, and immunomodulatory capacity [46,47]. For exam-
ple, umbilical cord blood-derived MSCs (UC-MSCs) show more significant proliferation
and slower senescence compared with that from bone marrow (BM-MSCs) and adipose
tissue (AT-MSCs) [48]. However, BM- and AT-MSCs are capable of tri-lineage differen-
tiation (osteogenic, adipogenic, and chondrogenic) under respective culture conditions,
while placenta- and UC-MSCs only differentiate into two cell lineage [46]. Additionally,
discrepant paracrine activity reflected by the expression of various cytokines and growth
factors was observed in UC- and AT-MSCs [49]. All these differences may influence the
function of MSCs from multiple sources. A comprehensive understanding of these features
would promote a more efficient clinical application of MSCs.

In most MSCs-based therapy studies, immunomodulation is regarded as the leading
factor of the therapeutic property. MSCs can interact with immune system cells (T cell, B cell,
natural killer cells, etc.) and regulate immune response depending on direct cell-cell contact
and various immunomodulated factors [50]. High inflammation levels would stimulate
MSCs to release anti-inflammatory cytokines, inhibiting overactivated inflammation and
immune responses. The involved molecules include inducible nitric oxide synthase (iNOs),
TGF-β, IL-10, prostaglandin E2 (PGE2), and hepatocyte growth factor (HGF) [51]. T
cells would be deactivated by inducing apoptosis or suppressing proliferation [52]. On the
contrary, the silent immune system would induce the pro-inflammatory phenotype of MSCs
to ensure basic self-defense against the external pathogen. Such plastic immunomodulation
function protect tissue against pathogen invasion or self-attack, making MSCs a popular
object in the study of tissue repair and regeneration [53].

4. Current Attempts of MSCs for Mitigating Radiation Injury

Considerable progress in medications has dramatically reduced the mortality and
morbidity of cancer patients. The increased number of cancer survivors enables clinicians
to realize the side effects of related treatments such as RT. To date, it has gained remarkable
improvements in achieving high-precision RT. For instance, breast cancer patients receiving
IMRT exhibited significantly lower occurrence, severity, and persistent of radiodermatitis
than those receiving conventional RT [8]. A significant reduction in gastrointestinal toxicity
was observed in IMRT than conventional two-dimensional RT (IMRT vs. RT: 33% vs.
77%) [6]. Moreover, the combination of IGRT and IMRT (IG-IMRT) showed more signifi-
cant superiority than conventional three-dimensional conformal RT in the treatments of
rectal cancer and hepatocellular carcinoma [7,9]. With IG-IMRT, hepatocellular carcinoma
patients showed longer median survival (IG-IMRT vs. RT: 44.7 vs. 24.0 months) [7,9].
Although modern RT doses have been minimized and are precise, radiation complications
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still typically occur acutely or chronically. Here, we mainly discuss the latest advances in
MSCs therapy application mitigating radiation injury involving the skin, intestine, brain,
lung, liver, and heart.

4.1. MSCs in Radiation-Induced Skin Injury

Radiation-induced skin injury or radiodermatitis is the most common side effect in
people exposed to IR. Up to 95% of cancer patients undergoing RT experienced radioder-
matitis [54]. Among the manifestation of radiodermatitis, erythema is the most apparent
and mild symptom (incidence with more than 90%), followed by moist desquamation (inci-
dence of 30%) [55]. These varying severity levels are associated with direct radiation injuries
and consequent inflammations affecting different skin structures, including epidermis, der-
mis, and vasculature (well described in [56,57]). The release of cytokines and chemokines
by recruited immune cells activates dermal fibroblasts, causing chronic dermatitis and
skin fibrosis [58]. Regular treatment of radiodermatitis comprises self-care (daily hygiene
habits, loose clothing, avoiding tobacco and alcohol, adequate water intake, etc.) and
prophylactic topical corticosteroids [59]. Such therapies are usually based on hearsay or
physician preferences lacking powered studies to demonstrate their efficiency [60,61]. The
occurrence of radiodermatitis has destroyed patients’ physical appearance and beauty, and
also delayed wound healing [29]. Thus, novel therapeutic validating by a more systematic
and rigorous design is urgently needed.

It has demonstrated that bone marrow-derived cells such as MSCs, endothelial pro-
genitors, and myelomonocytic cells are recruited to the injured sites by chemotactic signals
SDF-1 and CXCR4 participating in the healing process [62]. The intravenous injection of
MSCs significantly accelerates the wound healing rate [63]. Increased survival of BM-MSCs
ameliorates injury induced by IR combined with traumatic tissue injury [64]. Thus, scien-
tists have attempted to mitigate radiodermatitis using exogenous administration of MSCs.
For instance, Moghaddam et al. intradermally transplanted AT-MSCs (2 × 106) to guinea
pigs receiving 60 Gy abdominal radiation. These irradiated guinea pigs showed alleviated
skin damage, and the combination of low-intensity ultrasound enhanced the curative effect
of AT-MSCs [65]. However, the exact mechanism underlying the therapeutic potential of
MSCs for radiodermatitis is unclear. Anti-inflammation and anti-fibrosis may be the main
ways for MSCs to inhibit radiation injury [66,67]. Inflammation-related cytokines (IL1β
and IL10) were regulated by BM-MSCs (5 × 105) in radiation mice models with a 35 Gy
dose [67]. Similarly, BM-MSCs injection (2 × 106) via tail vein efficiently reduced 45 Gy
radiation-induced rats’ skin fibrosis reflected by decreased TGF-β1 [66]. Notably, the MSCs
conditioned medium (CM) could also accelerate wound healing after pipetting onto the
irradiated rats’ skin wound [68]. This result indicated that paracrine factors from MSCs
play a critical role in repairing radiodermatitis by mitigating the injury site’s inflammatory
microenvironment. Apart from animal studies, limited clinical trials were also carried out.
A case report analyzed the treatment potential of cadaveric MSCs on a necrotic ulcer in a
patient receiving 50–60 Gy dose RT for right leg angioma [69]. Two years after the treatment,
clinicians observed a reduced ulcer size and improved the skin quality, confirming the
MSC therapy’s efficiency. Thus, MSCs or their secretiome could be novel therapeutics for
mitigating the radiodermatitis.

4.2. MSCs in Radiation-Induced Intestinal Injury

Radiation-induced intestinal injury (RIII) or radiation enteropathy develops in RT-
treated patients with abdominal or pelvic tumors. About 60–80% of patients have nausea,
abdominal pain, and diarrhea within 2–3 weeks of RT [70]. Such symptoms usually disap-
pear within 1–3 months of completing therapy. However, a few patients may experience
delayed RIII, including disorders in intestine motility and nutrient absorption. Some severe
chronic RIII may progress to intestinal obstruction or perforation and fistulae formation.
The pathological changes in acute RIII involve inflammation reaction and consequent crypt
cell death [71,72]. On the other hand, chronic RIII is more complex and is characterized
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by mucosa atrophy, intestinal wall fibrosis, and microvascular sclerosis [70]. Numerous
preclinical studies utilizing natural products [73], peptides [72], and small molecules [74] to
alleviate RIII have been carried out. However, researcher have not yet reached a consensus
on the clinical application. Amifostine, a free-radical scavenger, is the earliest drug proved
by the FDA to mitigate radiation therapy-related injury [75]. Nevertheless, the narrow
treatment time window and lingering concerns of amifostine hinder its clinical uses [76].
Moreover, the US FDA has approved Neupogen and Neulasta in 2015 and leukine in 2018
for acute radiation syndrome [77]. Thus, novel therapeutic strategies are eagerly needed,
especially drugs specific for each radiation-induced organ injury.

MSCs were initially found to migrate and settle in the injured intestine after RT [78].
Lately, studies revealed that the transplanted MSCs can reverse the disrupted intestinal
function by RT [79,80]. Such benefits were attributed to the MSCs secretome-mediated
intestinal regeneration via inflammation inhibition, neovascularization, and epithelial
homeostasis maintenance [81]. Additionally, there exist specific stem cells in the intesti-
nal crypt responsible for intestinal repair and regeneration [82]. BM-MSCs (1 × 106)
transplantation via tail vein injection was found to increase Lgr5+ intestinal stem cell
populations, thus facilitating the repair of radiation-induced intestinal injury via activated
Wnt/β-catenin signaling [83]. Based on the excellent paracrine effect, MSCs-CM were also
applied to preclinical experiments of RIII. Repeated injection of AT-MSCs-CM (abundant
angiogenic factors such as IL-8, angiogenin, HGF, and vascular endothelial growth factor)
promoted intra-villi microvascular recovery in the irradiated intestine via activating the
PI3K/AKT signal pathway [84]. Nevertheless, MSCs cultured under normal conditions
only secrete slight cytokines that may possess unsatisfactory therapeutic potential. Given
this, Chen et al. pretreated BM-MSCs with pro-inflammatory factors (TNF-α, IL-1β, nitric
oxide) and found an enhanced paracrine effect of MSCs, primarily represented by the se-
cretion of IGF [85]. The pretreated BM-MSCs-CM exhibited a more significant therapeutic
efficacy in modulating inflammatory responses and mediating epithelial regeneration [85].
Moreover, other modifications such as carrying foreign genes (HGF, CXCL12) or cytokines
(R-Spondin1) and engineered MSCs (hydrogel loaded) have also been tested for their
capacity in alleviating RIII [86–88]. Preclinical studies have shown the therapeutic po-
tential of MSCs (modified or not) in treating radiation injury. MSCs was also tested for
clinical treatment of RIII, in which reduced intestinal inflammation and hemorrhage were
exhibited after systematic usage of MSCs [89]. However, a detailed treatment strategy
remains unknown.

4.3. MSCs in Radiation-Induced Brain Injury

Radiation-induced brain injury (RIBI) is mainly presented as cognitive dysfunction
in patients experiencing head and neck RT [90]. The degree of tissue injury is unequal
based on different periods (acute, early delayed, late delayed) [91]. Acute response is
sporadic under current RT techniques. Early RIBI involves angioedema and manifested
clinically as headache and drowsiness [92]. Acute and early RIBI are generally recovered
within 1 to 6 months. However, late RIBI often represents severe irreversible lesions such
as vascular injury and demyelination, leading to ultimate white matter necrosis and brain
atrophy [93,94]. Apart from the vascular endothelial cells, neurons and glial cells are also
susceptible to IR [95]. In all, RIBI is intractable due to the complex dynamic process [91].
Early epidemiological data showed 11% of morbidity of severe dementia in cancer patients
receiving whole brain radiation [96]. In fact, sensitive neurocognitive tests suggested that
90% of irradiated patients had neurological impairment [97]. With regard to the treatment
of RIBI, anti-inflammatory drugs have been applied to counteract RIBI, such as eicosapen-
taenoic acid and fenofibrate [98,99]. Moreover, traditional Chinese medicines are also
beneficial for neuroprotection against radiation [100]. In preclinical studies, intrahippocam-
pal transplantation of human neural stem cells restored neural plasticity of irradiated rats
by improving the expression of activity-regulated cytoskeletal [101]. At present, MSCs-
based cell transplantation and secretome administration are also considered as therapeutic
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strategies preclinically. UC-MSCs (1 × 106) transplantation via caudal vein infusion showed
anti-inflammatory and anti-apoptotic effects on mice with RIBI [102,103]. The RT-triggered
inflammation was inhibited, reflected by the decreased IL-1, TNF-α, and the increased
IL-10 [102]. On the other hand, the downregulation of pro-apoptotic proteins (p53, Bax) and
the upregulation of anti-apoptotic Bcl-2 confirmed apoptosis reduction. This anti-apoptotic
benefit was further enhanced through the combined administration of UC-MSCs and
nimodipine [103]. MSCs-mediated regulation of both inflammation and apoptosis rescued
neurons and astrocytes from necrosis. Additionally, microglia were activated during RIII
and initiated inflammation reaction by cytokine and chemokine secretion [104]. Intensive
inflammation further accelerated microglia pyroptosis related to the increased expression
of NLRP3 inflammasome and caspase-1 [105]. Human trophoblast-derived MSCs (1 × 105)
transplantations via brain cortex are able to reverse the microglia pyroptosis, promoting
tissue repair [105]. Others also identified that the intranasally administered human MSCs
(5 × 105) restored neurological function by reducing inflammation and oxidative stress via
declined damage-induced c-AMP response element-binding signals [106]. Unfortunately,
only a few researches on applying MSCs therapy in RIBI have been reported so far. The
finding that MSCs are also homed to gliomas would encourage more efforts to be devoted
to this area [107].

4.4. MSCs in Radiation-Induced Lung Injury

Thoracic tumors patients receiving RT tend to suffer from radiation-induced lung
injury (RILI) with a mortality of approximately 15% [108]. The RILI is a complex dy-
namic process, including early pneumonitis and delayed pulmonary fibrosis [109]. The
common pathological changes of RILI include epithelial and endothelial cell injuries, in-
flammatory responses, resulting in the dysfunction of the blood-air barrier and vascular
permeability [109]. Moreover, the alveolar macrophages are also stimulated to secrete
abundant cytokines (TGF-β1, TNF-α, IL-1β, IL-6, and IL-12) that further participate in the
inflammatory process [110]. TGF-β1 is an essential factor that mediates alveolar epithelial
cells undergo EMT, a typical feature of fibrosis [111]. The occurrence of a vicious cycle of
inflammation would promote delayed pulmonary fibrosis. Once the fibrosis is formed, it
is difficult to reverse and leads to a poor prognosis. Apart from the amifostine, steroids,
growth factors (IL-7, IL-11, etc.), antioxidants, and signaling inhibitors have been used to
treat RILI, yielding unsatisfactory effects [108]. Thus, clinicians ask for novel and more
effective therapeutic approaches.

The potential of treatment with MSCs to mitigate RILI has been evaluated and its
underlying mechanisms have been explored. A preclinical study showed that BM-MSCs
injected into irradiated mice via tail vein could differentiate into lung epithelial and en-
dothelial cells [112]. They also observed an upregulated IL-10 and downregulated TNF-α
and TGF-β in RILI mice [112]. Because excessive inflammation and irreversible fibrosis
are the leading causes of RILI, the MSCs-mediated anti-inflammation and anti-fibrosis
effects may play a vital role in lung tissue repair and regeneration. Consistently, Hao et al.
found that intratracheal transplantation of human UC-MSCs (1 × 106/kg) inhibited canine
pulmonary inflammation and fibrosis in beagle dogs induced by radiation through reduc-
ing IL-1, TGF-β, and hyaluronic acid [113]. Dong et al. first identified two anti-fibrotic
factors, HGF and PGE2, that exhibited increased expression in irradiated rat lung tissue
after administration of AT-MSCs [114]. Additionally, radiation-induced lung endothelial
dysfunction could be alleviated by MSCs-CM [115]. This perhaps further suggested that
the paracrine effect rather than differentiation plays a dominant role in the MSCs therapy.
In fact, paracrine-depended secretome and vesicles derived from MSCs have also shown a
significant efficacy on RILI [116]. Notably, growing evidence showed that gene-modified
MSCs may possess more tremendous therapeutic potential than unmodified MSCs in RILI.
For example, human UC-MSCs modified with CXCR4 showed a significant anti-fibrotic
effect in irradiated mice [117]. This mainly depended on more accurate homing and col-
onization that was critical for enhancing targeted therapy of MSCs. Liu et al. injected
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UC-MSCs expressing decorin (an inhibitor of TGF-β and fibrogenesis) into irradiated mice
and observed improved lung inflammation and fibrosis [118]. Additionally, manganese
superoxide dismutase (ROS scavenger) modified MSCs also exerted a therapeutic effect
on RILI reflected by decreased lung cell apoptosis [119]. In fact, gene-modified MSCs
overexpress certain soluble factors, which can protect tissues from radiation injury. The
combination of natural MSCs properties and overexpressed beneficial factors consolidates
the therapeutic effect of MSCs. Despite abundant preclinical evidence of the beneficial
effect of MSCs on RILI, relevant clinical data are incredibly lacking. A report involving
11 patients with RILI confirmed autologous MSCs administration safety, but the actual
efficacy could not be assessed [120].

4.5. MSCs in Radiation-Induced Hepatic Injury

Radiation-induced hepatic injury (RIHI) presents two different clinical types (classic
and non-classic RIHI) reflected by distinct characteristics [121]. Both of them occurred in
36% of patients receiving reirradiation for hepatocellular carcinoma [122]. Classic RIHI
is recognized by hepatomegaly, anicteric ascites, and increased abdominal circumfer-
ence [123]. Patients with classic RIHI show upregulated alkaline phosphatase but normal
transaminase and bilirubin levels [124]. The veno-occlusive disease, an essential manifesta-
tion of classic RIHI, is described as a complete blockage of the central vein by erythrocytes
attached to a dense network of reticulin and collagen fibers [125]. Non-classic RIHI rep-
resents an impaired liver function in those patients with chronic hepatic injury, such as
viral hepatitis and cirrhosis. Jaundice or significantly elevated serum transaminases levels
(five times higher than the standard value) could be used to confirm non-classic RIHI [126].
Transaminases are an important biomarker for assessing the hepatic injury. After irradi-
ation, human or rat MSCs perfusion significantly reduced serum transaminase activity,
indicating recovered liver function [127,128]. The mechanism might be apoptosis inhibition
due to decreased ROS production and increased secretion of anti-inflammatory IL-10 [127].
In another study, the combined intravenous administration of BM-MSCs (1 × 106) and
nigella sativa oil present a similar protective effect on the liver [128]. In addition to in-
herent medicinal value, nigella sativa oil could enhance MSCs homing in injured liver
sites. However, Moubarak et al. found that intravenous MSCs were not grafted to the
liver but to the intestine following abdominal irradiation. Improved intestinal damage
indirectly corrects liver abnormality via enterohepatic recirculation [129]. Meanwhile, the
paracrine mechanism played a more critical role and dominated the protection of MSCs
against RIHI without liver engraftment. With increased recognition of the paracrine effect,
MSCs-CM was also used to examine paracrine factors’ repair capability to RIHI [130].
In vitro administration of MSCs-CM for culturing sinusoidal endothelial cells increased cell
viability and blocked apoptosis. In vivo injection of MSCs-CM into irradiated rat reversed
radiation-induced hepatic histopathological changes. Critical nutritional factors respon-
sible for the regeneration potential were unclear, but the mechanism may be related to
phosphorylation activation of AKT and ERK. Among all beneficial growth factors secreted
from MSCs, hepatocyte growth factor possesses multiple tissue repair abilities, especially
liver regeneration. Gene-modified AT-MSCs over-expressing HGF downregulated pro-
fibrotic proteins (α-SMA and fibronectin) and showed greater anti-fibrotic potential on the
irradiated liver in comparison to unmodified MSCs [131]. Unfortunately, there are still no
relevant clinical report to date.

4.6. MSCs in Radiation-Induced Heart Injury

Apart from the lung, thoracic irradiation also induces heart injury, namely, radiation-
induced heart disease (RIHD). RIHDs, such as myocardial, coronary artery, pericardial,
valvular, and conduction system diseases, have been observed in breast cancer and
Hodgkin’s lymphoma patients [132,133]. These manifestations had a 50% cumulative
incidence during 40 years of follow-up in an epidemiological study [132]. RIHD often
involves vascular endothelial dysfunction [134], hypertrophy [135], and fibrosis [136]. The
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underlying mechanisms of RIHD remain mostly indistinct, but the roles of DNA damage,
inflammation, oxidative stress, and epigenetic regulation in RIHD have been well illus-
trated. For the treatment of RIHD, conventional statins and angiotensin-converting enzyme
inhibitors are still the first-chosen drugs clinically. With increasing interest in MSCs regener-
ation therapy, scientists are paying attention to the application of MSCs in RIHD. Vascular
injury is the most common feature of RIHD. BM-MSCs (1 × 106/kg) transplantation via tail
vein can attenuate radiation-induced artery inflammation and oxidative stress [137]. The
repair effect was attributed to the modulation of a series of cytokines and the differentiation
potential of MSCs into endothelial cells facilitating vascular regeneration [138]. Addition-
ally, vascular injury is usually accompanied by myocardial fibrosis and cardiac remodeling.
Encouragingly, in a RIHD rat model, BM-MSCs (1.5 × 106) transplantation via caudal
vein improved myocardial fibrosis and inflammation, which were related to DNA repair
and downregulated PPAR-α, PPAR-γ, TGF-β, IL-6, and IL-8 [139]. As mentioned above,
MSCs-CM is beneficial to radiation injury repair owing to the paracrine effect. Chen et al.
assessed the therapeutic effect of human UC-MSCs-CM on radiation-induced myocardial
fibrosis. They found that irradiated human cardiac fibroblasts cultured with UC-MSCs-CM
showed greater viability [140]. Inhibited NF-κB activity decreased expression of several
pro-fibrotic cytokines, including TGF-β1, IL-6, and IL-8, followed by mitigated collagen
deposition and fibrosis [140]. Meanwhile, changes in oxidation markers (malondialdehyde)
and antioxidant enzyme levels reflected reduced oxidative stress [140]. However, specific
nutritional factors released by MSCs and involved in myocardial protection from IR were
not clarified [140]. Thus far, there are few MSCs therapy attempts to manage RIHDs, and
abundant evidence is lacking for proving its efficacy. The data on myocardial regeneration
suggest that the MSCs therapy is potentially therapeutic to treat RIHD.

5. Challenges and Future Perspectives of MSCs Therapy

Although the MSCs have powerful tissue repair capacity due to their paracrine and
immunomodulation activity, huge barriers hinder their clinical application. Here, we will
focus on safety and efficacy, the two most concerning aspects.

Currently, the relationship between MSCs and tumor has been attracting increased
attention. The tumor consists of many types of cells involving a complex pathological
environment. Cancer stem cell (CSC) is a kind of multipotent stem cell with great self-
renew and differentiation capability in the tumor tissue. Like normal stem cells in the
body, CSC is also indispensable for supporting tumor progression, inducing tumorigenesis,
maintaining tumor growth, and promoting metastasis [141]. The tumor involves a chronic
inflammatory process that recruits endogenous or exogenous MSCs [142,143]. Homed
MSCs promote angiogenesis [144] and interact with CSC enhancing the growth [145] and
chemoresistance [146] of CSC. The tumor exploits MSCs’ unique immunosuppression
nature, allowing malignant cells to escape recognition and clearance by the immune
system [147–149]. It is reported that once exposed to the tumor microenvironment, MSCs
would be reprogrammed and become “allies” of tumor cells, accelerating tumor progress,
and invading surrounding normal tissue [149–151]. Interestingly, Chen et al. found the
engulfment of stromal cells by cancer cells in human breast tumors, and these engulfing
breast cancer cells exhibited gene features of MSCs [152]. However, contradictory outcomes
about the cancer-promoting effect of MSCs were presented in other studies [153]. For
example, several groups found that co-cultured MSCs inhibited melanoma growth by
inducing cell apoptosis [154,155]. Colorectal cancer progression could also be attenuated
through the intravenous injection of BM-MSCs (1 × 107) [156]. The bidirectional effects of
MSCs on tumor development motivate scientists to ascertain more precise mechanisms
underlying MSCs and tumor tissue interaction. Unfortunately, it seems that the pro-
tumorigenic effect is dominant due to more substantial preclinical evidence. Therefore,
MSCs-based therapy must be performed with great caution in clinics, especially with
regards to radiation injury patients with malignancy history.
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On the premise that security can be guaranteed, investigators need to seek appropriate
protocols by which MSCs therapy remedy would maximize radiation repair efficiency.
Many questions need to be discussed, for example, how do we determine the selection of
the MSC population considering heterogeneity? In addition, the most effective delivery
dose and pattern are required to ensure a high retention rate and therapy efficacy. Indeed,
different organizational origins give rise to MSCs heterogeneity reflected by diversities of
proliferation and differentiation capability, paracrine potential, and immunomodulatory
effect [46–48]. Despite the minimal criteria mentioned above, it is difficult to sort out homo-
geneous MSCs. Apart from shared surface CD antigens, there are no additional markers
to identify each type of tissue-derived MSCs [157]. Such heterogeneity can lead to the
deviation of actual results from expectation and become a significant obstacle to selecting
MSCs for clinical usage [158]. Because of the heterogeneity, each MSC population may have
distinct therapeutic effects on the same tissue injury. It is necessary to search for the most
potent MSC population for radiation injury of a specific tissue. On the other hand, different
laboratories have their respective protocols of MSCs isolation, culture, and expansion
procedures, causing MSCs heterogeneity and the following difference in quality. Therefore,
MSCs management system should be standardized as much as possible. This can reduce
heterogeneity caused by different treating conditions and increased comparability among
different research results, thus providing valuable clinical guidance of MSCs application.
Apart from heterogeneity, the effective dose range and cell delivery route must be em-
phasized and discussed. A dose gradient experiment of MSCs therapy in radiation injury
models should be carried out to find both safe and efficient dose range [159]. In a study
of radiation-induced artery injury, a high dose of BM-MSCs (1 × 107/kg) showed greater
therapeutic potential in irradiated mice than a low dose of BM-MSCs (1 × 106/kg) [137].
Additionally, different injection patterns, including whole-body infusion via a vein or local
interventional injection, will affect the homing of MSCs to injured sites [160]. Thus far,
our understandings of the therapeutic effect of MSCs in mitigating radiation injury and
the underlying mechanism are basically from preclinical trials. The transition of MSCs
administration from animal to clinical studies still requires lots of effort.

6. Conclusions

RT is an indispensable part of clinical cancer treatment, and more than 50% of cancer
patients received RT [161]. Though the radiation doses and related radiotoxicity have been
remarkably reduced due to modern RT techniques, radiation injury in normal tissue is
still a thorny problem affecting patients’ life quality and even survival rate. MSCs have
abundant resources, excellent regenerative potential, immunomodulatory features, show-
ing therapeutic potential in mitigating radiation injury in preclinical studies. Moreover,
chemical, physical, or pharmaceutical preconditioning greatly enhanced the therapeutic
potency of MSCs [162]. The overexpression of desired factors (antioxidation, differentiation,
immunomodulation, angiogenesis, anti-apoptotic, and regeneration) targeting the specific
disease model represents a novel approach in precision medicine. Because the local harsh
environment and death signals cause MSCs to be rarely retained in the transplanted sites,
MSCs-secretome or a combination with tissue engineering are emerging as a new trend.
Notably, radiation-induced skin and intestine injury are easy to be aware of. Radiotoxicity
that developed months or years after RT is challenging to be diagnosed or predicted early.
In order to reduce or prevent radiotoxicity, more advanced radiotherapy technologies,
such as IMRT and IGRT, need to be created. On the other hand, the application of MSCs
as regenerative/repair agents when symptoms are presented or as preventive medicine
directly after RT also needs careful consideration. The combination of prevention and
regeneration/repair is the key to protect radiotherapy patients. Though there are many
obstacles in the clinical application of MSCs, there is already a clinical trial evaluating the
efficacy of MSC injections for the treatment of chronic radiotherapy-induced complications
(PRISME, NCT02814864). We expect a promising future of MSCs therapy in mitigating
radiation injury.
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Abstract: The current treatment strategy for patients with aggressive colorectal cancer has been
hampered by resistance to radiotherapy and chemotherapy due to the existence of cancer stem-
like cells (CSCs). Recent studies have shown that SOX2 expression plays an important role in the
maintenance of CSC properties in colorectal cancer. In this study, we investigated the induction
and regulatory role of SOX2 following the irradiation of radioresistant and radiosensitive colorectal
cancer cells. We used FACS and western blotting to analyze SOX2 expression in cells. Among the
markers of colorectal CSCs, the expression of CD44 increased upon irradiation in radioresistant cells.
Further analysis revealed the retention of CSC properties with an upregulation of SOX2 as shown by
enhanced resistance to radiation and metastatic potential in vitro. Interestingly, both the knockdown
and overexpression of SOX2 led to increase in CD44+ population and induction of CSC properties in
colorectal cancer following irradiation. Furthermore, selective genetic and pharmacological inhibition
of the PI3K/AKT pathway, but not the MAPK pathway, attenuated SOX2-dependent CD44 expression
and metastatic potential upon irradiation in vitro. Our findings suggested that SOX2 regulated by
radiation-induced activation of PI3K/AKT pathway contributes to the induction of colorectal CSCs,
thereby highlighting its potential as a therapeutic target.

Keywords: colorectal cancer; cancer-stem like cells; radioresistance; SOX2; PI3K/AKT

1. Introduction

Colorectal cancer is one of the most common malignancies and the fourth leading
cause of cancer death in the world. The current treatment strategy for patients with
aggressive colorectal cancer has been hampered by their resistance to radiotherapy and
chemotherapy [1,2]. Growing evidence indicates that the existence of a small population
of cancer cells known as cancer stem-like cells (CSCs) is responsible for tumor recurrence
and is the main cause of treatment resistance in many cancers, including glioma, breast,
oral, and colorectal cancer. CSCs further exhibit diverse cancer-initiating properties such as
self-renewal and metastatic potential [3–7]. For the identification of CSCs, several putative
markers such as transmembrane glycoprotein (CD133) and the cell-surface glycoprotein
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(CD44) were reported to be expressed in colorectal cancer and correlated with high-risk
cases and a poorer survival rate of colorectal cancer patients [8,9]. However, the molecular
subclassification of CSCs based on their cancer-promotion property in colorectal cancer
needs to be understood.

The stemness program is involved in maintaining the properties of CSCs, such as self-
renewal and cancer-initiation, which are the hallmarks of cancer cells. SOX2 is a member of
the SRY-related HMG-box (SOX) gene family and play an essential role in the maintenance
of a pluripotent state in stem cells and cell-fate determination during developmental pro-
cesses [10,11]. SOX2 is one of the key molecules driving CSC properties. SOX2-expressing
cancer cells, such as those in skin and bladder carcinomas, express high levels of CSC
markers, depending on tissue origin, and reveal enhanced tumorigenicity [12,13]. Recent
studies have shown that SOX2 is aberrantly expressed and involved in the maintenance of
CSCs. The properties of CSCs, including spheroid-like growth and metastatic potential,
were observed in SOX2-positive colorectal cancer with an increased expression of CSC
markers such as CD44 [14,15]. Moreover, Ghisolfi et al. recently showed that environmental
stresses such as radiation induced the expression of both mRNA and protein of SOX2 and
regulated CSCs in hepatocellular carcinoma cells [16]. However, the induction and the
signaling pathways of SOX2 upon environmental stress in colorectal CSCs remain unclear.

In this study, we investigated the induction and regulatory role of SOX2 in colorectal
CSCs following radiation exposure in both radioresistant and radiosensitive colorectal
cancer cell lines.

2. Materials and Methods
2.1. Antibodies and Reagents

Anti-CD44, anti-phospho-AKT, anti-AKT, anti-phospho-ERK, anti-ERK1/2, anti-phospho-
p38, anti-p38, anti-phospho-SAPK/JNK, and anti-JNK1/2 antibodies were purchased from
Cell Signaling Technology (Cambridge, MA, USA). Anti-phospho-JNK, anti-Oct3/4 and
anti-β-actin were obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Anti-
SOX2, anti-Notch2, and anti-Snail were purchased from Abcam (Cambridge, MA, USA).
Anti-β-catenin was procured from BD Bioscience (Franklin Lakes, NJ, USA). For transfec-
tion, non-targeting siRNA and commercial siRNA for SOX2 or Snail or AKT were purchased
from Genolution (Genolution Pharmaceuticals, Seoul, Korea). The cells were transfected
with each siRNA (50 nM) for 48 h using Lipofectamine 2000 (Invitrogen, Carlsbad, CA,
USA), as described in the manufacturer’s procedure.

2.2. Cell Culture and Irradiation

HT29, DLD1, HCT116, SW480, RKO, and LoVo colorectal cancer cells were purchased
from the Korean Cell Line Bank (KCLB, Seoul, Korea). These cell lines from passages 4 to
10 were used for the experiments and were maintained in RPMI 1640 medium containing
1% antibiotic-antimycotic (GIBCO) supplemented with 10% FBS. The cells were cultured
in a humidified 5% CO2 atmosphere at 37 ◦C. Cells were exposed to radiation (0~10 Gy)
using a Gammacell 3000 Elan irradiator (137Cs γ-ray source; MDS Nordion, Canada).

2.3. Flow Cytometry and Aldehyde Dehydrogenase (ALDH) Assay

Irradiated cells were gently dissociated and incubated with anti-CD44-Fluorescein
(FITC) or anti-CD133-phycoerythrin (PE) antibody (eBioscience Inc., San Diego, CA, USA)
for 30 min on ice. The samples were washed twice with PBS containing 0.1% BSA and
EDTA, and the cells were resuspended in PBS containing 0.1% BSA and EDTA and analyzed
using FACSCalibur and CellQuest programs (BD Biosciences, San Jose, CA, USA). For
ALDH assay, an ALDELUOR kit (Stemcell Technologies Inc., Vancouver, BC, Canada)
was used to detect the cell population with high ALDH enzymatic activity, according
to the manufacturer’s procedure, after which the cells were analyzed by flow cytometry.
Apoptotic cells were analyzed as previously described [17].
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2.4. Fluorescence-Activated Cell Sorting (FACS Sorting)

To isolate CSCs from colorectal cancer cell lines, the cells were gently dissociated and
incubated with anti-CD44-FITC antibody for 30 min on ice. CD44+ positive cells were
sorted by a using a FACS Vantage SE flow cytometer (BD Biosciences) equipped with
FlowJo software (Tree Star, Ashland, OR, USA).

2.5. Immunocytochemistry (ICC)

The cells were fixed with 4% paraformaldehyde and permeabilized with 0.1% Triton
X-100 in PBS. Following fixation, cells were incubated at 4 ◦C overnight with anti–CD44 or
anti–SOX2 primary antibodies in PBS with 1% BSA and 0.1% Triton X-100. Stained proteins
were visualized using secondary antibodies against anti-mouse immunoglobulin/FITC
or anti-rabbit immunoglobulin/PE (1:400, BD Bioscience). Nuclei were counterstained
with DAPI (Sigma, St. Louis, MO, USA). Following staining, cells were observed with an
Olympus IX71 fluorescence microscope (Olympus, Tokyo, Japan).

2.6. Western Blot Analysis

The cells were lysed using lysis buffer (40 mM Tris-HCl [pH 8.0], 120 mM NaCl,
0.1% Nonidet-P40) supplemented with protease and phosphatase inhibitors. The protein
concentration was measured using the Bradford assay (Bio-rad, Hercules, CA, USA).
Equal amounts of total protein in cell lysates were separated by 10% SDS-PAGE and
transferred to a nitrocellulose membrane (Amersham, UK). The membranes were blocked
with 5% skim milk for 1 h at room temperature, incubated with primary antibodies (1:1000)
overnight at 4 ◦C. Blots were developed with the appropriate horseradish peroxidase
(HRP)-conjugated secondary antibody (anti-mouse IgG-HRP or anti-rabbit IgG-HRP; Cell
Signaling Technology, Danvers, MA, USA), and proteins were visualized using enhanced
chemiluminescence (ECL) procedures.

2.7. Apoptosis Assay

Apoptosis analysis was performed using a FITC Annexin V Apoptosis Detection
Kit I (BD Biosciences, Waltham, MA, USA), according to the manufacturer’s instructions.
Briefly, radiation-induced apoptotic cells were collected at the indicated time points and
resuspended in 1× diluted binding buffer in Kit. For staining, Annexin V-FITC and PI were
added to each sample, and the mixture was incubated for 5 min at room temperature in the
dark. The cells were analyzed immediately using a BD FACS CANTO II flow cytometer
(BD Biosciences).

2.8. Colony Formation Assay

Colony formation assay was performed as previously described [17]. To test the effect
of IR on cell viability, appropriately seeded cells were irradiated with different doses of
radiation (0, 0.5, 1, 2, 3, or 4 Gy) and incubated continuously for 2 weeks. The colonies were
stained with 1% crystal violet. Colonies containing >50 cells were scored as surviving cells.

2.9. Invasion and Migration Assays

Invasion assay was performed as previously reported [18]. Briefly, the cells treated
with either inhibitors or siRNAs for transfection were seeded in the upper well of a
Transwell chamber (8-µm pore size) that was pre–coated with 10 mg/mL growth factor-
reduced Matrigel (BD Bioscience). After 72 h, non–invading cells on the upper surface of
the filter were removed with a cotton swab, and the migrated cells on the lower surface of
the filter were fixed and stained with a Kwik-Diff kit (Thermo Fisher Scientific, Waltham,
MA, USA). Invasiveness was determined by counting cells in fields per well, and the
extent of invasion was expressed as the average number of cells per microscopic field.
The cells were imaged by phase contrast microscopy. For the migration assay, we used
Transwell chambers with inserts that contained the same type of membrane but without
the Matrigel coating.
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2.10. Tumoursphere-Formation Assay

After producing a single-cell suspension, the cells were cultured in ultra-low attach-
ment 6-well or 96-well plates in medium consisting of DMEM/F12 supplemented with
2% B27 supplements (Invitrogen), 10 ng mL−1 bFGF (Peprotech, Rocky Hill, NJ, USA) and
10 ng/mL EGF. The cells were cultured for 7 days, and the morphology and size of sphere
were determined using an Olympus IX71 fluorescence microscope (Olympus).

2.11. Statistical Analysis

Statistical significance of the differences between mean values was calculated with pair-
wise comparisons using Least Significance Difference (LSD) test after a one-way Analysis
of Variance (ANOVA). Due to the exploratory nature of this study, multiplicity adjustment
was not made. Statistical analyses were conducted using SPSS (version 12.0; SPSS Inc.,
Chicago, IL, USA) or Excel (Microsoft, Redmond, WA, USA) software packages.

3. Results
3.1. Radiation Increased the Population of Radioresistant Rather Than Radiosensitive CD44+
Colorectal Cancer Cells

Experimental and clinical data show that CSCs play an important role in tumor re-
currence and resistance to therapy [7–9]. To investigate the relationship between radiation
resistance and population of CSCs, we first confirmed the radiation resistance in various
types of colorectal cancer cells, including in previously reported radioresistant and ra-
diosensitive cells [17]. Colorectal cancer cells such as HCT116, DLD1, and HT29 were
relatively resistant to radiation by annexin V/PI staining and colony formation assay.
(Figure 1A,B); however, the expression of colorectal CSC markers such as CD44, CD133,
and ALDH was similar to that of radiosensitive colorectal cancer cells under untreated
conditions (Figure 1C). Next, we examined the effect of radiation on the expression of
colorectal CSC markers. Flow cytometry and immunocytochemistry analysis (Figure 1C,D)
showed that radiation increased the expression of CD133 and ALDH in all colorectal cancer
cells except LoVo cells with unchanged expression of CD133, whereas CD44 expression
was selectively increased in radioresistant colorectal cancer cells such as HCT116, DLD1,
and HT29 (Figure 1C). These results suggested that resistance to radiation in radioresistant
colorectal cancer cells may be acquired by radiation-upregulated expression of CD44, which
is one of the markers of colorectal CSCs.

3.2. Radiation-Enriched CD44+ Cells Exhibited the Properties of CSCs Including an Increase in
SOX2 Expression

To delineate the role of radiation-induced CD44 expression in radioresistant colorectal
cancer cells, we isolated both CD44 positive (CD44+) and negative (CD44−) cells in HCT116
and DLD1 cells following irradiation using anti-CD44-FITC antibodies by FACS, and the
expression of CD44 in both CD44+ and CD44− cells is shown in Figure 2A. Since the CD44
marker correlated with the features of CSCs in colorectal cancers [19,20], we evaluated
the properties of colorectal CSCs including metastatic potential and self-renewal. We
observed an increase in colony formation, migration and invasion in the sorted CD44+
cells after irradiation and not in CD44− cells in both cell lines (Figure 2B–D). Interestingly,
immunoblotting of stemness-related proteins revealed significant elevation in SOX2 levels
among stemness-related proteins [21,22] on sorted CD44+ cells (Figure 2A). Given the
evidence that SOX2 was aberrantly expressed and involved in the maintenance of CSCs in
colorectal cancer [14,15], these results indicated the possibility of a functional relationship
between SOX2 expression and CD44-mediated CSC property in radioresistant cells upon
radiation exposure.
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annexin V staining and flow cytometry analysis in various types of colorectal cancer cell lines including both radioresistant
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assay was performed with indicated cells treated with 4 Gy (left panel). Graph showing quantification of relative colony
numbers at different doses of IR (right panel). (C) Cell populations for the CD44+, CD133+, or ALDH+, which are known
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3.3. Modulation of SOX2 Expression in Colorectal Cancer Cells Is Associated with Induction of
Colorectal CSCs Following Irradiation

We further determined whether the expression of either CD44 or SOX2 in response
to radiation is dependent on radioresistant colorectal cancer cells. These proteins were
upregulated by irradiation in radioresistant, but not radiosensitive colorectal cancer cells
(Figure 3A). To further clarify the role of radiation induced SOX2 in regulating colorectal
CSCs, we examined the effect of SOX2 siRNA on the properties of CSCs in both HCT116
and DLD1 cells. Immunoblotting analysis in Figure 3B showed the efficient knockdown of
SOX2 expression in both cells with SOX2 siRNA treatment. In addition, the knockdown
of SOX2 attenuated the radiation-induced properties of CSCs, including the enhanced
ability to migrate, invade, and form tumourspheres, and reduced CD44+ population
growth (Figure 3B–D). Next, we examined the effects of SOX2 overexpression. Upon
irradiation, the overexpression of SOX2 facilitated the acquisition of the properties of
colorectal CSCs in radiosensitive colorectal cancer cells (SW480 and LoVo) due to an increase
in CD44+ population, cell survival, migration, invasion, and tumoursphere-formation
(Figure 4). Taken together, these results suggested that SOX2 regulated population growth
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and properties of CSCs in colorectal cancer following irradiation, and SOX2 may be a
potential target for studies involving resistance to radiation.
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Figure 2. CD44+ cells induced by radiation exhibited the properties of cancer stem-like cells (CSCs) with an increase in SOX2
levels. (A) CD44+ CD44− cells on day 2 after irradiation with 10 Gy in radioresistant colorectal cancer cells (HCT116 and
DLD1) were sorted (left panel). Immunoblotting for the expression of CSC-related proteins in CD44+ (positive) and CD44−
(negative) in radioresistant cells (right panel). (B) Colony formation assay was performed with CD44+ (or CD44−) cells, and
the bar graphs show the quantification of relative colony numbers in indicated cells. Data are shown as mean ± SD (n = 3)
* p < 0.05 compared to control. (C,D) The migration and invasion analysis (left panel) and quantification of cells involved in
migration and invasion (right panel) in CD44+ and CD44− cells sorted from HCT116 and DLD1 cells, respectively. All
experiments were performed in triplicates. Data are shown as mean ± SD. * p < 0.05 compared to CD44− cell. CD44−:
negative, CD44+: positive, CSCs: cancer stem-like cells.

3.4. Radiation-Induced Activation of the PI3K/AKT Pathway, but Not the MAPK Pathway
Modulated SOX2-Dependent Induction of Colorectal CSCs

Next, the potential molecular mechanism involved in the SOX2-dependent induction
of colorectal CSCs following irradiation was elucidated. The phenomenon of epithelial-
mesenchymal transition (EMT) has emerged as a feature of CSCs in recent times [6,23].
In addition, expression levels of the master regulator of EMT such as Snail and Zeb1/2
were modulated by SOX2 protein level [24,25]. Therefore, we investigated whether EMT is
associated with SOX2-dependent induction of colorectal CSCs. Immunoblotting analysis
showed that among EMT-associated proteins, Snail expression was decreased in SOX2
siRNA-transfected HCT116 and DLD1 cells (Figure 5A). In addition, we found that knock-
down of Snail dramatically suppressed the ability of migration and invasion, a hallmark of
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EMT (Figure 5B). However, Snail did not affect the induction of properties of colorectal
CSCs including CD44+ population growth, resistance to radiation, and ability of tumour-
sphere formation (Figure 5C,D), suggesting that the Snail-mediated EMT process might
not be involved in SOX2-dependent induction of colorectal CSCs upon irradiation.
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Figure 3. Knockdown of SOX2 in radioresistant colorectal cancer cells attenuated the induction of colorectal CSCs after
irradiation. (A) Immunoblotting for the expression of CSC-related proteins on day 2 after radiation (10 Gy) in colorectal
cancer cells as indicated. (B) siRNA-mediated SOX2 knockdown in cells was identified by western blotting (left) and CD44+
cell population (middle), or apoptotic cells were analyzed by flow cytometry (right). All experiments were performed
with the SOX2 siRNA-transfected HCT116 and DLD1 cells on day 2 after radiation (10 Gy). Data are shown as mean ± SD
(n = 3). * p < 0.05 compared si-Cont + IR to si-SOX2 + IR. (C) The images of migration and invasion on day 2 after radiation
(10 Gy) of the SOX2 siRNA-transfected HCT116 and DLD1 cells were quantified. Bars indicate measurements of migration
and invasion. * p < 0.05 compared si-Cont + IR to si-SOX2 + IR. (D) Tumoursphere-formation assay was performed to
evaluate self-renewal ability of CSCs in SOX2 siRNA-transfected cells. Indicated cells were seeded in a non-adherent culture
condition. After culturing for 7 days, the number of tumoursphere cells (>100 µm diameter) was quantified. Data are shown
as mean ± SD (n = 3). * p < 0.05 versus si-Cont. IR: irradiation, Si-Cont: control siRNA, si-SOX2: SOX2 siRNA, CSCs: cancer
stem-like cells.

Since SOX2 expression is important for inducing the characteristics of CSCs as ob-
served in our study and from previous reports [14,15], we attempted to identify the
upstream regulator of SOX2. To do so, we investigated the activation of mitogen-activated
protein kinase (MAPK) and phosphatidylinositol 3-kinase (PI3K)/AKT pathways, known
to regulate SOX2 under other conditions [26–29]. With western blotting, we found that ra-
diation activated both MAPK and PI3K/AKT pathways except ERK activation (Figure 6A).
Treatment with the pharmacological inhibitor of PI3K/AKT pathway (LY294002), but not
the inhibitors of ERK (PD98059), p38 (SB203580), and SAPK/JNK (SP600125) pathways,
dramatically suppressed radiation induced CD44 expression, which is a marker of colorec-
tal CSCs and radioresistance in HCT116 and DLD1 cells (Figure 6B). The concentrations of
the inhibitors used were referenced to previous studies, including our report [30]. Based on
AKT silencing, we further confirmed the function of PI3K/AKT as an upstream regulator
of SOX2-dependent induction of colorectal CSCs by observation of the reduced expression
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of SOX2 and CD44, as well as CSC properties, such as radioresistance, in vitro metastatic
potential, and tumoursphere formation (Figure 6C–E). Moreover, immunocytochemistry
further supported the AKT-dependent expression of both CD44 and SOX2 in irradiated
HCT116 cells with or without AKT siRNA (Figure 6G). Collectively, these results suggested
that radiation enhanced PI3K/AKT/SOX2 axis promoted the induction of colorectal CSCs
in radioresistant colorectal cancer cells.
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Figure 4. SOX2 overexpression in radiosensitive colorectal cancer cells facilitated the induction of colorectal CSCs following
irradiation. (A) Immunoblotting of SOX2 and CD44 in SOX2-overexpressing radiosensitive colorectal cancer cells (SW480
and LoVo) on day 2 after irradiation with 10 Gy. (B) Analysis of CD44+ cell population (left panel) and apoptotic cells (right
panel) by flow cytometry in SOX2-overexpressing SW480 and LoVo cells. Data are shown as mean ± SD (n = 3). * p < 0.05
compared pcDNA + IR to WT-SOX2 + IR. (C) Colony formation assay was performed with SOX2-overexpressing SW480 and
LoVo cells, and graph showing the quantification of relative colony numbers at different doses of radiation. Data are shown
as mean ± SD (n = 3). (D) The images of migration and invasion on day 2 after radiation (10 Gy) of SOX2-overexpressing
SW480 and LoVo cells were quantified. Bars indicate the measurements of migration and invasion. * p < 0.05 compared
pcDNA + IR to WT-SOX2 + IR. (E) Tumoursphere-formation assay was performed to evaluate self-renewal of CSCs in SOX2-
overexpressing SW480 and LoVo cells. Indicated cells were seeded in a non-adherent culture condition. After culturing for
7 days, the images and size of tumoursphere cells were analyzed. Data are shown as mean ± SD (n = 3). * p < 0.05 versus
Cont.
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Figure 5. SOX2-dependent induction of colorectal CSCs was not associated with Snail-promoted ability of migration
and invasion after irradiation. (A) Immunoblotting for SOX2 and EMT regulator (Snail, Slug, Twist, and Zeb1) in SOX2
siRNA-transfected radioresistant colorectal cancer cells (HCT116 and DLD1). (B) siRNA-mediated Snail knockdown
cells were identified by western blotting (left) and the migration and invasion (right) on day 2 after radiation (10 Gy),
of the Snail siRNA-transfected HCT116 and DLD1 cells were quantified. Bars indicate measurements of migration and
invasion. * p < 0.05 compared si-Cont + IR to si-Snail + IR. (C) Analysis of CD44+ cell population (left panel) and apoptotic
cells (right panel) by flow cytometry from irradiated cells with 10 Gy on day 2. Data are shown as mean ± SD (n = 3).
(D) Tumoursphere-formation assay was performed to evaluate self-renewal of CSCs in Snail siRNA-transfected cells.
Indicated cells were seeded in a non-adherent culture condition. After culturing for 7 days, the size of tumoursphere cells
was measured. Data are shown as mean ± SD (n = 3). EMT: epithelial-mesenchymal transition, si-Cont: control siRNA,
si-Snail: Snail siRNA, CSCs: cancer stem-like cells.
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Figure 6. SOX2-dependent induction of colorectal CSCs was modulated by radiation-activated PI3K/AKT pathway, but not
MAPK pathway. (A) Immunoblotting for mitogen-activated protein kinase (MAPK) pathway activation (p-ERK, ERK1/2,
p-p38, p38, p-SAPK/JNK, JNK1/2) and phosphatidylinositol 3-kinase (PI3K)/AKT pathway activation (p-AKT, AKT) on
day 2 after radiation (10 Gy) in radioresistant colorectal cancer cells (HCT116 and DLD1). (B) Analysis of CD44+ cell
population by flow cytometry in HCT116 (left panel) and DLD1 (right panel) cells. The cells were exposed to radiation in
the absence or presence of a pharmacological inhibitor of ERK pathway (PD98059, 10 µm), p38 pathway (SB203580, 10 µm),
SAPK/JNK pathway (SP600125, 10 µm) and PI3K/AKT pathway (LY294002, 10 µm) for 2 days. Data are shown as mean ±
SD (n = 3) with * p < 0.05 for the pairwise comparisons of CD44+ cell population between irradiated cells with inhibitors and
the reference group (i.e., 10 Gy). (C) Immunoblotting for the expression of CSC-related proteins (SOX2, Notch2, OCT3/4,
and Nanog) on day 2 after radiation (10 Gy) in AKT siRNA-transfected HCT116 cells. (D) Analysis of CD44+ cell population
(left panel) and apoptotic cells (right panel) by flow cytometry in AKT siRNA-transfected HCT116 cells. Data are shown as
mean ± SD (n = 3). * p < 0.05 compared si-Cont + IR to si-AKT + IR. (E) The migration and invasion on day 2 after irradiation
(10 Gy) of the AKT siRNA-transfected HCT 116 cells were quantified. Bars indicate the measurements of migration and
invasion. * p < 0.05 compared si-Cont + IR to si-AKT + IR. (F) Tumoursphere-formation assay was performed to evaluate
self-renewal ability of CSCs in AKT siRNA-transfected cells. Data are shown as mean ± SD (n = 3). * p < 0.05 versus si-Cont.
(G) Cells were stained with an anti-CD44 (green) and anti-SOX2 (red) antibody. Nuclei were counterstained with DAPI
(blue). Si-Cont: control siRNA, si-AKT: AKT siRNA, CSCs: cancer stem-like cells.
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4. Discussion

The stemness program plays an important role in maintaining the properties of CSCs
due to self-renewal, which is a hallmark of cancer-initiating cells. Recent studies have
shown that SOX2 is aberrantly expressed and involved in the maintenance of properties of
colorectal CSCs, including spheroid-like growth and metastatic potential [14,15]. Here, we
extended these studies to demonstrate that SOX2 is regulated by the PI3K/AKT pathway
and contributes to the induction of colorectal CSCs in response to radiation. By comparative
analysis of radiation-induced population of CSCs in both radioresistant and radiosensitive
colorectal cancer cells, we found that radioresistant cells such as HCT116 and DLD1
specifically increased the CD44+ population after irradiation, which is one of the properties
of CSCs. Interestingly, we also found that the radiation-induced activation of PI3K/AKT
pathway functions as an upstream regulator of SOX2-dependent induction of CSCs in
colorectal cancer.

In this study, we report that radiation-enriched CD44+ cells exhibited colorectal CSC
properties including resistance to radiation, enhanced in vitro metastatic potential, and
a spheroid growth pattern. CD44 is a receptor of hyaluronan and is a transmembrane
glycoprotein that participates in many cellular processes, including growth, survival, dif-
ferentiation, and motility [31–34]. CD44 is considered a more selective marker of colorectal
CSCs than CD133, because the properties of colorectal CSCs are not regulated by CD133
modulation [19,20,35,36]. Consistent with this, our comparative study between radiore-
sistant and radiosensitive colorectal cancer cells showed that CD44 expression, but not
that of CD133, was selectively increased in radioresistant colorectal cancer along with
acquiring the properties of colorectal CSCs after irradiation. A recent study reported that
SOX2 expression primarily coincided with CD44+ and ALDH1+ population in pancreatic
CSCs [37] and CD44+ and CD24+ in colorectal cancer [14]. Indeed, we also observed that
FACS-sorted CD44+ cells showed an upregulation of SOX2 expression and demonstrated
its important role in modulating the CD44+ population growth and the properties of CSCs
in colorectal cancer using both knockdown and overexpression of SOX2, which is consis-
tent with previous reports. Notably, in our study, this functional relationship occurred
in response to radiation, indicating that radiation affects SOX2-dependent induction of
CD44+ population.

Factors that are important for self-renewal in stem cells are found to be dysregulated
in human malignancies. SOX2 expression has been implicated in the control of colorectal
CSC properties; however, the related signaling pathways are less understood. In a pre-
vious study, SOX2-induced CSCs in cervical and pancreatic cancer have been linked to
epithelial-mesenchymal transition (EMT)-related factors [37,38]. However, these studies
were considered controversial. Han et al. reported a role for SOX2 in EMT and increased
in vitro metastatic potential, such as in migration and invasion in colorectal cancer [24],
while Lundberg et al. reported that SOX2 mediated induction of CSC characteristics in
an independent manner [14]. In our system, the ability of migration and invasion was
dramatically regulated by SOX2-modulated Snail expression, known as a master regulator
of EMT. However, we observed that Snail did not affect the induction of colorectal CSC
properties, including CD44+ population growth, resistance to radiation, and the ability
of tumoursphere formation. This suggested that the Snail-mediated EMT process might
not be involved in SOX2-dependent induction of colorectal CSCs, although we could not
exclude the possibility of involvement of other regulators of EMT process or factors related
to tumor microenvironment [39] affected by irradiation. Therefore, it is likely that SOX2
modulates either EMT process or CSC induction through alternative pathways, at least in
response to radiation. Further studies are required to clarify the relationship between EMT
and CSCs induction.

An elucidation of the signaling pathways that govern the SOX2-dependent induction
of CSCs is also required for devising an optimal targeted therapy. Considering that MAPK
and PI3K/AKT pathways, in addition to being activated by radiation [40], were associated
with resistance to therapy and tumorigenicity in cancer cells [41,42], we investigated
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the effect of the inhibitors of MAPK and PI3K/AKT for induction potential of CSCs. It
was found that radiation activated the genes of both MAPK and PI3K/AKT pathways,
consistent with previous reports, except ERK. Interestingly, the induction of SOX2 and
CSC characteristics, including CD44+ cells in colorectal cancer, were only affected by
the inactivation and downregulation of PI3K/AKT following irradiation. This finding
is contradictory to the report by Wang et al., [43] who showed that activation of both
AKT and MAPK pathways was involved in the induction of properties of colorectal CSCs,
such as the colony formation ability in primary colon cancer cells. These differences can
be explained using target cells with differential markers of CSCs and the response to
stresses. To isolate colorectal CSCs, Wang et al. used CD133, a colorectal CSC marker, and
characterized cells with or without CD133 expression under non-stress conditions for CSC
properties, whereas we used CD44, which was specifically induced by radiation stress.
Furthermore, the involvement of genes in the PI3K/AKT pathway in SOX2 regulation in
breast and nasopharyngeal carcinoma has recently been reported [28,29]. Therefore, this is
an interesting finding that radiation-activated PI3K/AKT pathway genes were essential
for the SOX2-dependent induction of colorectal CSCs, and it is potentially an effective
therapeutic target for CSCs in colorectal cancer activated by radiation.
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Abstract: Tumor recurrence after radiotherapy due to the presence of breast cancer stem cells (BC-
SCs) is a clinical challenge, and the mechanism remains unclear. Low levels of ROS and enhanced
antioxidant defenses are shown to contribute to increasing radioresistance. However, the role of
Nrf2-Keap1-Bach1 signaling in the radioresistance of BCSCs remains elusive. Fractionated radiation
increased the percentage of the ALDH-expressing subpopulation and their sphere formation ability,
promoted mesenchymal-to-epithelial transition and enhanced radioresistance in BCSCs. Radiation ac-
tivated Nrf2 via Keap1 silencing and enhanced the tumor-initiating capability of BCSCs. Furthermore,
knockdown of Nrf2 suppressed ALDH+ population and stem cell markers, reduced radioresistance
by decreasing clonogenicity and blocked the tumorigenic ability in immunocompromised mice. An
underlying mechanism of Keap1 silencing could be via miR200a, as we observed a significant increase
in its expression, and the promoter methylation of Keap1 or GSK-3β did not change. Our data demon-
strate that ALDH+ BCSC population contributes to breast tumor radioresistance via the Nrf2-Keap1
pathway, and targeting this cell population with miR200a could be beneficial but warrants detailed
studies. Our results support the notion that Nrf2-Keap1 signaling controls mesenchymal–epithelial
plasticity, regulates tumor-initiating ability and promotes the radioresistance of BCSCs.

Keywords: BCSC; ALDH activity; fractionated dose of γ radiation; radioresistance; ROS; Nrf2; Keap1;
miR200a; epithelial–mesenchymal transition (EMT)

1. Introduction

Radiotherapy (RT) is a critical factor of primary, adjuvant and palliative treatment
for almost all kinds of cancers, including breast cancer. It alone is capable of lowering the
10-year risk of relapse by one half and reducing the 15-year risk of breast-cancer-related
death [1]. Although profound benefits are achieved with RT due to its localized treatment,
especially for ductal carcinoma and early invasive cancer, local control of the disease fails
by 8–15% in radiotherapy-treated patients with advanced invasive tumors due to resistance
and relapse of the tumor [2]. The reason for RT failure and the locoregional recurrence of
breast cancer is the presence of a subset of radioresistant tumor cells, termed breast cancer
stem cells (BCSCs), which show a difference in sensitivities to radiation [3–5]. Standard
fractionated doses of radiation are sublethal for BCSCs as they typically evade radiation
to develop innate or acquired resistance and establish tumor recurrence and metastasis,
leading to the majority of cancer-related deaths. The molecular mechanisms that govern
the emergence of aggressive radioresistance in BCSCs are yet unknown.

Low levels of reactive oxygen species (ROS) and enhanced ROS defenses appear to
partially contribute to the adaptive tumor radioresistance in BCSCs [5–7]. Thus, the identifi-
cation of underlying mechanisms and overcoming low ROS levels within BCSCs may be
a useful method for improving radiation therapy. The transcription factor nuclear factor
(erythroid-derived 2)-like 2 (Nrf2), the master regulator of antioxidant defense mechanisms,
is a critical regulator of the redox balance. In the cytosol, Nrf2 activity is tightly regulated by
two main inhibitors, Keap1 and GSK-3. The Neh2 and Neh6 domains of Nrf2 are the degron.
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While the Neh2 domain binds the E3 ligase adapter Keap1 that presents Nrf2 for ubiquiti-
nation to a CUL3/RBX1 complex, the Neh6 domain requires previous phosphorylation by
GSK-3 to bind the E3 ligase adapter b-TrCP and subsequent ubiquitination by a CUL1/RBX1
complex [8]. Inactivation of either of these regulators due to oxidative or electrophilic stress
stabilizes Nrf2, which then translocates to the nucleus and binds to antioxidant response
elements (ARE) in the promoter region of target genes by the formation of a heterodimer
with small Maf proteins. In the nucleus, Bach1 negatively regulates nuclear Nrf2 activity by
competitive-binding with small Maf proteins [9] and thereby inactivates HO1 [10,11]. Previ-
ous studies have shown elevated levels of Nrf2 as a critical regulator of chemoresistance in
CSC-enriched breast tumors [12,13] and the activation of Nrf2-associated antioxidant genes,
such as HO1, NQO1, Prx1, etc., that contribute to radioresistance in other cancer cells [14].
Since BCSCs contain low levels of ROS and enhanced antioxidant defense [5], the role of the
Nrf2 pathway in the radioresistance of BCSCs deserves further investigation.

In this study, we observed an increase in ALDH activity, indicative of BCSCs with
increased radioresistance, tumorigenesis, reduced apoptosis and the activation of signaling
pathways, which promote mesenchymal–epithelial transition (MET) and migration. Ad-
ditionally, enhanced tumorigenicity was observed after fractionated irradiation. Further
investigation of the role of Nrf2 in radioresistance showed that Nrf2 and its associated genes
HO1 and NQO1 were significantly increased after irradiation. The shRNA-mediated knock-
down of Nrf2 expression led to a decrease in all of the above processes of radioresistance in
BCSCs. The mechanism of Nrf2 activation was found to be regulated via Keap1 silencing,
as we did not see any change in GSK-3β, as well as in Bach1, the negative regulator of
Nrf2. We also did not find any change in the methylation status of the Keap1 promoter;
however, a significant increase in the expression of miR200a was observed. This indicates
that miR200a could be a possible mechanism of Keap1 silencing. This study provides
evidence for the role of Nrf2 and its downstream genes and suggests mechanisms by which
the Nrf2/Keap1 pathway induces radioresistance in BCSCs. Overall, the data indicate
the contribution of ALDH+ cell population to radioresistance via the Nrf2-Keap1 axis,
suggesting that targeting ALDH+ BCSC cell population with miR200a could be beneficial
but warrants detailed studies.

2. Materials and Methods
2.1. Reagents

Antibodies recognizing NANOG (D73G4), SOX2 (D6D9), KLF4 (D1F2), HO1 (D60G11),
Vimentin (D21H3) and Keap1 (D6B12) were obtained from Cell Signaling Technology
(Danvers, MA, USA). E-cadherin (610404) was obtained from BD Biosciences (San Jose,
CA, USA). Nrf2 (ab-89443), SLUG (ab-27568), SNAIL (ab-53519) and Bach1 (ab-115210)
were purchased from Abcam, (Burlingame, CA, USA) and NQO1 (sc-32793), BAX (sc-
7480), BCL2 (sc-7382) were obtained from Santa Cruz Biotechnology (Dallas, TX, USA).
Nrf2-targeting shRNA lentiviral particles (sc-37030-v) were obtained from Santa Cruz
Biotechnology (CA, USA). Bovine serum albumin (BSA), fibroblast growth factor (FGF)
and epidermal growth factor (EGF) were purchased from Sigma-Aldrich (St. Louis, MO,
USA). ALDEFLUOR Kit (01700) was obtained from STEM CELL technologies (Vancouver,
Canada). Nrf2 Transcription Factor Assay Kit (Colorimetric) (ab207223) was obtained from
Abcam. Annexin-V-FITC (556419) was obtained from BD Biosciences (San Jose, CA, USA).

2.2. Cell Culture and Irradiation

MCF-7 and MDA-MB-231 cells were obtained from the American Type Culture Col-
lection (ATCC) and maintained in DMEM supplemented with 10% FBS (Gibco, MD, USA).
Cells were irradiated at room temperature with a 60Co-γ rays laboratory irradiator (Gamma
Chamber-5000, BRIT, Mumbai) at a dose rate of 2.163 Gy/min for the time required to
obtain the prescribed dose. For fractionated doses of radiation, cells were irradiated with
2Gy for three consecutive days, and for an acute dose of 6Gy, cells were irradiated once on
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the last day of fractionated irradiation. Corresponding controls were mock irradiated [13].
Control and irradiated cells were further incubated for 24 h postirradiation.

2.3. Mammosphere Formation

After irradiation, mammospheres were formed using single-cell suspensions in an
ultralow attachment 6-well plate at a density of 2× 104 cells/well in specific media for mam-
mosphere culture containing DMEM and Nutrient Mixture F-12 medium supplemented
with 20 ng/mL EGF, B27 (1:50, Life Technologies, MA, USA), 20 ng/mL FGF (Sigma-Aldrich,
St. Louis, MO, USA) and penicillin/streptomycin (Invitrogen) for 4–5 days. The floating
aggregates with a >50 µm diameter were selected as mammospheres, manually counted
and dissociated by incubation with 1:5 of 0.25% trypsin/EDTA. The mammosphere-forming
efficiency (MFE) was calculated using the following equation: MFE = No. of spheres
formed/No. of cells seeded × platting efficiency.

2.4. Colony Formation

For the colony formation assay, MCF-7 cells (1000 cells/well) were grown on 6-well
plates and maintained in a humidified chamber comprising 95% air and 5% CO2 at 37 ◦C
for 14 days. Cells were then fixed with 3.7% paraformaldehyde at room temperature for
10 min and stained using crystal violet solution (0.2% crystal violet and 1X PBS) at room
temperature for 30 min. Stained cells were washed with 1× PBS and air-dried at room
temperature. The numbers of colonies were quantified using the Image J program (version-
v1.53e). The survival fraction was calculated as the number of colonies counted/the
number of cells inoculated × plating efficiency at 0 Gy. Colonies consisting of 50 or more
cells were counted as clonogenic survivors.

2.5. FACS Analysis for CD44/24 and ALDEFLUOR Assay

Cells were irradiated with the specific doses of radiation and then stained with anti-
CD44-APC and anti-CD24-PE with their respective isotype controls, incubated for 40 min
and analyzed on a FACSCanto™ flow cytometer (BD). To measure ALDH activity, cells
were analyzed by an ALDEFLUOR assay kit (STEMCELL Technologies), following the
manufacturer’s protocol. Flow cytometry was performed on a FACSCanto™ flow cytometer
(BD), USA and analyzed by DIVA software (BD Biosciences, USA).

2.6. Immunoblotting

Protein extracts were prepared, and immunoblotting was performed, as described
previously [15], using the following antibodies: Nrf2, Bach1, SNAIL and SLUG (Abcam,
Burlingame, CA, USA); NQO1, HO1 (Santa Cruz, TX, USA), Keap1, SOX2 and KLF4,
NANOG (Cell Signaling Technology, ((Danvers, MA, USA); BAX and BCL2 (Santa Cruz,
Dallas, TX, USA) at 1:1000 and GAPDH (1:10,000, Sigma). Primary antibodies were detected
using secondary antibodies (1:10,000, Bio-Rad), conjugated with HRP, and protein–antibody
complexes were detected by the Substrate Detection Kit (Thermo Fisher, CA, USA). Densit-
ometry was performed using the Image Lab and Image J software. GAPDH was used as
loading control for whole-cell lysates.

2.7. qRT-PCR

Total RNA was extracted using TRIzol (Invitrogen). cDNA was synthesized using
reverse transcription, followed by quantitative real-time PCR with SYBR Green Supermix
(Life Technologies), using primers for Nrf2, Keap1, HO1, NQO1, SOX2, NANOG, KLF4
and GAPDH, which were used as the normalizing control. miR200a detection was carried
out using the stem-loop method, as described previously [16]. The gene-specific primers
used to perform real-time qRT-PCR analysis are listed in Table S1.
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2.8. Nrf2 Activity

Nuclear protein fractions of irradiated MCF-7 cells were isolated using NE-PER
Nuclear and Cytoplasmic Extraction Reagents (Thermo Fisher, MA, USA), according to
the manufacturer’s instructions. Protein concentrations were assessed using the Bradford
reagent (Bio-Rad). Nrf2 Transcription Factor Assay (Colorimetric) was performed using
20 mg of nuclear proteins (ab207223, Abcam) to detect nuclear Nrf2 and antioxidant
responsive element (ARE) sequence binding at OD 450 nm, following the manufacturer’s
instructions.

2.9. Scratch Wound Assay

MCF-7 cells were irradiated with specific doses of radiation and incubated for 24 h.
The cells were scratched with a pipette tip to create wounds. Images were taken at different
planes at 0 h and 24 h at 10× magnification. Percent cell migration was calculated as
described in our previous paper [17].

2.10. ROS Detection

Detection of ROS was performed, as described previously [18]. Cells were treated
with 1 µmol/L 2′,7′dichlorodihydrofluorescein diacetate (DCF-DA; Invitrogen, MA, USA)
for 30 min, followed by a 1× PBS wash for 2 times. The reduced DCF-DA was oxidized by
intracellular ROS and converted into fluorescent 2′, 7′-dichlorofluorescein (DCF). Fluores-
cent signals were detected by the FACSCanto™ flow cytometer (BD). A total of 10,000 cells
were analyzed per sample.

2.11. Apoptosis and Cell Proliferation Assays

To perform Annexin V and propidium iodide (PI) staining, irradiated MCF-7 cells and
mammospheres were trypsinized, washed with 1× PBS, centrifuged and stained with the
Annexin V-FITC antibody (20 min, room temperature) and PI (0.02 mg/mL; Sigma, P4170).
The percentage of apoptotic cells was evaluated using the FACSCanto™ flow cytometer
(BD). A total of 1× 104 cells were recorded per condition in three independent experiments.
In the cell proliferation assay, irradiated MCF-7 cells and mammospheres were trypsinized,
washed with 1× PBS, centrifuged and stained with Ki67. The stained cells were analyzed
using the FACSCanto™ flow cytometer (BD).

2.12. shRNA-Mediated Knockdown

To generate knockdown cell lines, MCF-7 cells were stably transduced in the presence
of polybrene (5 µg/mL) with Nrf2 (sc-37030-V), shRNA lentiviruses and control scrambled
shRNA particles-A (sc-108080) obtained from Santa Cruz Biotechnology, USA. Transduced
cells were then selected with puromycin (2 µg/mL) for up to 4 weeks.

2.13. In Vivo Tumorigenicity Assay

Female SCID mice (6 to 8 weeks old; n = 5 per group) were maintained, according
to the procedures and guidelines of the Institutional Animal Ethics Committee (NCCS).
A total of 2 × 106 MCF-7 cells (wild type/shNrf2) were injected subcutaneously into the
mammary fat pads of female SCID mice along with a 1:2 ratio of growth-factor-reduced
Matrigel (BD Biosciences). These mice were also injected with β-estradiol (Sigma-Aldrich,
St. Louis, MO, USA) and observed for 2 months for the development of breast tumors. All
the mice were euthanized, according to the institute’s ethical procedures, and tumors were
collected for further analysis. The length and width of the tumors were measured using a
vernier caliper and volumes were calculated using the following formula: Tumor volume =
1/2 (length × width2).

2.14. Bisulfite Sequencing and CpG Methylation Status

Genomic DNA was extracted using the DNeasy Tissue kit (QIAGEN, MD, USA).
The EZ DNA Methylation Kit (Zymo Research, CA, USA) was used for sodium bisulfite
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conversion, according to the manufacturer’s protocol. Primers spanning two promoters of
the Keap1 gene were designed using Methyl Primer Express (Thermo Scientific). Promoter 1
Forward: 5′- GAGTTTTGGYGGGGAATT-3′; Reverse: 5′-CCCTACCRCCTAAAACCAA-3′.
Bisulfite-modified DNA (100 ng) was amplified in a PCR mix containing 0.4 µM of forward
and reverse primer, HotStarTaq Master Mix Kit (Qiagen, Germany: 203445). Methylation
status analysis was performed by Quantification Tool for Methylation Analysis (QUMA)
software.

2.15. Statistical Analysis

One-way analysis of variance (ANOVA), followed by Tukey’s post hoc multiple
comparisons tests by Prism software (GraphPad, San Diego, CA, USA), was used to
analyze statistical significance. All the data values are presented as mean ± SE, reflecting
the minimum of three independent determinations. Statistical significance was determined
by comparing the treatments with untreated controls, and the significant differences are
indicated as * p < 0.05, ** p < 0.01 and *** p < 0.001.

3. Results
3.1. Fractionated Doses of Radiation Selectively Increase E-BCSC Population While Decreasing
M-BCSC Population

Recent studies indicate that BCSCs exist in two phenotypes, i.e., epithelial (E-BCSC)
and mesenchymal (M-BCSC), and BCSC plasticity plays a crucial role in future strategies for
therapeutic resistance [19]. E-BCSCs characterized as ALDH+ population are proliferative,
locate in the tumor’s hypoxic region and show the MET phenotype. On the other hand,
M-BCSCs that express the CD44+/24− phenotype are primarily quiescent, located on the
invasive front and have the EMT phenotype. Previous studies have shown an increase
in CD44+/24− cells and high ALDH+ characteristics of tumor-initiating or cancer stem
cells in breast tumors and established cell lines after irradiation [20–23]. In our study,
fractionated irradiation with 2 Gy x 3 days of γ-rays increased the population of ALDH+

cells (Figure 1A) but decreased CD44+/24− cells (Figure 1B) in MCF-7 and MDA-MB-231
cells and their corresponding mammospheres. Since mammospheres render an enriched
BCSC population [24], we characterized these mammospheres by quantifying embryonic
stem cell markers, SOX2 and NANOG. Compared to the MCF-7 cells, MCF-7-derived
mammospheres express significantly high levels of SOX2 and NANOG, indicating the
enriched BCSC population (Figure S1). Similar to ALDH activity, the expression of em-
bryonic stem cell markers, i.e., SOX2 and NANOG in MCF-7 cells and mammospheres,
and mammosphere formation efficiency (MFE) in MCF-7 cells was also increased upon
exposure to fractionated doses of radiation (Figure 1C,D). Collectively, these results sug-
gest that exposure of fractionated doses to radiation induces the E-BCSC phenotype in
mammospheres, which may contribute to radioresistance and promote tumor recurrence.

3.2. Fractionated Doses of Radiation Induce Cellular Plasticity by Regulating EMT

An increase in E-BCSC signature in our study prompted us to further analyze the EMT
markers. Fractionated irradiation caused the induction of MET, as levels of the epithelial
marker E-cadherin were observed to be increased and the levels of mesenchymal markers
Vimentin, SLUG and SNAIL were found to be decreased significantly only in BCSC-
enriched mammospheres but not in MCF-7 cells (Figure 2A,B), thus inducing plasticity
toward epithelial phenotype.
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Figure 1. Effect of fractionated doses of radiation on breast cancer stem cell (BCSC) population induction and epithelial–
mesenchymal transition (EMT). (A) BCSC population was identified in MCF-7 (left) and MDA-MB-231 cells (right) irradiated
with a fractionated and acute dose of radiation by assessing ALDH activity and (B) CD44/CD24 markers using flow
cytometry in MCF-7 (left) and MDA-MB-231 cells (right) after irradiation. (C) Expression of stem cell markers, i.e., NANOG
and SOX2, was analyzed by Western blotting. (D) Phase-contrast images depict the effect of a fractionated and acute dose of
radiation on sphere formation. All values are given as the mean ± SE, * p < 0.05, ** p < 0.01, *** p < 0.001 vs. control. All
images are representative of three independent experiments.
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days) of γ-rays. Our clonogenic survival assay demonstrated significantly higher radiore-
sistance in MCF-7 and MDA-MB-231 cells and their corresponding mammospheres upon 
exposure to fractionated doses of radiation compared to controls (Figure 3A,B). Not only 
did the number of the colonies formed increase significantly after fractionated irradiation 
but also proliferative capacity, as indicated by Ki67 staining, was higher in these cells (Fig-
ure 3C). Ionizing radiation significantly increased the proportion of these CSCs and also 
showed enhanced proliferation shortly after treatment, further resulting in rapid tumor 
repopulation [25]. As there was an increase in the proliferation in cancer cells and mam-
mospheres after fractionated irradiation, we further assessed apoptosis and the expres-
sion of anti- and proapoptotic genes, BCL2 and BAX. Although there was no significant 

Figure 2. Effect of fractionated doses of radiation on EMT. (A) Expression of EMT markers, i.e., E-cadherin, Vimentin, SLUG
and SNAIL, were analyzed by Western blotting and (B) qRT-PCR of E-cadherin, Vimentin, SLUG and SNAIL. GAPDH is
used as loading control. All values are given as the mean ± SE, * p < 0.05, ** p < 0.01, *** p < 0.001, ****p < 0.0001 vs. control.
All images are representative of three independent experiments.
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3.3. BCSCs with High ALDH+ Activity Display Radioresistance upon Exposure to Fractionated
Irradiation

Although controversial, previous findings suggest that BCSCs might be less sensitive
to irradiation than cancer cells in in vitro assays [4,5]. We used a clonogenic cell survival as-
say to analyze the relative radioresistance of BCSCs. A single-cell suspension of MCF-7 cells
was plated and irradiated with an acute dose (6 Gy) and fractionated doses (2 Gy × 3 days)
of γ-rays. Our clonogenic survival assay demonstrated significantly higher radioresistance
in MCF-7 and MDA-MB-231 cells and their corresponding mammospheres upon exposure
to fractionated doses of radiation compared to controls (Figure 3A,B). Not only did the
number of the colonies formed increase significantly after fractionated irradiation but also
proliferative capacity, as indicated by Ki67 staining, was higher in these cells (Figure 3C).
Ionizing radiation significantly increased the proportion of these CSCs and also showed
enhanced proliferation shortly after treatment, further resulting in rapid tumor repopula-
tion [25]. As there was an increase in the proliferation in cancer cells and mammospheres
after fractionated irradiation, we further assessed apoptosis and the expression of anti-
and proapoptotic genes, BCL2 and BAX. Although there was no significant change in the
Annexin V+ apoptotic population in MCF-7 cells and mammospheres after fractionated
irradiation compared to their respective controls (Figure 3D), a significant increase in the
BCL2/BAX ratio was observed at the protein levels, further supporting radioresistance in
these cells (Figure 3E).
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have functional characteristics of BCSCs, we examined their cell migration potential in 
vitro and tumorigenic properties in vivo. Compared to the controls and an acute dose, a 

Figure 3. Fractionated doses of radiation enhance radiation resistance and reduce apoptosis in BCSCs. (A) Clonogenic
assay was carried out for up to 14 days. The representative images show an increase in the colony formation of MCF-7 cells.
(B) MDA-MB-231 and their corresponding mammospheres after irradiation with fractionated doses. (C) Cell proliferation
was measured by analyzing the expression of Ki67 using flow cytometry. (D) The dot plots depict Annexin V-FITC and
PI staining by flow cytometry. The horizontal (x) axis represents Annexin V-FITC and the vertical (y) axis represents PI
staining. The bar graph represents the percentage of apoptotic cells as Annexin-V-FITC-positive cells (early apoptotic cells)
and the percentage of Annexin-V-FITC- and PI-positive cells (late apoptotic cells). (E) BCL2 and BAX levels were analyzed
by Western blotting. GAPDH was used as loading control. The representative bar graph shows the ratio of BCL2 and BAX.
All values are given mean ± SE; * p < 0.05,; fractionated dose irradiation vs. acute irradiation.

3.4. The Emergence of Radioresistance Is Associated with High Migratory Potential and
Tumorigenicity in Cancer Cells

To analyze whether breast cancer cells irradiated with fractionated doses of radia-
tion have functional characteristics of BCSCs, we examined their cell migration potential
in vitro and tumorigenic properties in vivo. Compared to the controls and an acute dose,
a significant increase in migration efficiency was observed in cells irradiated with the
fractionated doses of radiation in the scratch wound assay (Figure 4A). Further, tumors in
mice derived from MCF-7 cells irradiated with fractionated doses of radiation weighed
significantly more than tumors derived from nonirradiated or acute-dose-irradiated MCF-7
cells (Figure 4B,C). Consistent with the in vitro results, analysis of the xenograft tumors
derived from tumor cells irradiated with fractionated doses also showed enhanced ALDH
activity (Figure 4D). Overall, these data demonstrate that fractionated dose exposure en-
hances migration potential in vitro and increases tumorigenicity by elevating the ALDH+

population in vivo.
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of the xenograft tumors derived from MCF-7 control and irradiated cells. (D) ALDH activity was determined in isolated 
tumors using flow cytometry. All values are represented as mean ± SE. * p < 0.05; ** p < 0.01; vs. fractionated dose irradia-
tion. 
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radioresistance of BCSCs. We first determined the levels of ROS in MCF-7 cells and mam-
mospheres irradiated with fractionated doses of radiation. We did not see any change in 
the ROS levels in these cells compared to their respective controls. However, an acute dose 
of radiation increased the levels of ROS in MCF-7 cells as well as in mammospheres (Fig-
ure 5A). Western blot and qRT-PCR analysis revealed that Nrf2 expression (Figure 5B,C), 
activity (Figure 5D), as well as its targets HO1 and NQO1 (Figure 5E,F), increased signif-
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MCF-7 and MDA-MB-231 cells and their corresponding mammospheres irradiated with 

D 

Figure 4. Fractionated doses of radiation enhance cell migration in vitro and tumor xenograft volume in vivo by increasing
BCSC population. (A) Migration capacity was analyzed by scratch wound assay in confluent monolayers of irradiated
MCF-7 cells and was expressed as % of gap closure of irradiated wells. (B) The flow diagram illustrates irradiated MCF-7
cells subcutaneously injected in SCID mice (n = 5). Tumors were dissected and dissociated in single cells, and ALDH activity
was analyzed. (C) The image demonstrates isolated tumors. The bar graph represents tumor weight and volume of the
xenograft tumors derived from MCF-7 control and irradiated cells. (D) ALDH activity was determined in isolated tumors
using flow cytometry. All values are represented as mean ± SE. * p < 0.05; ** p < 0.01; vs. fractionated dose irradiation.

3.5. Keap1-Nrf2 and not Bach1-Nrf2 Signaling Plays a Role in the Maintenance of Radioresistant
ALDH+ BCSCs

Diehn et al. [5] showed that CSCs in breast tumors contain low ROS levels and enhanced
ROS defenses compared to their nontumorigenic progeny, and these differences appear to be
critical for maintaining stem cell function, which could contribute to tumor radioresistance.
Previous studies have shown the involvement of Nrf2 in chemoresistance in BCSCs [12,13],
hence we hypothesized that Nrf2 could also play a significant role in the radioresistance of
BCSCs. We first determined the levels of ROS in MCF-7 cells and mammospheres irradiated
with fractionated doses of radiation. We did not see any change in the ROS levels in these
cells compared to their respective controls. However, an acute dose of radiation increased
the levels of ROS in MCF-7 cells as well as in mammospheres (Figure 5A). Western blot
and qRT-PCR analysis revealed that Nrf2 expression (Figure 5B,C), activity (Figure 5D),
as well as its targets HO1 and NQO1 (Figure 5E,F), increased significantly when treated
with fractionated doses of radiation. We observed a significant decrease in the expression of
Keap1, and there was no change in the expression of Bach1, MCF-7 and MDA-MB-231 cells
and their corresponding mammospheres irradiated with fractionated doses (Figure 5G,H),
indicating that Keap1-mediated Nrf2 degradation is impaired, leading to the stabilization
of Nrf2 and its nuclear accumulation [10,12]. The reduced level of ROS in our study could
therefore be attributed to the activation of the antioxidant defense mechanism.
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Figure 5. Fractionated doses of radiation generate low ROS and upregulate Nrf2 in BCSCs. (A) The bar graph represents 
ROS generation, assessed by DCF-DA staining using flow cytometry in MCF-7 cells and the corresponding CSC-enriched 
spheroids in control and irradiated cells (mean ± SE. * p < 0.05, fractionated-dose-irradiated MCF-7 cells vs. mam-
mospheres). (B) Western blot analysis and (C) qRT-PCR illustrating the expression of Nrf2 in MCF-7 cell and MDA-MB-
231 and their mammospheres. GAPDH served as loading control. (D) The bar graph represents the quantification of Nrf2 
activity in irradiated MCF-7 cells and mammospheres. (E) The blots depict the Nrf2 targets HO1 and NQO1 by Western 
blotting. (F) The bar graph depicts the transcript levels of HO1 and NQO1 in irradiated MCF-7 cells and mammospheres 
by qRT-PCR. (G) Keap1 and Bach1 expression in irradiated MCF-7 cells (upper) and MDA-MB-231 (lower) and their mam-
mospheres using Western blot analysis. (H) Transcript levels of Keap1 by qRT-PCR. GAPDH served as loading control. 
Mean from three independent experiments. All values are given mean ± SE. * p < 0.05, ** p < 0.01, *** p < 0.001; vs. fraction-
ated dose irradiation. 
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To further investigate the role of Nrf2 in radioresistance, Nrf2 was knocked down in 
MCF-7 cells (shNrf2). These cells showed a 55% reduction in Nrf2 transcripts levels (Fig-
ure S2). A 50% reduction in the population of ALDH+ cells was observed in Nrf2-knock-
down mammospheres and MCF-7 cells after fractionated irradiation (Figure 6A). As a 
phenotypic effect, stable silencing of Nrf2 also resulted in the inhibition of mammosphere 
formation efficiency by two-fold in MCF-7 cells (Figure 6B). A reduction in the levels of 
SOX2, KLF4 and NANOG in these knockdown cells after irradiation indicated the role of 
Nrf2 in the suppression of BCSC population (Figure 6C). Tumorigenicity in SCID mice 

Figure 5. Fractionated doses of radiation generate low ROS and upregulate Nrf2 in BCSCs. (A) The bar graph represents
ROS generation, assessed by DCF-DA staining using flow cytometry in MCF-7 cells and the corresponding CSC-enriched
spheroids in control and irradiated cells (mean± SE. * p < 0.05, fractionated-dose-irradiated MCF-7 cells vs. mammospheres).
(B) Western blot analysis and (C) qRT-PCR illustrating the expression of Nrf2 in MCF-7 cell and MDA-MB-231 and their
mammospheres. GAPDH served as loading control. (D) The bar graph represents the quantification of Nrf2 activity in
irradiated MCF-7 cells and mammospheres. (E) The blots depict the Nrf2 targets HO1 and NQO1 by Western blotting.
(F) The bar graph depicts the transcript levels of HO1 and NQO1 in irradiated MCF-7 cells and mammospheres by qRT-PCR.
(G) Keap1 and Bach1 expression in irradiated MCF-7 cells (upper) and MDA-MB-231 (lower) and their mammospheres
using Western blot analysis. (H) Transcript levels of Keap1 by qRT-PCR. GAPDH served as loading control. Mean from
three independent experiments. All values are given mean ± SE. * p < 0.05, ** p < 0.01, *** p < 0.001; vs. fractionated dose
irradiation.

3.6. Inhibition of Nrf2 Concealed Radioresistance, Tumorigenesis and Induced Apoptosis via
Reducing BCSC Population

To further investigate the role of Nrf2 in radioresistance, Nrf2 was knocked down
in MCF-7 cells (shNrf2). These cells showed a 55% reduction in Nrf2 transcripts levels
(Figure S2). A 50% reduction in the population of ALDH+ cells was observed in Nrf2-
knockdown mammospheres and MCF-7 cells after fractionated irradiation (Figure 6A). As
a phenotypic effect, stable silencing of Nrf2 also resulted in the inhibition of mammosphere
formation efficiency by two-fold in MCF-7 cells (Figure 6B). A reduction in the levels of
SOX2, KLF4 and NANOG in these knockdown cells after irradiation indicated the role of
Nrf2 in the suppression of BCSC population (Figure 6C). Tumorigenicity in SCID mice was
decreased after injection of the irradiated Nrf2 knockdown cells. A significant decrease
in tumor size (Figure 6D) as well as the percentage of ALDH+ population was observed
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in these tumors compared to the corresponding control (Figure 6E). Further, a reduction
in clonogenicity (Figure 6F) and a significantly higher number of Annexin-V-/PI-positive
cells were observed compared to their respective controls in shNrf2 mammospheres and
MCF-7 cells irradiated with fractionated doses (Figure 6G). Thus, these results suggest that
Nrf2 plays a crucial role in the acquisition of radiation resistance in BCSCs.
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and mammospheres. (B) Phase-contrast images depict the effect of fractionated and acute doses of radiation on sphere 
formation in shNrf2 MCF-7 cells. The bar graph represents mammosphere formation efficiency for the same. (C) Expres-
sion of stem cell markers, i.e., SOX2, KLF4 and NANOG, was analyzed in shNrf2 MCF-7 cells and mammospheres by 
Western blotting, GAPDH is used as loading control. All values are given as the mean ± SE, *** p < 0.001 vs. fractionated-
dose-irradiated shNrf2 cells. (D) The image demonstrates isolated tumors of the xenograft derived from shNrf2 MCF-7 
control and irradiated cells. (E) ALDH activity was measured in shNrf2-derived tumors. (F) The representative images 
show a decrease in the colony formation of shNrf2 MCF-7 cells and mammospheres upon fractionated dose radiation 
treatment. (G) The bar graphs depict the percentage of apoptotic cells in shNrf2 MCF-7 cells and mammospheres. All 
values are given as the mean ± SE, * p < 0.05, ** p < 0.01; vs. fractionated dose irradiation shNrf2 cells. All images are 
representative of three independent experiments. 
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methylation status of the Keap1 promoter by bisulfite sequencing [26]. We did not observe 
any change in the methylation status of the CpGs region in the Keap1 promoter, indicating 
that Keap1 promoter methylation may not be the key event in Nrf2 stabilization (Figure 
7A,B). We next examined the role of the miR-200 family as it targets a conserved region in 
the Keap1 3′-UTR [27]. We observed no change in the expression of miR-141 but a signif-
icant increase in the expression of miR-200a, 1.4-fold in mammospheres and 1.85-fold in 
MCF-7 cells irradiated with the fractionated dose of radiation by RT-PCR (Figure 7C,D). 
Collectively, these results indicate that Keap1 downregulation could be due to increased 
miR200a; however, more studies are required to confirm the role of miR200a in this con-
text. 

Figure 6. Inhibition of Nrf2 radiosensitizes breast cancer cells by inducing apoptosis and suppressing BCSC population after
radiation treatment. (A) BCSC population measured by ALDH activity using flow cytometry in shNrf2 MCF-7 cells and
mammospheres. (B) Phase-contrast images depict the effect of fractionated and acute doses of radiation on sphere formation
in shNrf2 MCF-7 cells. The bar graph represents mammosphere formation efficiency for the same. (C) Expression of stem
cell markers, i.e., SOX2, KLF4 and NANOG, was analyzed in shNrf2 MCF-7 cells and mammospheres by Western blotting,
GAPDH is used as loading control. All values are given as the mean ± SE, *** p < 0.001 vs. fractionated-dose-irradiated
shNrf2 cells. (D) The image demonstrates isolated tumors of the xenograft derived from shNrf2 MCF-7 control and
irradiated cells. (E) ALDH activity was measured in shNrf2-derived tumors. (F) The representative images show a decrease
in the colony formation of shNrf2 MCF-7 cells and mammospheres upon fractionated dose radiation treatment. (G) The
bar graphs depict the percentage of apoptotic cells in shNrf2 MCF-7 cells and mammospheres. All values are given as
the mean ± SE, * p < 0.05, ** p < 0.01; vs. fractionated dose irradiation shNrf2 cells. All images are representative of three
independent experiments.

3.7. miR200a and not Promoter Methylation of Keap1 is Involved in Radioresistance of BCSC

Since we observed a significant decrease in the expression of Keap1 at mRNA and
protein levels, we further investigated its regulation at the epigenetic level, especially the
methylation status of the Keap1 promoter by bisulfite sequencing [26]. We did not observe
any change in the methylation status of the CpGs region in the Keap1 promoter, indicating
that Keap1 promoter methylation may not be the key event in Nrf2 stabilization (Figure 7A,B).
We next examined the role of the miR-200 family as it targets a conserved region in the Keap1
3′-UTR [27]. We observed no change in the expression of miR-141 but a significant increase in
the expression of miR-200a, 1.4-fold in mammospheres and 1.85-fold in MCF-7 cells irradiated
with the fractionated dose of radiation by RT-PCR (Figure 7C,D). Collectively, these results
indicate that Keap1 downregulation could be due to increased miR200a; however, more
studies are required to confirm the role of miR200a in this context.
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Figure 7. Promoter methylation and the role of miRNA200 in Keap1 regulation. (A) Primers’ design for bisulfite sequenc-
ing. The original genomic sequence of the Keap1 promoter region is shown. The Keap1 promoter contains 13 CpGs sites. 
(B) Keap1 promoter methylation by Quantification Tool for Methylation Analysis (QUMA) analysis: ○, unmethylated 
CpGs; ●, methylated CpGs. (C) Predicted binding sites between miR200a and Keap1 at 3′ UTR. (D) miR200a expression 
level in control and fractionated-dose-irradiated MCF-7 cells and mammospheres. All images are representative of three 
independent experiments. All values are given mean ± SE; * p < 0.05; vs. fractionated dose irradiation. 
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Radiation can induce cancer cell death by generating ROS and DNA damage; how-

ever, it is inefficient in targeting CSCs, which are largely responsible for therapy re-
sistance, tumorigenesis and tumor recurrence [28–30]. Our study demonstrates that frac-
tionated doses of radiation enhanced the E-BCSC marker ALDH+ and transcription factors 
of embryonic stem cells in BCSC-enriched mammospheres, indicating the E-BCSC pheno-
type, which is proliferative in nature. BCSC plasticity plays a crucial role in therapy re-
sistance. BCSCs exhibit plasticity, which transitions between quiescent mesenchymal- (M-
BCSCs) and proliferative epithelial-like (E-BCSCs) states [31]. An increase in E-BCSCs 
such as ALDH+ population and E-cadherin, indicative of MET, and a decrease in M-
BCSCs such as CD44+/24− population, the mesenchymal markers Vimentin, SNAIL and 
SLUG, demonstrated that fractionated doses of radiation increase the epithelial type of 
BCSCs [24,31,32]. Thus, these results support the notion that BCSC markers are not re-
stricted to a particular population but change according to their plasticity based on the 
therapy. Hence, plasticity from M- BCSCs to E-BCSCs contributes to radioresistance. Since 
NANOG, SOX2 and KLF4 are essential for converting tumor cells into aggressive stem-

Figure 7. Promoter methylation and the role of miRNA200 in Keap1 regulation. (A) Primers’ design for bisulfite sequencing.
The original genomic sequence of the Keap1 promoter region is shown. The Keap1 promoter contains 13 CpGs sites.
(B) Keap1 promoter methylation by Quantification Tool for Methylation Analysis (QUMA) analysis: #, unmethylated
CpGs; •, methylated CpGs. (C) Predicted binding sites between miR200a and Keap1 at 3′ UTR. (D) miR200a expression
level in control and fractionated-dose-irradiated MCF-7 cells and mammospheres. All images are representative of three
independent experiments. All values are given mean ± SE; * p < 0.05; vs. fractionated dose irradiation.

4. Discussion

Radiation can induce cancer cell death by generating ROS and DNA damage; how-
ever, it is inefficient in targeting CSCs, which are largely responsible for therapy resistance,
tumorigenesis and tumor recurrence [28–30]. Our study demonstrates that fractionated
doses of radiation enhanced the E-BCSC marker ALDH+ and transcription factors of em-
bryonic stem cells in BCSC-enriched mammospheres, indicating the E-BCSC phenotype,
which is proliferative in nature. BCSC plasticity plays a crucial role in therapy resistance.
BCSCs exhibit plasticity, which transitions between quiescent mesenchymal- (M-BCSCs)
and proliferative epithelial-like (E-BCSCs) states [31]. An increase in E-BCSCs such as
ALDH+ population and E-cadherin, indicative of MET, and a decrease in M-BCSCs such as
CD44+/24− population, the mesenchymal markers Vimentin, SNAIL and SLUG, demon-
strated that fractionated doses of radiation increase the epithelial type of BCSCs [24,31,32].
Thus, these results support the notion that BCSC markers are not restricted to a particular
population but change according to their plasticity based on the therapy. Hence, plasticity
from M- BCSCs to E-BCSCs contributes to radioresistance. Since NANOG, SOX2 and KLF4
are essential for converting tumor cells into aggressive stem-like cells, an increase in the
expression of these markers in our study after irradiation further supports the increased
cancer stem cell population.
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Emerging evidence indicates that Nrf2 plays a crucial role in CSC survival and resis-
tance [33]. It is shown to be involved in chemotherapeutic drug resistance due to enhanced
antioxidant capacity and detoxification of anticancer agents [14,34,35]. However, the in-
volvement of the Nrf2-Keap1 axis in radioresistance of BCSCs is poorly understood. A
strong association between low levels of ROS and enhanced antioxidant defense in BCSC
radioresistance reported by Diehn et al. [5] prompted us to further investigate the role
of Nrf2. Enhanced expression of Nrf2 and its downstream genes HO1 and NQO1 after
irradiation in breast cancer cells and their corresponding mammospheres ascertains the
involvement of Nrf2 in radioresistance. A recent report has shown that Nrf2 enhances
ALDH+ E-BCSCs [24]. This supports our results, as we have observed a decrease in the
ALDH+ E-BCSCs after Nrf2 inhibition. A decrease in embryonic stem cell markers, colony
and sphere formation ability and reduced tumorigenicity after Nrf2 knockdown further
indicate that Nrf2 is involved in the reprogramming process, and Nrf2 signaling is an
important target for radiation resistance of BCSCs.

In the current study, Nrf2 appears to be regulated by Keap1 as we observed a decrease
in the Keap1 levels with no change in the expression of either GSK-3β (Figure S3) [36]
or Bach1. Additionally, as Bach1 binds to HO1 [10,11], an increase in the levels of HO1
in our study further confirms that Bach1 does not play a role in the regulation of Nrf2.
Loss of Keap1 function is shown to mediate Nrf2 stabilization and is often associated with
reduced drug sensitivity in several cancers [37–39]. A reduction in Keap1 expression with
a concomitant increase in the expression of Nrf2 and its downstream targets HO1 and
NQO1 clearly demonstrates the role played by Keap1 in Nrf2 regulation in the facilitation
of acquired radioresistance. Hence, we tried to understand the mechanism of Keap1
regulation in this study.

Besides mutations through cysteine residues, epigenetic mechanisms, particularly the
promoter hypermethylation [26], and miRNAs are the main regulators of Keap1. We did
not see any change in the promoter methylation status of Keap1 after irradiation, which sug-
gested that irradiation may regulate Keap1 post-transcriptionally rather than epigenetically.
Hence, we further studied the role of the miR200 family as it is known to be involved in the
regulation of Keap1. A significant increase in the transcript levels of miR200a indicates its
role in the regulation of Keap1 in the radioresistance of BCSCs. Furthermore, reports from
other studies have shown that miR200a suppresses the expression of transcriptional factors
ZEB1/2 and inhibits the transition from the epithelial-to-mesenchymal phenotype [40].
This further strengthens and supports our studies where miR200a could be responsible for
the inhibition of Keap1 as well as EMT in BCSC-enriched mammospheres.

In conclusion, the current study provides interesting insights into the mechanism by
which fractionated doses of radiation increases radioresistance in the BCSC population.
Our results indicate the enrichment of the E-BCSC phenotype. The regulation of Nrf2
in irradiated conditions occurs via the downregulation of Keap1 and not by GSK3β or
Bach1. We provide mechanistic insight into the regulation of Keap1, possibly via post-
transcriptional modification through miR200a and not via promoter methylation. Although
the current study is limited to only the higher expression of miR200a, and given its poten-
tial for therapeutic purposes, additional mechanistic studies regarding its role in Keap1
inhibition and thus radioresistance is highly warranted. Nevertheless, alteration in the
Nrf2-Keap1 pathway establishes relationships between radioresistance and BCSCs.

Supplementary Materials: The following are available online at https://www.mdpi.com/2073-4
409/10/1/83/s1, Figure S1: Characterization of mammospheres. Figure S2: Nrf2 expression in
Nrf2 knockdown cells. Figure S3: p-GSK3β levels in fractionated-dose-irradiated MCF-7 cells and
mammospheres. Table S1: List of primers.
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Abstract: Radiation-induced damage is a common occurrence in cancer patients who undergo
radiotherapy. In this setting, radiation-induced damage can be refractory because the regeneration
responses of injured tissues or organs are not well stimulated. Mesenchymal stem cells have become
ideal candidates for managing radiation-induced damage. Moreover, accumulating evidence suggests
that exosomes derived from mesenchymal stem cells have a similar effect on repairing tissue damage
mainly because these exosomes carry various bioactive substances, such as miRNAs, proteins
and lipids, which can affect immunomodulation, angiogenesis, and cell survival and proliferation.
Although the mechanisms by which mesenchymal stem cell-derived exosomes repair radiation
damage have not been fully elucidated, we intend to translate their biological features into a radiation
damage model and aim to provide new insight into the management of radiation damage.

Keywords: mesenchymal stem cell; exosome; radiation damage

1. Introduction

Mesenchymal stem cells (MSCs) are multipotent stem cells that can be isolated from
human tissues or organs, such as the bone marrow, adipose tissue, umbilical cord, lung,
spleen, liver or kidney [1]. Despite being derived from multiple sources, MSCs display
similar biological phenotypes and functions [2,3]. Because of their autocrine and paracrine
actions, MSCs have been shown to possess potency in repairing tissue damage [4]. Critically,
delivery of only a small population of MSCs can result in accelerated damage repair
in the host [5–7]. In addition, exosomes are crucial components that account for the
paracrine action of MSCs [8–10]. For example, they exchange genetic material across
cells by transferring bioactive molecules [11]. Similar to other cellular exosomes, MSC-
exosomes are extracellular vesicles with a lipid bilayer structure and an average diameter
of 100 nm [1,12]. They carry bioactive molecules, including miRNAs, lncRNAs, lipids
and cytokines [1], thus providing a context for researching the biological functions of
MSC-exosomes.

Treating diseases with MSC-exosomes has shown promise in the field of regenerative
medicine, and numerous studies exploring the therapeutic effects of MSC-exosomes on
neurological, immunological and cardiovascular diseases have been published [13]. In
summary, the benefits of delivering MSC-exosomes in disease models mainly include the
attenuation of inflammation, promotion of angiogenesis and improvement in the survival
and proliferation of stem or progenitor cells within injured tissues or organs [14]. In
fact, such benefits can be achieved with MSCs as well. Although it has also been shown
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that MSCs can exert therapeutic effects on radiation damage, the therapeutic potential of
MSC-exosomes has not been widely explored in this field. Nevertheless, in a previous
study, irradiated cells exhibited enhanced uptake of exosomes because of an increase in the
formation of the integrin and tetraspanin complex CD29/CD81 on the cell surface [15], thus
indicating the specific role of exosomes in mediating biological processes in injured cells.
Moreover, MSC-exosomes were found to protect against acute or chronic radiation damage
via their miRNA cargo, suggesting that irradiated cells might utilize MSC-exosomes to
increase their resistance to ionizing irradiation [16–18]. For example, a study showed
that exosomal miRNA-210 could elicit efficient DNA damage repair by controlling the
transcriptional activity of HIF-1, thus enhancing cellular radio-resistance [17,19]. In this
review, we explore the pro-regenerative properties of MSC-exosomes in the field of radia-
tion damage and aim to provide new insight into the management of radiation damage by
using MSC-exosomes.

2. Biological Features of MSC-Exosomes

MSCs are crucial sources of exosomes in humans. Consistent with other cell-derived
exosomes, MSC-exosomes are generated through a sequential process including the in-
vagination of lysosomal microparticles and fusion and excretion from parental cells [20].
Lysosomal microparticles first invaginate their membranes to generate endosomes, which
then fuse with each other to form multivesicular bodies that contain intraluminal vesi-
cles. Next, the outer membrane of the mature multivesicular body fuses with the plasma
membrane of a cell and is ultimately transported out, constituting an exosome [20].

Exosomes consist of lipid bilayer membrane structures with diameters ranging from
40 nm to 160 nm (an average of 100 nm) [12]. They express various markers, includ-
ing CD9, CD81, CD63, TSG101, flotillin, ceramide, and Alix [12], and have a density of
1.15–1.19 g/mL in sucrose gradients [21]. MSC-exosomes contain at least 170 different
miRNAs [22] and 304 proteins [23], along with an indefinite number of DNAs, mRNAs
and metabolites [12]. Because they contain a large number of bioactive molecules, MSC-
exosomes have attracted great interest in the field of regenerative medicine. Accordingly,
numerous studies have attempted to assess whether the infusion of MSC-exosomes can
serve as an alternative strategy to repair tissue damage, and emerging results have mostly
revealed that MSC-exosomes have therapeutic effects similar to those of their parental
MSCs [24]. Moreover, MSC-exosomes have several advantages over MSCs. (i) MSC-
exosomes are long-lasting and can be stored at −80 ◦C without affecting their biological
functions [17], whereas cryopreserved MSCs exhibit impaired immunoregulatory and
pro-regenerative properties compared with fresh MSCs [25]. (ii) The membranes of MSC-
exosomes are enriched in sphingomyelin, cholesterol, ceramide and lipid raft proteins,
enabling MSC-exosomes to spread in vivo regardless of biological barriers, such as the
blood-brain barrier [26], for example, even when they are delivered via an intravenous
injection, MSC-exosomes can be detected in injured neurons in the brain [27]. (iii) Infusion
of MSC-exosomes elicits minimal immune rejection due to their complete lack of expression
of major histocompatibility complex (MHC) molecules [28,29], which prevents their rapid
clearance by host immune cells. For instance, MSC-exosomes were found to remain in a
recipient for a significantly longer time than MSCs after infusion [28,30], indicating that
they can perform their biological functions in vivo for a relatively long time. (iv) Infusion
of MSC-exosomes can avoid several stem cell-associated challenges, such as the risk of
spontaneous tumorigenesis induced by MSCs [31,32]. (v) The potential secretion of ex-
osomes by MSCs can be impacted by various factors. For example, maintaining MSCs
in a physiological state in an in vitro culture system can impact their production of exo-
somes with a specific phenotype in terms of biological activity [33]. Notably, although
incubating MSCs with an IFN-γ plus TNF-α mixture in vitro reduced their proliferation,
the production of exosomes was not adversely affected [28,34]. Moreover, this process
improved the immunosuppressive function of the MSC-exosomes. This prompts specula-
tion that exosomes with high bioactivity can be purposefully obtained by preconditioning
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MSCs in vitro prior to injection to treat inflammatory diseases. Therefore, determining
the components of MSC-exosomes that are able to produce high therapeutic efficacy is
particularly critical.

The miRNA and protein cargo contained in MSC-exosomes are effective in promoting
damage repair. Moreover, they jointly regulate the regenerative process in damaged
tissue. In a colitis model, MSC-exosomes were revealed to reduce macrophage-induced
inflammation by transporting metallothionein-2, an upstream protein that blocks activation
of the NF-κB pathway [28]. However, this anti-inflammatory effect of MSC-exosomes
was not completely lost even when blocking metallothionein-2 in vivo and in vitro [28],
demonstrating that other components in MSC-exosomes also exert bioactive effects in this
process. Therefore, exosomal miRNA-146a in MSCs might alleviate experimental colitis by
targeting the TRAF6 and IRAK1 genes [35], preventing NF-κB activation along with the
subsequent production of TNF-α and IL-6 [35]. Consistently, several other MSC-exosomal
miRNAs such as miRNA-30b-3p [36], miRNA-223-3p [37], and miRNA-126 [38,39] were
found to be responsible for suppressing pro-inflammatory responses. They also exhibit
potent effects in promoting tissue regeneration and angiogenesis. Overall, we need to
understand the mechanisms by which MSC-exosomes repair tissue damage.

3. Therapeutic Functions of MSC-Exosomes
3.1. Immunomodulation

To our knowledge, commoditized MSCs have been approved for treating some au-
toimmune diseases in a clinical setting; however, the incidence of infection secondary to
infusion of allogenic MSCs has been reported to be 29.5% [40]. This has prompted us
to find an alternative approach. Exosomes are thought to be superior over MSCs with
regard to treatment-related safety [41]. A previous work suggested that MSC-exosomes
improved the in vitro survival and function of neutrophils from patients with severe con-
genital neutropenia, thus increasing the potential efficacy of MSC-exosomes against acute
infection [42]. Moreover, studies have suggested that MSC-exosomes exhibit effects in
managing autoimmune or inflammatory diseases [37,43] (Table 1).
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In vitro, MSC-exosomes exert an immunomodulatory function, mainly by regulating
the commitment of immune cells or altering their inflammatory cytokine secretion pro-
files [28]. For example, in the presence of IFN-γ and TNF-α, MSCs generate exosomes
that induce macrophages to switch from an M1- to an M2-like phenotype, and exosomal
miRNAs, including miRNA-146 and miRNA-34, greatly contribute to this process [34].
Mechanistically, miRNA-146 upregulate expression of M2-associated genes such as TRAF6
and IRAK1 by targeting NF-κB signaling [53], and miRNA-34 targets Notch1 to suppress
transcription of genes encoding M1-related pro-inflammatory cytokines, such as IL-6 and
TNF-α [54]. The MSC-exosomal miRNA-181a has been consistently found to enhance
the production of M2-related cytokines, including IL-10 and TGF-β while reducing pro-
duction of the M1-related cytokines TNF-α, IL-6 and IL-12 by macrophages [46,55]. In
addition to altering the secretion profile of macrophages, miRNA-181a induces Treg cell
generation by suppressing expression of the c-Fos gene, which functionally counteracts the
Foxp3-dominant transcriptional program associated with Treg cell development [45]. Nev-
ertheless, a coculture experiment revealed that Treg cell induction by MSC-exosomes was
less efficient than that by MSCs, indicating that some other factors contribute to this process.
In fact, soluble factors from MSCs, including IDO, PGE2 and IL-10 strongly induce Treg cell
generation [56]; however, except for IL-10, they are not present in MSC-exosomes [28,50].

In vivo, MSC-exosomes control immunomodulatory processes in an antigen-presenting
cell (APC)-mediated manner [52]. For example, dendritic cells (DCs) serve as critical medi-
ators of the effects of MSC-exosomes on Treg induction. Mechanistically, MSC-exosomes
induce mature DCs to acquire immune tolerogenic phenotypes [51]. A critical function of
tolerogenic DCs is inducing Treg cell generation in vivo [57]. Tolerogenic DCs secrete high
levels of anti-inflammatory cytokines, such as IL-10 and TGF-β, and express low levels of
costimulatory molecules, thus inducing naïve CD4+ T cells to commit to differentiation
into Tregs [51]. In addition to DCs, MSC-exosomes are able to restrict B cell maturation,
which decreases the production of immunoglobulin-G (IgG) [50,58]. To a certain extent,
the above effects of MSC-exosomes will assist in attenuating the immune responses driven
by other T subsets, such as Th1, Th2, Th17 cells or CD8+ T cells [33,59–61] (Figure 1).
Indeed, studies have shown that incubating mouse adipose tissue-derived MSC-exosomes
with mouse splenic immunocytes in vitro significantly downregulates expression of genes
encoding Tbx21, Gata3 and Rorc, which centrally control the commitment of Th1, Th2 and
Th17 cells, respectively [47]. CD8+ T cells that delivered human umbilical cord-derived
MSC-exosomes to GVDH mice significantly decreased the number of CD8+ T cells along
with the ratio of CD8+ T cells to CD4+ T cells in the peripheral blood [59]. However,
intriguingly, reduced numbers of CD4+ or CD8+ T cells did not occur when conditioned
by MSC-exosomes in vitro, which suggests, at least, that MSC-exosomes modulate host
immune responses independently of their direct effect on impairing the survival of CD4+

or CD8+ T cells [50] (Figure 1). In other words, the mechanisms by which MSC-exosomes
induce immunomodulation in vivo are more complicated than those observed in vitro, and
the details need to be further elucidated.
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Figure 1. MSC-exosomes exert anti-inflammatory and immunomodulatory effects, which aid in attenuating tissue cell
damage. MSC-exosomes perform these functions mainly through interaction of exosomal miRNAs and APCs. They can
induce immature and mature DCs to differentiate into tolerogenic DCs, mediating naïve CD4+ T cell differentiation into
Tregs. In addition, MSC-exosomes are able to induce macrophages to transform from the M1 to the M2 phenotype while
enhancing secretion of M2-related cytokines such as IL-10 and TGF-β and decreasing M1-related cytokine TNF-α, IL-6
and IL-12 levels. With regard to B cells, MSC-exosomes inhibit the maturation and function of B lymphocytes and cause a
decrease in IgG secretion. MSC-exosomes also decrease the CD8+ T cell number and the CD8+/CD4+ T cell ratio in the
peripheral blood of in vivo mouse models.

3.2. Angiogenesis

Angiogenesis has a crucial role in tissue regeneration after damage. In this process,
endothelial cells invade injured tissues to form buds and ultimately establish a capillary
network. It is well accepted that MSCs exert therapeutic effects on ischemic diseases by
directly producing or stimulating endogenous factors, such as vascular endothelial growth
factor (VEGF), hepatocyte growth factor (HGF) and stromal-derived factor-1 (SDF-1) [62,63].
These factors facilitate angiogenesis in damaged tissues [64]. Recent evidence has revealed
that MSC-exosomes also have pro-angiogenic properties [60,65] (Table 2).
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Based on proteomic analysis, MSC-exosomes contain various factors that are involved
in angiogenesis, such as platelet-derived growth factor (PDGF), fibroblast growth factor
(FGF), epidermal growth factor (EGF) and proteins associated with NF-κB activation [61].
PDGF, FGF and EGF function as common factors in mediating angiogenesis [77], and the
role of proteins associated with NF-κB activation in mediating angiogenesis should be
addressed. To our knowledge, NF-κB activation is conventionally associated with induc-
ing pro-inflammatory responses. Nonetheless, intriguingly, blocking NF-κB activation
abrogated tube formation by endothelial cells in vitro [61]. Consistent with this finding,
exosomes from bone marrow MSCs were found to activate STAT3 signaling cascades in
target cells, thus upregulating expression of genes encoding HGF, insulin-like growth
factor-1 (IGF1), nerve growth factor (NGF) and SDF-1 [63]. Similarly, several other studies
have revealed the mechanisms by which MSC-exosomes induce angiogenesis. For exam-
ple, exosomes from umbilical cord MSCs reportedly activate Wnt/β-catenin to increase
angiogenesis [75], but those from bone marrow MSCs promote angiogenesis by activating
the HIF-1α/VEGF axis in target cells [73]. Furthermore, bone marrow MSCs increase the
survival of pulmonary endothelial cells via exosomal miRNA-21-5p, which targets the an-
tioncogenes PDCD4 and PTEN in a mouse model of ischemia/reperfusion [78]. In addition,
placental MSC-exosomes are capable of upregulating expression of genes encoding Ang2
and Tie2 by endothelial cells [60]. The details of the angiogenic features of MSC-exosomes
are provided in Table 2 and Figure 2.

Similar to their immunomodulatory features, the pro-angiogenic potency of MSC-
exosomes can be impacted by foreign stimuli [55,69]. For example, it was found that
MSCs conditioned with PDGF showed increased production of exosomes containing
angiogenic molecules, such as c-kit and stem cell factor [55]. However, preconditioning
MSCs with pro-inflammatory cytokines, such as TNF-α and IL-6, increased the exosomal
cargo content of miRNA-196a-5p and miRNA-17-5p, inactivating the PI3K-AKT, MAPK
and VEGF-related pathways and impairing angiogenesis [79]. In addition to such bioactive
substances, environmental factors impact the proangiogenic properties of MSC-exosomes.
In fact, exposure of MSCs to blue light resulted in the increased content of miRNA-135b-
5p and miRNA-499a-3p as exosomal cargo, which promoted angiogenesis in vitro by
repressing myocyte enhancer factor 2C (MEF2C) [66]. Consistent with this finding, hypoxia
enhanced the cargo content of miRNA-126 in MSC-exosomes. In this context, miRNA-
126 was able to stimulate SPRED1/Ras/Erk/HIF-1α, thus increasing angiogenesis in
injured tissues [38]. More intriguingly, HIF-1α was found to upregulate expression of the
gene encoding RAB22A, which participates in vesicle formation in cells [80]. This event
partially illustrates why HIF-1α-overexpressing MSCs can increase their production of
exosomes [38]. Functionally, exosomes from cells such MSCs promote angiogenesis by
activating the Jagged-1/Notch signaling pathway [55]. As the pro-angiogenic potency of
MSC-exosomes can be improved by using the above methods, we can purposely generate
them and utilize them to treat ischemic diseases (Table 2).
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Figure 2. MSC-exosomes are capable of protecting against radiation-induced damage to hematopoietic and nonhematopoi-
etic systems. In hematopoietic reconstruction post irradiation, MSC-exosomes enhance hematopoietic cell survival and
proliferation by carrying functional molecules, such as the pro-regeneration miRNAs miRNA221, miRNA451 and miRNA654,
the anti-apoptosis-related miRNAs miRNA210, miRNA106b and miRNA155, the hematopoiesis-related cytokines G-CSF
and IL-8, and the hematopoiesis-related growth factor VEGF. In addition, MSC-exosomes can protect irradiated bone
marrow MSCs from radiation-induced DNA and oxidative stress damage by activating the Wnt/β-catenin signaling
pathway. With regard to the non-hematopoietic system, MSC-exosomes reduce apoptosis of skin epidermal, lung alveolar
epithelium and intestinal epithelium cells, as MSC-exosomal miRNAs likely mediate repair of DNA double-strand breaks
in damaged cells. Oxidative stress reaction and DNA damage are the major processes in radiation damage. MSC-exosomes
can overcome these crucial events effectively, and have potential to suppress the development of acute and chronic radiation
damage from several aspects. MSC-exosomes also facilitate vascular endothelium proliferation owing to their bioactive
cargo molecules, such as PDGF, FGF and EGF.

3.3. Epithelial Recovery

Apart from their effects on immunomodulation and angiogenesis, a growing body of
evidence has revealed the therapeutic effects of MSC-exosomes on epithelial injuries. In
summary, MSC-exosomes increase the proliferation and survival of epithelial cells.

MSC-exosomes accelerate epithelial recovery in wounded tissues via their miRNA
cargo. By using different disease models, recent studies have reported some specific roles
of MSC-exosomal miRNAs in mediating epithelial recovery, such as that of miRNA-135a in
increasing epithelial cell migration by suppressing expression of the gene encoding LATS2
during cutaneous wound healing [81] and that of miRNA-126 in activating the PI3K-AKT
and MAPK pathways during cutaneous healing in a rat model of diabetes [82]. Moreover,
exosomes may carry specific cargo such as foreign miRNA products. For example, in
a study of MSCs genetically modified to overexpress a variety of miRNAs, including
miRNA-100, miRNA-146a, miRNA-21, miRNA221 and miRNA-143, it was found that these
exosomes enhance DNA synthesis, thus promoting the proliferation of vaginal epithelial
cells [83]. In an acute lung injury model, exosomes from miRNA-30b-3p-overexpressing
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MSCs protected type II alveolar epithelial cells against apoptosis by downregulating serum
amyloid A3 (SAA3) [36].

In fact, increasing cell proliferation and survival by activating PI3K/Akt and MAPK
are typical effects of both MSCs and their exosomes. Other effects of MSC-exosomes during
epithelial recovery should be mentioned, including antioxidation. To our knowledge,
oxidation is a harmful occurrence that impairs cell survival. In a renal injury model, MSC-
exosomes inhibited apoptosis in tubular epithelial cells by reducing the level of reactive
oxygen species (ROS) [84]. As documented, mitochondrial dysfunction is an important
biological event that is closely associated with lung disease pathogenesis and/or progres-
sion [85]. Mechanistically, MSC-exosomes improve the mitochondrial function of lung
epithelial cells by targeting division/fusion-related genes such as rhot1, mfn1 and opa1 [86].
Simultaneously, exosomes have been shown to carry functional mitochondria and promote
mitochondrial transfer events [87], further demonstrating that MSC-exosomes have the
potential to alleviate mitochondrial damage and control the progression of tissue damage.

MSC-exosomes also inhibit the epithelial-mesenchymal transition (EMT) [88–90],
which is critical in inducing tissue fibrosis, resulting in pathological rather than functional
restoration of damaged tissue. Although the underlying mechanisms by which MSC-
exosomes restrict fibrotic development are not clear, MSC-exosomes inhibit activation of
the TGF-β1/Smad pathway [91] while enhancing expression of zona occludens protein-
1 in epithelial cells, which is related to cellular tight junctions [92]. Therefore, MSC-
exosomes at least reduce epithelial depletion due to transformation, thereby maintaining
the integrity of the epithelium and suppressing tissue fibrosis. Collectively, MSC-exosomes
promote epithelial recovery by facilitating regeneration, inhibiting apoptosis and reducing
EMT depletion.

4. Role of MSC-Exosomes in Repairing Radiation Damage

Despite the use of advanced treatment techniques, radiation damage is common and
often unavoidable in cancer patients during or after receiving radiotherapy. The actions of
ionizing radiation on biological molecules can be segmented into direct and indirect effects.
DNA damage in cells can be induced by the direct effects of ionizing radiation, and it can
also be caused by the oxidative stress reaction mediated by reactive oxygen species (ROS)
generated by indirect effects. Ionizing irradiation-induced DNA double-strand breaks,
oxidative stress, vascular damage, and subsequent inflammation are typical events in the
acute phase of the pathogenesis of radiation damage, and if these events are not well
managed, fibrosis occurs as a pathogenic feature in the chronic phase [55].The potential
use of MSCs in repairing radiation-induced acute damage in the hematopoietic system,
liver, lung, gastrointestinal tract, or skin has been explored [88,93–95], and the results
indicate that MSCs have several therapeutic features including increased proliferation and
survival of tissue/organ-specific stem/progenitor cells, the promotion of angiogenesis,
anti-inflammation and oxidation, and the reduction of fibrotic pathogenesis [96]. The above
findings indicate that MSC-exosomes have similar potencies to those of MSCs in repairing
tissue or organ damage due to disease. Moreover, recent advances have demonstrated the
repair of radiation damage by MSC-exosomes. In the following sections, we elaborate on
the therapeutic effects of MSC-exosomes on radiation damage in the hematopoietic system
and nonhematopoietic system (Figure 2).

Hematopoietic cells are sensitive to radiation exposure, which can lead to bone marrow
failure. Several studies have shown that MSC-exosomes are capable of repairing radiation-
induced hematopoietic system injury, but the exact mechanism is unclear. A few studies
have suggested that the following processes may contribute to the relevant mechanism.
(i) MSC-exosomes can transfer miRNAs with pro-regenerative or anti-apoptotic effects
to irradiated hematopoietic cells. For example, intravenous delivery of human bone
marrow MSC-derived extracellular vesicles (MSC-EVs, mainly comprising exosomes and
microvesicles) swiftly normalized the counts of peripheral blood cells in mice that received
whole-body irradiation because their cargo content, including miRNA-221, miRNA-451
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and miRNA-654-3p, promoted the proliferation of irradiated marrow cells and miRNA210-
5p, miRNA106b-3p and miRNA155-5p prevented radiation-induced hematopoietic cell
apoptosis [17]. (ii) MSC-exosomes can restore hematopoiesis by stimulating secretion of
hematopoiesis-related cytokines. A previous study has suggested that human placental
MSCs rescue radiation-induced hematopoiesis in mice by secreting human hematopoiesis-
related cytokines, including G-CSF, MCP-1, IL-6 and IL-8 [16], and this effect can be
observed with MSC-exosomes as well [18]. In fact, the data from a recent study show that
MSC-exosomes are capable of inducing production of high levels of hematopoiesis-related
cytokines such as G-CSF, IL-6, IL-8 and VEGF by macrophages in vitro [18]. (iii) MSC-
exosomes have several other features that cause the remodeling of hematopoietic cells. For
example, incubation with MSC-exosomes enhances the activity of macrophages, which are
regarded as the key regulators of demand-adapted hematopoiesis [89]. MSC-exosomes
are also able to directly restore irradiated bone marrow MSCs, which are considered to be
potent contributors to hematopoiesis. One critical mechanisms involves the alleviation of
DNA damage and oxidative stress via Wnt/β-catenin signaling pathway activation [90].

In addition to remodeling the hematopoietic system, MSC-exosomes are capable of
protecting the skin, gastrointestinal system, respiratory system and other systems against
radiation damage. At the micro level, radiation damage is essentially attributed to the
large number of oxygen free radicals generated by ionizing radiation, which subsequently
result in DNA double-strand breaks. Previous studies have reported that MSCs play a
key role in alleviating DNA damage and oxidative stress damage [97]. MSC-exosomes,
the functional role of which depend on their cargo derived from cells of origin, exert
similar remodeling effects [98–100]. For example, in an oxidative stress-induced skin in-
jury model, MSC-exosome treatment decreased ROS generation and subsequent DNA
damage and improved the antioxidant capacities of damaged cells through NRF2 signal-
ing [100]. Other studies have found that after MSC-exosome treatment in an ischemic
renal disease model, damaged renal cells showed reduced oxidative stress marker (MDA)
levels, increased anti-oxidant marker (SOD and CAT) levels, and significantly reduced
DNA damage parameters [98]. However, the underlying molecular mechanism is poorly
understood. Notably, studies have shown that some miRNAs that are contained in MSC-
exosomes such as miRNA210 are able to repair DNA double-strand breaks [17,19], which
suggests that exosomes may exert remodeling functions in a noncoding RNA-mediated
epigenetic manner. This may explain the decrease in the apoptosis of skin epidermal cells,
lung alveolar epithelium, intestinal epithelium and various parenchymal cells after MSC-
exosome exposure [60,101–103]. Such noncoding RNA cargo may affect nonhomologous
end-joining (NHEJ), which is common and essential in mammalian cell DSB repair [104].
Current evidence suggests that MSC-exosomes treatment is beneficial for the repair of
oxidative stress-induced damage [22,105,106], although the exact functional components
remain to be revealed. In addition, it has been found that intravenously injected MSC-EVs
(including exosomes) are highly distributed in parenchymal organs such as the liver and
spleen in a whole-body irradiation mouse model [105]. This may provide the context
for the development of cures for radiation-induced parenchymal organ injury. Microvas-
cular endothelial apoptosis has been recognized as the primary process that initiates
radiation-induced injury [106]. Studies have found that local MSC-exosome treatment can
facilitate the proliferation of vascular endothelial cells by activating the Wnt4/β-catenin
pathway [75,103]. MSC-exosomes also have the potential to cure radiation-induced injury
partly due to their potent pro-angiogenic factor cargo such as PDGF, FGF and EGF [61],
which induce endothelial proliferation and differentiation in vitro and neovascularization
in vivo [107,108].

On the other hand, exosomal targeting of cells is mediated by members of the integrin
and tetraspanin families or other associated molecules based on their expression [109,110].
An experimental study demonstrated that radiation contributes to increased formation
of the integrin and tetraspanin complex CD29/CD81 on the cell surface, thus enhancing
uptake of exosomes by irradiated cells [15]. This further illustrates the potential use of
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MSC-exosomes in the treatment of radiation damage. In general, the repair effect of MSC-
exosomes on radiation damage in multiple systems is partly attributed to their bioactive
cargo, which predominately consists of noncoding RNAs and functional proteins. These
molecules influence the expression of target genes associated with radiation-induced
damage or tissue regeneration due to epigenetic regulation. Overall, more experimental
studies are required to further explore the molecular mechanisms involved.

5. MSC-Exosomes in Repairing Radiation Damage: Perspective and Challenges

With regard to radiation-induced damage, it has been revealed that MSCs play a
crucial role in tissue damage treatment and prevention. Moreover, the superior prop-
erties and improved safety of MSC-exosomes make them novel candidates for curing
radiation-induced damage. They exert therapeutic effects mainly by facilitating angio-
genesis, promoting cellular regeneration, and probably by enhancing the repair function
through immunomodulatory effects. More importantly, there are several methods that can
be used to enhance the efficacy of remodeling damaged tissue. On the one hand, exosomes
secreted by MSCs with genetic modifications are a promising alternative treatment, such as
exosomes derived from SDF1-overexpressing MSCs for microvascular regeneration [111].
On the other hand, MSCs can be pretreated in vitro before exosomes are collected, such
as with hypoxia-treated MSC-exosomes in ischemia-related disease [55]. Last, but equally
important, the tropism of exosomes can be improved by increasing expression of spe-
cific receptors on the surface of the original MSCs. Current studies on the treatment of
radiation-induced damage by MSC-exosomes are mostly based on the acute phase, whereas
little work has been performed on the treatment of chronic radiation-induced damage
by MSC-exosomes. Notably, evidence suggests that MSC-exosomes reverse EMT of en-
dometrial epithelial cells via the TGF-β1/Smad pathway [91] and of tubular epithelial cells
via enhanced tight junctions [92]. In general, sustained EMT is a critical mechanism that
underlies the fibrotic pathology of tissue [112]. Thus, it can be reasonably inferred that
MSC-exosome treatment has potential for preventing tissue fibrosis in the chronic phase of
tissue damage. Therefore, despite limited evidence of the repair role of MSC-exosomes in
chronic radiation-induced damage, it is important that researchers make further efforts to
explore their therapeutic and underlying potential in chronic radiation-induced damage.
This will provide a new context for the future application of MSC-exosomes to treating
chronic radiation damage (Figure 2).

In fact, there are several deficiencies with regard to managing diseases by using
MSC-exosomes. (i) One concern is the challenges due to the instability of contents of
exosomes. For example, studies have shown that the amount of exosomal miRNA cargo
is influenced by the irradiation dose and pH value of the culture medium [113,114]. The
precise experimental conditions for exosomes are more difficult to control compared to
MSCs. (ii) Another concern is the lack of a uniform standard for the purification and
quantification of exosomes from conditioned media. Overall, it is difficult to determine the
equivalent dose of exosomes in dose-dependent experimental studies, which may lead to
different conclusions as results can be affected by exosome content and impurities. There-
fore, it is appropriate to find an ideal method for constructing a precise equivalent dose
of exosomes for experimental purpose. Although the effects of MSC-exosomes in various
disease models have been clearly shown, the exact components and mechanisms of therapy
are not entirely clear. miRNAs and functional proteins may play major roles, yet the role of
MSC-exosomes in tumor growth and metastasis remains controversial. Previous studies
have shown that MSC-exosomes can promote tumor growth in vivo [115], but a recent
study revealed that MSC-exosomes enhance radiotherapy-induced tumor cell death in
primary and metastatic tumor foci through synergistic and bystander effects [116]. Urgent
issues for cancer patients receiving radiotherapy include the adjuvant antitumor effect and
resistance to radiation damage. There is a great need for researchers to elaborate on the
role of MSC-exosomes in regenerative medicine for the treatment of radiation damage.
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6. Conclusions

MSC-exosomes show potential for repairing radiation damage. Current data reveal
that MSC-exosomes have therapeutic potential due to their anti-inflammatory effects and
promotion of angiogenesis and epithelial survival, which are crucial biological processes
in the remodeling of radiation damage. In addition, the immunomodulatory effects of
MSC-exosomes probably enhance their tissue repair function. Overall, MSC-exosomes
have good prospects for the treatment of radiation injury and this may inspire future
research in this field.
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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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Figure 1. Illustration of radiation cystitis (RC) and clinical management adapted with “Modeling and treatment of radiation
cystitis [7], development of RC after radiotherapy (A), in the acute phase (infiltration of immune cells into the lamina propria
(LP) and depletion of the urothelium (UE)), in latent phase (proliferation of fibroblasts with hematuria, dilation of vessels,
bleeding, decrease in the detrusor muscle layer (D) and production of collagen in LP and extracellular matrix(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 evacuation 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 Recurrent 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 salt: 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.,INFγ) 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-κB (p65/p50), PI3K/Akt2, JAK/STAT1, and HIF1αfavor the M1 phenotype; while
on the other hand pathways such as PI3K/Akt1, JAK/STAT3/6, TGF-β/SMAD, TLR/NF-
κB (p50/p50) and HIF2α 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-β1 [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, TGFβ 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-β-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-β1 [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-β signaling, while miR-21 degrades the TGF-β 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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6. Preclinical Studies of Radiation Cystitis and Cell Therapy: A New Therapeutic
Avenue
6.1. Preclinical Studies of Radiation-Induced Cystitis

Animal models of radiation cystitis are preferably performed in rodents. As illus-
trated in Table 1, the radiation exposure is mostly delivered as a single 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 κB (NF-κB) signaling cascade directly or via induction of double-strand breaks
and oxidative stress [77]. The NF-κB pathway is a link to the immune system in radiation re-
sponse [78]. Thalidomide, an immunosuppressive drug thatinterferes with the activation of
NF-κB, 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-κB 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 × 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.

Animals
Method of Radiation

Cystitis Induction

Treatments

Effect(s) ReferencesAdministration
Type

Time
Post-Radiation
Exposure (PE)

Adult female
Sprague–
Dawley

rats

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

20 sessions of
HBOT over a

fortnight
14 days PE

Reduction of oxidative
stress and

proinflammatory factors

Oscarsson N
et al., 2017

Adult female
Sprague–
Dawley

rats

SARRP, singledose 40
Gy

6–8 weeks PE:
histological tissue

damage to the bladder

Liposomal
tacrolimus
instillation

6 weeks PE
Increase in

inter-micturition
intervals

Rajaganapathy
BR et al., 2015

Adult female
Lewis rats

A single 20 Gy dose of
using a cesium

isotope-based irradiator.

Injection into the
bladder wall of a

solution containing
VEGF +/−

endothelial cells

30 days PE
Revascularization of
radiation-damaged

urinary bladders

Soler R et al.,
2011

Female
BALB/c mice

Single 10 Gy dose by
Siemens Stabilipan X-ray

to the whole lung,
Thickened alveolar
septa, reflective of

pneumonitis at 18 weeks
PE

Isoflavone mixture
gavage

Before and
after radiation

exposure

M1 subtype switched to
an anti-inflammatory

M2 subtype with
increased levels of Arg-1

and decreased NOS2

Abernathy LM
et al., 2015

Female
C57BL/6J mice

Single 18 Gy dose by
linear accelerator (21EX

3153 VARIAN) to the
whole lung

Interstitial edema and
fibrosis sections at 16

weeks PE,

Oral
clarithromycin

Before and
after radiation
exposure, and

continuing
until the day of

sacrifice

Inhibition of fibrosis
scoring, influx of
macrophages and
interstitial edema

Lee SJ et al.,
2015

C57BL/6
female mice

5 × 6 Gy thoracic
irradiation by X-RAD

320,
Macrophage

accumulation in the
irradiated lung at 10

weeks PE

Purified murine
anti-IL-13 IgG
antibody by

intraperitoneal (ip)
injection

Weekly ip
injection over 8
weeks, starting

3 weeksPE

Inhibition of recruitment
and polarization of

alternatively activated
YM-1 positive
macrophages

Chung SI et al.,
2016

Adult male
Wistar rats

60 Co source
Single dose Gy 15 to the

whole lung

- Mild fibrosis at 17
weeks PE

- 1 mL of
melatonin
solution
(100 mg/kg)

-
Intraperitoneal
injection

30 min before
irradiation

Increased levels of IL-4,
DuoX1, Duox-2 and

decreased lymphocyte
and macrophage

infiltration

Aliasgharzadeh
A et al., 2019

Sprague-
Dawley

rats

Single 27 Gy dose by 60

Co irradiator inthe
colorectal region,

Anastomosis in the
colon at 4 weeks PE

Iterative IV
infusion

5 × 10 adipose-
MSCs/infusion

3 weeks PE

The proportion of
anti-inflammatory M2

macrophages grew,
favoring the M2
phenotype and

promoting wound
healing

Van de Putte D
et al., 2017
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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-β1, 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-β3 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-κB 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-α, TNFR1, TNFR2, TGF-β1, CTGF and type I collagen, and inhibits both the
increased acetylation of NF-κB 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-β expression, suggesting
that sustained IL-13 or TGF-β 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-β, 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 versión 5.0. Evaluación de la gravedad de los eventos
adversos dermatológicos de las terapias antineoplásicas. Actas Dermo-Sifiliográficas 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]

107



Cells 2021, 10, 21

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. Mićić, 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.; Mölne, J.; Giglio, D.; Hjelle, K.M.; Vaagbø, 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 Urológicas Españolas (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]
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Abstract: The majority of cancer patients will be treated with radiotherapy, either alone or together with
chemotherapy and/or surgery. Optimising the balance between tumour control and the probability
of normal tissue side effects is the primary goal of radiation treatment. Therefore, it is imperative to
understand the effects that irradiation will have on both normal and cancer tissue. The more classical
lab models of immortal cell lines and in vivo animal models have been fundamental to radiobiological
studies to date. However, each of these comes with their own limitations and new complementary
models are required to fill the gaps left by these traditional models. In this review, we discuss how
organoids, three-dimensional tissue-resembling structures derived from tissue-resident, embryonic
or induced pluripotent stem cells, overcome the limitations of these models and thus have a growing
importance in the field of radiation biology research. The roles of organoids in understanding
radiation-induced tissue responses and in moving towards precision medicine are examined. Finally,
the limitations of organoids in radiobiology and the steps being made to overcome these limitations
are considered.

Keywords: Radiation; radiobiology; stem/progenitor cells; organoids

1. Introduction—Optimising the Therapeutic Window of Radiation Treatment

With an ever-aging population the number of people diagnosed with cancer is constantly
growing [1]. Therefore, there is an even greater onus on the need to develop both current and
new methods to enhance the efficacy of cancer treatments. Traditional cancer treatments, such as
radiotherapy, chemotherapy and surgery, are still the most common modalities, but newer treatments
such as immunotherapy are becoming more and more prevalent. Radiotherapy (either alone or in
combination with surgery and/or chemotherapy) is used to treat over half of all cancer patients, with a
curative intent in the majority of these cases [2,3]. Furthermore, the number of patients undergoing
radiotherapy is predicted to increase even further due to an aging and growing population, as well as
rapid technological advances in radiotherapy delivery practices [4]. The primary goal of radiotherapy,
as with all other forms of cancer treatment, is to maximise the therapeutic window. The therapeutic
window describes the balance between the probability of increasing tumour cell kill while minimising
the probability of normal tissue complications. This can be achieved by using drugs which target the
intrinsic vulnerabilities of a tumour to make it more susceptible than healthy tissue, or alternatively
by physically targeting the tumour with greater accuracy and minimising the co-irradiated normal
healthy tissue (Figure 1).
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Figure 1. Optimising the therapeutic window of radiotherapy. The therapeutic window describes the 
balance between the probability of tumour control (blue line) and normal tissue complications (yellow 
line). There are three main rationales behind broadening the therapeutic window in radiation 
treatment: (1) Increasing tumour sensitivity using radiosensitisers, reducing the dose required for 
tumour kill (blue line shifts to the left), (2) protecting normal tissue using radioprotectors or 
mitigators, thus increasing the tolerable dose of normal tissue (shifting the yellow line to the right) or 
(3) high precision dose delivery which can reduce the volume of co-irradiated normal tissue 
(effectively shifting the yellow line to the right) while in the case of charged particles an increased 
relative biological effectiveness reduces the dose required for tumour control. Abbreviations: PARP; 
poly-ADP ribose polymerase, ATM; ataxia telangiectasia mutated, TGF-β; transforming growth factor 
beta, IMRT; intensity-modulated radiation therapy, SBRT; stereotactic body radiation therapy, MRI; 
magnetic resonance imaging. Created with BioRender.com. 

The development of high precision means of dose delivery, such as intensity modulated 
radiation therapy [5], stereotactic radiation therapy [6] and charged particle radiotherapy [7], have 
allowed for substantial reductions in co-irradiated normal tissue during therapy. These strategies 
enable better sparing of crucial organs [8] or sub-regions [9] within organs during treatment or dose 
escalation to the tumour. Furthermore, real-time advanced imaging, such as magnetic resonance 
imaging (MRI), during radiation therapy has been suggested as a means to further optimise the 
delivery of radiation to the target tumour with an increased sparing of the surrounding healthy 
tissue. Initial in vitro studies showed no changes in survival in response to X-rays when a magnetic 
field of 1.5 T was applied [10]. Indeed, combining X-ray therapy with MRI-guidance has been 
successfully applied in clinical practice to increase the accuracy of dose delivery and thus spare a 
greater proportion of healthy tissue [11]. Particle therapies, such as proton therapies, can modulate 
the dose to encompass the whole tumour in a so-called “spread-out Bragg peak” with a minimised 
entrance dose and negligible exit dose, sparing healthy tissue [12,13]. Furthermore, MRI-guided 
proton therapy has also been proposed [14,15] and early in vitro findings suggest that a magnetic 
field perpendicular to the radiation beam has no effect on the radiobiological effectiveness of the dose 
[16], while a magnetic field longitudinal to the beam slightly changes the effectiveness [17], 
emphasising the potential of such advances in a clinical setting. Further advances in radiation 

Figure 1. Optimising the therapeutic window of radiotherapy. The therapeutic window describes
the balance between the probability of tumour control (blue line) and normal tissue complications
(yellow line). There are three main rationales behind broadening the therapeutic window in radiation
treatment: (1) Increasing tumour sensitivity using radiosensitisers, reducing the dose required for
tumour kill (blue line shifts to the left), (2) protecting normal tissue using radioprotectors or mitigators,
thus increasing the tolerable dose of normal tissue (shifting the yellow line to the right) or (3) high
precision dose delivery which can reduce the volume of co-irradiated normal tissue (effectively shifting
the yellow line to the right) while in the case of charged particles an increased relative biological
effectiveness reduces the dose required for tumour control. Abbreviations: PARP; poly-ADP ribose
polymerase, ATM; ataxia telangiectasia mutated, TGF-β; transforming growth factor beta, IMRT;
intensity-modulated radiation therapy, SBRT; stereotactic body radiation therapy, MRI; magnetic
resonance imaging. Created with BioRender.com.

The development of high precision means of dose delivery, such as intensity modulated radiation
therapy [5], stereotactic radiation therapy [6] and charged particle radiotherapy [7], have allowed for
substantial reductions in co-irradiated normal tissue during therapy. These strategies enable better
sparing of crucial organs [8] or sub-regions [9] within organs during treatment or dose escalation to
the tumour. Furthermore, real-time advanced imaging, such as magnetic resonance imaging (MRI),
during radiation therapy has been suggested as a means to further optimise the delivery of radiation to
the target tumour with an increased sparing of the surrounding healthy tissue. Initial in vitro studies
showed no changes in survival in response to X-rays when a magnetic field of 1.5 T was applied [10].
Indeed, combining X-ray therapy with MRI-guidance has been successfully applied in clinical practice
to increase the accuracy of dose delivery and thus spare a greater proportion of healthy tissue [11].
Particle therapies, such as proton therapies, can modulate the dose to encompass the whole tumour in
a so-called “spread-out Bragg peak” with a minimised entrance dose and negligible exit dose, sparing
healthy tissue [12,13]. Furthermore, MRI-guided proton therapy has also been proposed [14,15] and
early in vitro findings suggest that a magnetic field perpendicular to the radiation beam has no effect
on the radiobiological effectiveness of the dose [16], while a magnetic field longitudinal to the beam
slightly changes the effectiveness [17], emphasising the potential of such advances in a clinical setting.
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Further advances in radiation delivery include FLASH radiotherapy, which delivers ultra-high dose
rates of ionising radiation which are believed to reduce normal tissue complications compared to
conventional dose rates [18], although the therapeutic window of FLASH therapy still needs to be
addressed [19].

All of these technological advances in the field of radiation beam delivery have significantly
reduced the amount of co-irradiated healthy tissue during radiation treatment; however, none of these
developments can completely eliminate dose to the surrounding tissue. Therefore, it is still necessary
to develop in vivo and in vitro models to improve understanding of the mechanisms involved to better
protect and/or regenerate normal tissue or to target intrinsic vulnerabilities of a tumour to enhance
radiotherapy efficacy. These models should also take the therapeutic window into account as there
is often an overlap between these mechanisms in both normal tissue and tumours, a feature which
is regretfully often overlooked. Here we discuss one such in vitro model which could potentially
allow the comparison of normal tissue and tumour responses at a patient-specific level, organoids,
and the ever-growing role it has in radiobiological studies. We examine the strength of organoids in
mechanistic studies in both normal and diseased tissue, but also examine the prospects of organoids in
a more personalised medicine approach for patients. Finally, we discuss (potential) developments
within the field of organoid research that could further benefit the radiobiology world.

2. The Need for New Models in Radiobiology

Since the beginning of the use of radiation treatment for cancer, radiobiology has made use of
many different models to understand the molecular pathways triggered by radiation and to determine
the consequences of radiation at a cellular, organ and system level in order to maximise the therapeutic
window (Figure 2). Traditional cell cultures have been fundamental to radiobiology research, with many
different techniques and findings crucial to other fields of biology, such as the development of the
clonogenic survival assay [20,21]. Moreover, cell lines are highly amenable to high throughput drug
screens, which in the field of radiobiology facilitates the efficient screening of large panels of potential
radiosensitising agents over a radiation dose range [22]. However, cell lines cultured in two dimensions
lack many features that are crucial to the overall response and survival of organisms following
irradiation, such as cellular heterogeneity, cell–matrix interactions, “real” cell–cell interactions, a correct
morphology and polarity, and functional relevance such as cytokine secretion [23,24]. Therefore,
while they are invaluable, findings in cell lines often overstate findings, such as survival, compared
to in vivo [25,26] and must therefore be treated with caution when translating to a more clinical
patient setting.

Another model which has always been considered as a cornerstone for radiobiological research
are in vivo animal models. Obviously animal models overcome many of the limitations of cell lines
mentioned earlier, but they come with their own drawbacks, such as translatability to human settings,
they are time consuming and expensive. Animal models are the most complete model available to
researchers with the complete diversity of cell types and molecular interactions on an organismal level,
as opposed to being constricted simply to a single cell type of a particular tissue when working with cell
lines. Animal models are amenable to genetic manipulation and genetically modified animals offer the
opportunity to study the impact of disease specific mutations, which in radiobiology allows researchers
to study the effects on radio-resistance or -sensitivity of particular cancer associated mutations, such as
p53 [27,28] or Atm [29,30]. Furthermore, in vitro and in silico findings should always be confirmed
in vivo as the final step prior to human translation, and therefore animal models will remain crucial to
biomedical and radiobiological research. However, with an increasing growing pressure on researchers
to limit (or even eradicate) the use of animals in research [31], it is necessary to find and implement
alternative models in the search for treatments to a wide variety of diseases, not just cancer.

115



Cells 2020, 9, 2649

Cells 2020, 9, x FOR PEER REVIEW 3 of 20 

 

delivery include FLASH radiotherapy, which delivers ultra-high dose rates of ionising radiation 
which are believed to reduce normal tissue complications compared to conventional dose rates [18], 
although the therapeutic window of FLASH therapy still needs to be addressed [19]. 

All of these technological advances in the field of radiation beam delivery have significantly 
reduced the amount of co-irradiated healthy tissue during radiation treatment; however, none of 
these developments can completely eliminate dose to the surrounding tissue. Therefore, it is still 
necessary to develop in vivo and in vitro models to improve understanding of the mechanisms 
involved to better protect and/or regenerate normal tissue or to target intrinsic vulnerabilities of a 
tumour to enhance radiotherapy efficacy. These models should also take the therapeutic window into 
account as there is often an overlap between these mechanisms in both normal tissue and tumours, a 
feature which is regretfully often overlooked. Here we discuss one such in vitro model which could 
potentially allow the comparison of normal tissue and tumour responses at a patient-specific level, 
organoids, and the ever-growing role it has in radiobiological studies. We examine the strength of 
organoids in mechanistic studies in both normal and diseased tissue, but also examine the prospects 
of organoids in a more personalised medicine approach for patients. Finally, we discuss (potential) 
developments within the field of organoid research that could further benefit the radiobiology world. 

2. The Need for New Models in Radiobiology 

Since the beginning of the use of radiation treatment for cancer, radiobiology has made use of 
many different models to understand the molecular pathways triggered by radiation and to 
determine the consequences of radiation at a cellular, organ and system level in order to maximise 
the therapeutic window (Figure 2). Traditional cell cultures have been fundamental to radiobiology 
research, with many different techniques and findings crucial to other fields of biology, such as the 
development of the clonogenic survival assay [20,21]. Moreover, cell lines are highly amenable to 
high throughput drug screens, which in the field of radiobiology facilitates the efficient screening of 
large panels of potential radiosensitising agents over a radiation dose range [22]. However, cell lines 
cultured in two dimensions lack many features that are crucial to the overall response and survival 
of organisms following irradiation, such as cellular heterogeneity, cell–matrix interactions, “real” 
cell–cell interactions, a correct morphology and polarity, and functional relevance such as cytokine 
secretion [23,24]. Therefore, while they are invaluable, findings in cell lines often overstate findings, 
such as survival, compared to in vivo [25,26] and must therefore be treated with caution when 
translating to a more clinical patient setting. 

 
Figure 2. Laboratory models used in radiation biology. A comparison between the main
laboratory-based models used in radiobiological studies highlighting the pros and cons of each
model. Created with BioRender.com.

Organoids, three-dimensional in vitro structures derived from induced pluripotent stem cells,
embryonic stem cells or tissue specific resident stem/progenitor cells [32,33], offer a “steppingstone”
between more traditional in vitro cell lines and in vivo animal models. Organoids are self-assembling
structures which resemble the tissue of origin [32–34]. They contain multiple cell types [32], overcoming
the lack of cellular diversity of cell lines, although vasculature and endothelial cells are generally absent
from these cultures. Distinct nomenclature has been proposed in some fields to distinguish between
different 3D in vitro cultures, such as the suggested nomenclature differences between “enteroids”,
“colonoids” and “organoids” in the gastrointestinal field [35]. Furthermore, the term “tumouroids” is
frequently used for tumour-derived organoids (or tumour-like organoids). Therefore, it should be
noted that here we use the term “organoids” to encompass all self-organising 3D cellular structures
derived from embryonic stem cells, induced pluripotent stem cells or tissue-resident stem/progenitor
cells which contain multiple different cell types found within the tissue of origin. This is based on the
definitions proposed by Lancaster and Knoblich (2014) [32] and Clevers (2016) [33].

As they are cultured in three dimensions, the cellular interactions and morphology become
more “realistic” allowing for endpoint readouts which more closely resemble clinical observations.
Furthermore, many organoid cultures have been shown to secrete functional enzymes under the right
conditions [36], while transplantation of cultured organoids into murine models has been shown to
rescue injured phenotypes [37]. Following radiation treatment, normal tissue stem cells are crucial
to tissue regeneration. Conversely, cancer stem cells have increased radioresistance, repopulate
tumours and are more prone to metastasize [38]. Therefore, it is important to be able to assess stem
cell responses and the dynamics of those responses within the cellular heterogeneity (consisting
of stem cells, progenitors and differentiated cells) of the tissue of origin. As they are derived from
stem/progenitor cells, organoids can be used as a readout for such cells in an environment encompassing
such heterogeneity [26]. Organoids are crucial to the studies of the mechanistic sequalae to irradiation,
but also have an increasing role and potential in a more personalised approach to determining individual
patient treatments. However, when designing experiments using organoids, researchers should always
consider the question on hand when deciding which model (tissue-derived organoids, embryonic stem
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cell-derived or induced pluripotent stem cell-derived) to be used. For example, in cancer studies using
organoids, pluripotent stem cell-derived and CRISPR-edited normal tissue-derived organoids can
mimic germline mutations and thus allow accurate assessment of specific mutations in oncogenesis [39].
However, for treatment response studies, patient-derived organoids may represent a more suitable
model, as they can encompass the true complexity of the disease, such microsatellite and chromosomal
instabilities [40,41].

3. Organoids and Regeneration of Radiation-Induced Damaged Tissue

Since the identification of Lgr5 as a marker for intestinal stem cells [42], one of the most studied and
established organoid models are the gastrointestinal “mini-gut” organoids. Originally established from
mouse small intestinal stem cells [43], organoid “mini-gut” models have subsequently been established
from human stem cells [44], as well as from various different locations along the gastrointestinal tract,
including stomach [45], colon [44] and oesophagus [46]. Furthermore, pluripotent stem cells have been
utilised to successfully generate intestinal [47] and oesophageal [48] organoid cultures. These models
have opened novel avenues of study for intestinal development, cancer progression [49] and other
diseases, such cystic fibrosis [50].

While there have been only a limited number of studies using organoids to investigate
radiation-induced gastrointestinal injury, some recent studies have used organoids to complement
and reinforce important insights from in vivo mouse studies [51–53]. Wang et al. [51] demonstrated
using intestinal crypt organoids that selective inhibition of radiation-induced p53-mediated apoptosis
using CHIR99021, an inhibitor of glycogen synthase kinase-3 (GSK-3), can protect intestinal stem
cells against radiation due to an increased survival of Lgr5+ cells. This was recapitulated in vivo,
indicating a pivotal role for p53 post-translational modifications in intestinal stem cell responses to
irradiation [51]. More recently, using intestinal organoids from mouse jejunum and human colon,
Bhanja et al. [52] revealed the potential of BCN057, an anti-neoplastic small molecular agent, to mitigate
radiation-induced gastrointestinal syndrome in normal tissue. Interestingly, BCN057 did not have
a radiomitigative effect in tumour-derived organoids with these findings again mimicking in vivo
findings. The same group also investigated the potential of repurposing auranofin, an anti-rheumatoid
drug containing gold, as a radioprotective agent against intestinal injury [53]. In both in vivo mice
and ex vivo human colon organoids treatment with auranofin significantly reduced the toxicity of
radiation [53]. Furthermore, Martin et al. [54] recently demonstrated that the profile of the Lgr5+

stem cell population of the large and small intestines following irradiation of organoids could act
as a marker for predicting the sensitivity of these organs to radiation. The authors validated their
approach using organoids with a well-established in vivo microcolony assay which quantifies the
number of regenerating crypts per small intestinal circumference [54,55]. This assay is regarded as a
benchmark assay for establishing the radiosensitivity of intestinal stem cell survival and highlights the
potential of intestinal organoids to predict radiation responses [54]. These studies demonstrate the
strength of “mini-gut” organoids as a model for radiation studies of the gastrointestinal tract and also
the opportunities for radiobiological studies in other organoid systems, particularly in tissues which
lack accurate in vitro models for radiobiological studies.

Radiotherapy is used to treat the majority of head and neck cancer patients, either alone or
in combination with surgery and/or chemotherapy [56]. Frequently, irradiation of head and neck
tumours leads to the unavoidable co-irradiation of salivary glands, with almost half of head and
neck cancer patients subsequently suffering from radiation-induced xerostomia due to hyposalivation.
This drastically impacts on the quality of life of patients due to impaired chewing, swallowing,
speaking and an increased risk of oral infections [57]. In vivo studies using rats have shown that
sparing a region of the salivary gland which contains a high density of tissue specific stem/progenitor
cells has been shown to reduce the effects of salivary gland irradiation [9]. Therapeutic options are
available to stimulate salivary gland flow post-irradiation but are limited in their effectiveness [57].
Therefore, a need for a more long-term strategy for salivary gland regeneration following radiotherapy
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remains [58]. While in vivo animal models have provided a wealth of knowledge as to the mechanisms
behind salivary gland regeneration following injury, including radiation-induced damage [59–64],
there is a limited number of in vitro systems to accurately study salivary glands following irradiation.
Thus there is a growing niche for new models such as organotypic slice cultures [65] and organoids in
the area of salivary gland radiation research.

Recently, our group has established protocols for the isolation and expansion of both murine [66]
and human [67] submandibular salivary gland stem/progenitor cells. Using these protocols, we have
shown that transplantation of enriched murine or human stem/progenitor cell populations improved
functional readouts of irradiated mice salivary glands [37,67,68]. However, this effect may not only
be directly from the expansion of the stem/progenitor cells in the transplanted tissue, but also due to
paracrine effects of the transplanted cells acting on the recipient tissue [67]. Another recent study by
Tanaka et al. has demonstrated the ability to derive salivary gland stem cells from embryonic stem
cells [69]. Upon transplantation into parotid gland-defective mice, the induced salivary gland cells
(transplanted either alone or together with mesenchymal cells) were capable of generating mature
salivary gland tissue. The newly generated tissue was also shown to be functional as demonstrated
by an increased saliva secretion in transplanted mice [69]. Combined, these studies hold significant
preclinical promise for studying the mechanisms behind salivary gland regeneration and amelioration
of salivary gland damage, both irradiation and non-irradiation induced damage [67,69]. However,
the translation of any embryonic stem cell derived treatment [69] to a clinical application is always
likely to be hindered by ethical concerns [70] and safety concerns regarding tumorigenicity [71].

Our models have been successfully utilised to study the survival responses of salivary
gland stem/progenitor cells [26]. The salivary gland stem/progenitor organoids demonstrated a
disproportionate sensitivity to low dose of radiation which was recapitulated in a functional low
dose sensitivity in vivo [72]. While low dose hypersensitivity is not a new phenomenon [73,74],
this was the first study to show the relevance of this phenomenon in stem/progenitor cells, with a
potential clinical relevance. Furthermore, we have recently developed a protocol for the culturing of
parotid salivary gland organoids and demonstrated that parotid gland stem cells display a similar
radiosensitivity as those of submandibular salivary glands [75]. Importantly, as organoids are derived
from stem/progenitor cell populations, they allow for the study of a more stem/progenitor specific
response. As stem/progenitor cells play a prominent role in tissue regeneration following irradiation,
models which allow for the understanding of these cells are crucial to protecting these tissues.

Another tissue in which the use of radiation is highly limited due to radiation-induced toxicity
is the liver. Along with lung, breast, colorectal and pancreatic cancers, liver cancer deaths are one
of the highest of all cancer-related deaths each year [76], while the prognosis is extremely poor
due to limited treatment options [77]. The use of radiation treatment for liver cancer is severely
hindered by the development of radiation-induced liver disease [78], a consequence which can also
impede the utilisation of radiotherapy for other abdominal tumours in proximity to the liver, such as
gastrointestinal cancers [79]. Much of what is known regarding radiation-induced liver disease is
from retrospective clinical studies [79], as current lab models for studying it are limited with in vitro
studies generally limited to cell lines lacking cellular heterogeneity and functionality. The recently
developed models of both mouse [80] and human [81] derived liver organoid cultures from tissue
resident stem cells, as well as pluripotent stem cell-derived liver cultures [82–85], may represent an
ideal model for studying radiation-induced liver disease in the future. These models display cellular,
functional activity and have structural organisation, while they have been successfully utilised to
study genetic liver disorders mimicking the clinical pathology [81] and drug-induced liver injury [86].
Understanding the mechanisms of radiation-induced liver disease may eventually allow for increased
treatment options for liver cancers.
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4. A Platform for Treatment Response Studies; Moving towards Personalised Treatment?

The concept of precision treatments has been of growing interest in many fields of research in
recent years, particularly oncology, as there is a wide variability of patient responses to standard “one
size fits all” treatment regimens. In some cases, genetic factors which can be specifically targeted in
a “personalised” manner are already known, for example non-small cell lung cancer patients with
an activating mutation in tyrosine kinase are particularly sensitive to treatment with tyrosine kinases
inhibitors such as gefitinib [87]. However, for other cancers, such as oesophageal cancers and locally
advanced rectal cancers, there are currently no accurate predictors of patient responses to treatment.
The standard of care for oesophageal cancer consists of neo-adjuvant chemoradiotherapy followed
by surgery, with a complete pathological response observed in approximately a quarter at the time
of surgery but no response in approximately one fifth of patients [88,89]. Similarly, for neoadjuvant
chemoradiotherapy treatment of colorectal cancer while approximately one fifth of patients show a
complete pathological response, almost 40% of patients show no benefit to the treatment [90]. In both
cancers, patients would clearly benefit from more robust pre-treatment predictive models.

Therefore, there has been a concentrated effort in the field of organoids to establish reliable
predictors of colorectal cancer treatment response to both chemotherapy alone [91,92] and neoadjuvant
chemoradiotherapy [93,94]. Van de Wetering et al. [91] established colorectal cancer organoids,
alongside paired healthy tissue, and demonstrated that the organoids recapitulated the genetic
profiles and mutational spectra of the tumours of origin. Furthermore, by performing screening
of 83 compounds, including both clinically used drugs and experimental compounds, the authors
showed that the organoids facilitated the high-content drug screening [91], which could facilitate
precision treatments in the future. Interestingly, a later study by Ooft et al. [92] investigating treatment
response of metastatic colorectal cancer using organoids, was able to predict accuracy of irinotecan
monotherapy and 5-flurouracil/irinotecan dual therapy, with 80% and 83.3% respectively. While greater
accuracy is required to implement predictive models in a clinical setting, these studies show the
developing potential of organoids in precision medicine. Furthermore, in recent years, there has been
an increasing number of studies aimed at identifying and repurposing already available drugs as
radiosensitisers [95–98]. Drugs which can be repurposed offer cheaper and quicker alternatives to
developing new drugs from scratch, while many of the adverse side effects are already known [99].
The possibilities to quickly and accurately screen drugs, as shown in the studies of van de Wetering
et al. [91] and Ooft et al. [92], in cancer organoids will greatly increase the possibilities in precision
medicine and further benefit the search for potentiators of radiation therapy.

Indeed, recent studies by Ganesh et al. [93] and Yao et al. [94] have focussed on rectal cancer
organoids for predicting patient responses to neoadjuvant chemoradiotherapy (Table 1 summarises
the different cancer organoids that have been used in studies of radiation responses). Both studies
further consolidated other evidence that rectal cancer organoids faithfully recapitulate the tumours of
origin, performing histopathological and mutational comparisons between the two [93,94]. Moreover,
Ganesh et al. showed that upon xenotransplantation of the organoids into mice they were found to
metastasise to the same locations as the original tumours. Importantly, upon treating the organoids with
chemotherapeutic drugs (such as 5-Flurouracil and oxaliplatin) heterogeneous treatment responses
correlated with the clinical progression-free survival of patients. Interestingly, organoids which
displayed resistance to radiation were derived from patients who either were resistant to therapy or
showed disease recurrence following treatment [93]. Yao et al. [94] also correlated the therapeutic
clinical outcomes to the standard neoadjuvant chemoradiotherapy with the organoid outcomes
following treatment 5-Flurouracil, irinotecan or radiation. In sixty-eight out of the 80 patient-derived
organoid lines generated, at least one of the three treatment courses was found to be predictive of
the patient’s tumour regression score after surgery [94]. Furthermore, in a recent study, Pasch et al.
established patient-derived cancer organoids and were prospectively able to predict the treatment
response of a patient with metastatic colon cancer [100]. These studies combined with the works of
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van de Wetering et al. and Ooft et al. provide a significant step towards a model for patient-specific
response prediction.

Table 1. Radiation response studies using different cancer organoid models.

Tumour Type Organoids Radiation
Treatment Key Findings Ref.

Rectal cancer
5-Fluorouracil (5-FU),
FOLFOX (5-FU, leucovorin
and oxaliplatin) or radiation

Tumour organoids displayed clinically relevant
chemo- and radiation responses. Established an
orthotopic endoluminal rectal cancer mouse
model which reflected patient-specific responses.

[93]

Rectal cancer Irradiation, 5-FU, or Irinotecan
Colorectal cancer organoids could predict patient
outcome in 68 out of 80 patients, based on at least
on organoid treatment course.

[94]

Multiple cancers,
including lung,
colorectal and
pancreatic adenocarinomas

5-FU and/or radiation

Colorectal cancer patient-derived organoids
displayed differential responses to 5-FU
chemotherapy and/or radiation. Prospectively
predicted treatment outcome of patient with
metastatic colon cancer.

[100]

Head and neck
squamous cell carcinoma Doses ranging from 0–10 Gy

Differential responses which could potentially
indicate clinical correlations. However, no
resistance mechanisms could be identified via
differential gene expression patterns.

[101]

Glioblastoma Radiation (3 Gy)

Edges of organoids displayed increased
apoptosis in Sox2- cells. However, Sox2+ cells
(considered as the glioblastoma cancer stem cells)
showed an increased resistance.

[102]

Cerebral
organoid glioma Radiation (5 or 10 Gy)

Established organoids combining glioblastoma
and healthy cerebral tissue (GLICO).
Glioblastoma stem cells showed increased
radioresistance in GLICOs compared to when
cultured in 2D.

[103]

A recent study also established an organoid model for metastatic gastrointestinal cancers which
were histologically, genetically and molecularly similar to the tumour of origin [104]. Following drug
treatment of the organoids, the outcomes were compared with the clinical outcomes of the patients
enrolled in Phase I/II clinical trials and were found to closely mimic the clinical outcomes of the
patients [104]. Moreover, the study successfully identified differential inter- and intra-patient responses
to common chemotherapeutic agents for gastrointestinal cancer treatment [104]. This study represents
an important advance for organoids in the field of personalised precision medicine.

As mentioned above, currently the ability to predict patient responses to chemoradiotherapy for
oesophageal cancer is also extremely limited. Great strides are being made towards the optimisation of
imaging techniques for predicting treatment outcomes for oesophageal cancer treatment [89,105–107];
however, there is still no means to accurately predict patient outcomes. Recent advances in the
culturing of oesophageal adenocarcinoma organoids have established new models to study the
development and heterogeneity of the disease [108]. The established patient-derived oesophageal
adenocarcinoma organoids shared histopathological features with patient-matched tumour samples
and genetic mutations were conserved at a patient-specific level [108]. They further showed a loss
of cellular polarity, which is often considered a hallmark of cancer. Drug screening in the organoids
revealed a highly diverse range of responses, which tallies with the difficulties in predicting patient
responses. However, the diversity of the responses remained throughout passaging, indicating the
stability of the model through time [108]. Unfortunately, the findings of this study were somewhat
limited due to a low success rate of establishing organoids (organoids were established from only
10 out of 32 patients). Reasons for a low success yield included failure to initiate culture, infection,
fibroblast overgrowth, and arrested growth [108], while others also working on developing oesophageal
adenocarcinoma organoids have recently identified the presence of Barrett’s epithelium as another
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potential contamination source in culture [109]. These new models will be essential to opening new
avenues for testing new drugs and treatment regimens for oesophageal adenocarcinomas. Furthermore,
as mentioned above, radiotherapy is an also important arm of treatment for other cancers in the head
and neck region. Recently established protocols for generating organoids from oral mucosa and head
and neck squamous cell carcinomas may facilitate a more personalised treatment planning for more
tumours in this region [101]. Comparisons of the responses of tumour organoids with matched normal
tissue organoids may even allow for studies of the therapeutic window on a personalised scale.

Glioblastoma is a highly aggressive brain tumour with an extremely poor prognosis for patients
for whom radiotherapy is an integral arm of treatment [110]. This remains the case even with significant
advances in the understanding of glioblastoma development, cellular heterogeneity within the tumour,
and the role of cancer stem cells play in this [111–113]. Many of the models used for studying
glioblastoma utilise adherent monolayers which, although they have been highly revealing of the
mechanisms of glioma stem cell resistance [114], have thus far not been representative of the tumour
microenvironment or levels of therapeutic resistance of glioblastoma seen in vivo. However, recently
new organoid models have been established that could shed light on the initiation, development,
tumour invasion, and treatment of glioblastoma. In two independent studies, Bian et al. [115]
and Ogawa et al. [116] utilised CRISPR/Cas9 genome editing technology to manipulate cerebral
organoids towards tumorigenesis. In both studies, cells derived from the generated tumour organoids
exhibited epithelial-mesenchymal properties, indicative that they are representative of the invasive
mesenchymal subtype of glioblastoma. Indeed, the cells were invasive when seeded with normal
cerebral organoids [115,116] and were capable of forming tumours when xeno-transplanted into mouse
recipients [116]. While neither group determined radiation responses of the glioblastoma organoids,
Bian et al. demonstrated that CRISPR/Cas9 generated glioblastoma organoid models are appropriate
for preclinical in vitro drug screening [115].

Indeed, studies which have investigated the radiosensitivity of glioblastoma organoids
have demonstrated that they more closely resemble in vivo tumour sensitivity than monolayer
cultures [102,103]. Furthermore, importantly, particularly from a radiobiology point-of-view,
Hubert et al. showed that although the non-stem cells of the organoids were radiosensitive,
the tumour-initiating cancer stem cells were indeed resistant [102], recapitulating important in vivo
findings from previous studies [114]. Although these glioblastoma models offer excellent platforms to
study glioblastoma development and biology, and to test new treatments, the duration of culturing
generally does not facilitate rapid screening for a more personalised approach to treatment. However,
recently a robust and rapid (within 1-2 weeks) protocol for establishing glioblastoma organoids capable
of facilitating moderate to high throughput screening for a potentially more personalised response
prediction [117].

5. The Future Directions of Organoid Models in Radiation Biology

Despite a growing role for organoids in radiobiology (as well as other fields of biology) and
continuous advances of the models to faithfully simulate the tissue of origin, organoids still
have limitations. However, these drawbacks may represent opportunities. Opportunities for
researchers to optimise and improve current organoid systems, and opportunities to complement their
research with other techniques, such as clinical imaging techniques for enhancing patient treatment
response predictions.

While organoids consist of heterogeneous cell types and are cultured in three dimensions, they still
lack important microenvironmental cues, such as sympathetic and parasympathetic innervation and
immune cells (such as macrophages and cytokines). These are crucial factors in both development
and regeneration of tissue. There is growing evidence for the role of parasympathetic innervation
in salivary gland development [118] and regeneration [119], including following radiation-induced
damage [120]. Finding means to accurately mimic autonomic innervation in organoids may be
important to fully utilising them as models for regeneration in tissues with a similar architecture to
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the salivary glands. Similarly, the lack of stroma and immune cells in organoids in response to both
injury and treatment are important factors which still need addressing especially considering the rising
number of applications of immunotherapy. In the aforementioned study of Ooft et al. [92], while the
patient-derived organoids were predictive of patient response to irinotecan-based treatments, they were
not predictive of 5-FU–oxaliplatin combination therapy, which the authors suggest may, at least in
part, be done to the lack of crucial stroma and immune system interactions. Recent advances have
been made to overcome these issues, with Neal et al. [121] successfully developing patient-derived
organoids with the T-cell spectra of the original tumours capable of modelling the immune checkpoint
blockade. Alternatively, co-culturing of organoids with immune cells will offer a theoretically more
realistic tissue response. Indeed, in co-culture experiments with macrophages and mammary organoids,
macrophages were shown to migrate to organoids with an increased migration rate towards irradiated
organoids [122].

Furthermore, stroma also plays an important role in radiation responses, of both normal and
tumour tissue. In organoid cultures derived from whole tissue biopsies (without stem cell selection)
stromal cells and effects can be found within the culture system [123]. However, in organoid cultures
from selected stem cells stroma is absent, and therefore stromal co-culturing is necessary to recapitulate
the effects of the tissue’s stroma. In prostate organoids, an increased viability and maintained branching
was induced upon co-culture with prostate stroma [124]. Furthermore, the generation of organoids
derived from prostate cancer was also improved upon stromal co-culture. These effects were suggested
to be primarily due to direct contact with stromal cells and the expression of factors, such as TGF-β,
by the stromal cells [124]. Besides the advance that this model represents in development and disease
studies, the co-culture of organoids with tissue-specific stromal cells could have important implications
for treatment responses, due to the important role of stromal cells [125] and the effects of signalling
factors, such as TGF-β [126], in tissue responses.

Radiation-induced bystander effects have been suggested to act both proximally [127,128] and
distally [129,130] to the site of irradiation; however, organoids derived from a single tissue currently
do not recapitulate such interactions. Various anti-cancer therapies, including radiation, are known to
induce senescence and an induction of a senescent associated secretory phenotype [131,132] which,
it has been suggested, can in turn contribute to therapy-induced normal tissue side effects [133].
Studies using cultured media from irradiated cells has long been shown to induce paracrine bystander
effects in non-irradiated cells [134] and such techniques may be insightful into the effects of secreted
SASP proteins on untreated cells or organoids. Indeed, our group recently demonstrated that cultured
media from irradiation-induced senescent organoids inhibits organoid forming efficiency in freshly
passaged salivary gland-derived organoids [135]; however, these models still lack a true interaction
between treated and non-treated organoids and the potential paracrine effects of other tissues in their
vicinity in vivo.

Furthermore, both organ–organ, tumour–organ and vasculature interactions are generally absent
in organoid cultures. Some of the glioblastoma organoid studies mentioned above elegantly show
that cancer cells and healthy cells can be cultured together as organoids allowing for the study of
tumour invasion [103,115,116]. Moreover, these models may be useful in revealing new therapeutic
targets for tumour radiosensitisation or normal tissue radioprotection. Implementing organoid
models alongside newly-established microfluidic devices which allow for the study of metabolic
gradients [136] in radiation studies has the potential to reveal valuable insights of how such as signalling
gradients can influence both irradiated and non-irradiated cells in perhaps a physiological relevant
setting than organoids alone. Indeed, gut-on-a-chip models have recently been utilised in studies of
radiation-induced intestinal injury and faithfully mimicked epithelial cell loss due to reactive oxygen
production as seen in vivo [137] and may represent an excellent model for complementary studies
to the abovementioned “mini-gut” organoid models in radiation studies. Organ-on-a-chip devices
have been established for various other tissues, including lung [138], kidney [139] and liver [140].
The capacity of these platforms to mimic functional mechanics, such as breathing movements in
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lung-on-a-chip [138], could potentially offer more physiologically relevant models to complement
and add a translational element to findings from organoid radiation studies. Furthermore, multiple
chamber “on-a-chip” devices [141] could overcome the limitation of organoids of studying organs in
isolation, in which each chamber potentially could contain cells from different tissues, vessels, stroma
or nerves.

Radiation-induced endothelial cell loss and vascular damage are known to be major contributors
to the response of both normal tissue and tumours [142,143]. Vasculopathy significantly increases
the chances of ischemic stroke following radiation treatment [144], while preclinical models have
been used to demonstrate that vascular remodelling is a major contributor to radiation-induced
lung toxicity [145]. The vasculature of a tissue is essential for nutrient availability and regeneration
following damage, as well as effective engraftment after tissue transplantation [146]. Furthermore,
the response of tumour vasculature, particularly vasculogenesis, has also been shown to play a key
role in tumour recurrence following radiation treatment [147]. While radiation can initially control
the tumour, a reduced flow through tumour blood vessels and increased hypoxia can induce the
hypoxia inducible factor-1 pathway. This in turn can activate pathways to re-promote vasculature
and can subsequently cause tumour regrowth [143]. Therefore, it is important that in vitro models,
particularly tumour models, can recapitulate such vasculature features. Recently, many techniques
have been established to engineer vascularisation of organoids, including bioprinting, implantation into
highly vascularised tissue and growing organoids in the vicinity of endothelial cell monolayers [148].
Vascularised organoids, such as recently-established vascularised cortical organoids [149,150] and
tumour organoids [151], offer new opportunities to study disease pathology but also to study the
impact vascularisation can have on treatment (including radiation) responses.

Finally, although there are many different protocols and technical considerations for the isolation
and propagation of organoids, they are often arduous and time consuming. In order to have enough
cells or organoids to test still often requires weeks to months of culturing. This is of particular
importance for the development of organoids as a model for predicting patient responses in proposed
precision therapies, where it is frequently necessary to treat patients as soon as possible. Protocols
are being established to reduce culture time of organoids while maintaining fidelity of the systems
of various different tissue origins (such as the aforementioned glioblastoma organoid model [117]);
however, it is important that organoid models are further optimised for rapid and accurate screening
of responses before implementation in a personalised medicine.

Despite their limitations, the future of organoid models in the field of radiobiology remains
bright. As highlighted, many valuable studies are already overcoming the shortcomings of organoids,
and as our knowledge and availability of organoid models grow, so too will their place in radiobiology.
New organoid models can potentially shed some much-needed light on tissues which are perhaps less
studied or highly limiting to the clinical application of radiation treatment, such as the liver. Moreover,
while it could be questioned if a response prediction accuracy of approximately 80–85% is good enough,
this will surely only improve as the models themselves are further optimised. Combining clinical
patient imaging techniques currently used to predict patient responses, such as PET/CT, with the
in vitro predictions from organoids may in the future bring around more accurate means to forecast
treatment outcomes. Organoids could also potentially be used in discovery and validation of radiation
biomarker and in radiomics. Understanding the mechanisms behind tissue regeneration are key to
mitigating radiation-induced side effects, whether it is by stem cell therapy or through druggable
targets to protect against damage, and organoids have already proven themselves as excellent models
for such studies.
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Abstract: Background: The search for an effective therapy for local radiation injuries (LRI) is urgent;
one option is mesenchymal stem cells (MSC) derived from the placenta and their conditioned medium
for the regenerative processes of the skin. Methods: We used 80 animals, randomly assigned to four
groups: control (C) animals that did not receive therapy; control with the introduction of culture
medium concentrate (CM); introduction of MSCs (PL); introduction of CMPL. LRI modeling was
performed on an X-ray machine at a dose of 110 Gy. Histological and immunohistochemical tests
were performed. Results: On the 112th day, the area of the open wound surface in the CMPL group
was 6.7 times less than in the control group. Complete healing of the open wound surface of the skin
in the CM group was observed in 40%, in CMPL 60%, in the PL group 20%, and in the C group there
were no animals with a prolonged wound defect. A decrease in inflammatory processes was observed
in the CMPL group. Conclusions: the use of a concentrate of conditioned MSCs (CMPL group)
in severe LRI in laboratory animals accelerates the transition of the wound process to the stage of
regeneration and epithelization.

Keywords: mesenchymal stem cells; local radiation injuries; conditioned medium; cell technologies;
X-ray radiation; skin; placenta

1. Introduction

Today, ionizing radiation sources are widely used in various fields of human activity, and their
scope is constantly expanding, which increases the risk of radiation damage [1,2]. Studies have shown
that radiation damage to the skin causes damage to the stem and proliferating cells of the epidermis,
as well as in the vessels of the microcirculatory bed [3–5], so the final effect of ionizing radiation is
determined by the balance between damage to the cells and recovery processes in the affected area and
adjacent tissues [4,6].

Radiation to human skin in doses exceeding 8 Gy may lead to the development of local
radiation injuries (LRI) [4]. In radiotherapy of oncological diseases, LRI is registered in 20–40%
of cases [7]. Skin LRIs are characterized by the development of recurrent ulcers with pain syndrome,
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which significantly lengthens the treatment process due to persistent damage to blood and lymphatic
vessels with the progression of tissue fibrosis, which worsens the results of treatment and the
quality-of-life of patients [7]. Currently, there are no effective treatments for LRI.

Taking into account the pathogenetic mechanisms of radiation-induced lesions, the use of cellular
technologies using mesenchymal stem cells (MSCs) and their waste products (paracrine factors) may
become a promising method of treating skin LRI [5]. MSCs are capable of self-renewal and various
types of differentiation in the adipogenic, osteogenic, chondrogenic, and myogenic directions [1].
The use of MSCs leads to the healing of the wound surface of the skin and its appendages, diabetic
ulcers, damage to skeletal muscles and cartilage, and the heart. Intravenous, local administration of
MSCs helps to reduce necrotic changes, reduce inflammation, and significantly improve the processes
of granulation, reepithelialization, neoangiogenesis, and hair restoration [1,3,4].

The main effect of MSCs may be due to their secretory activity, associated with the production of a
wide range of cytokines and growth and angiogenic factors [8]. Paracrine factors initiate the stimulation
of host MSCs, triggering the regeneration of damaged tissues. Thus, the cytokines involved in the
regulation of the inflammatory process include IL-1β, 4, 6, 10, 12, and 17, TNF-α, TGF-β1, PGE-2, PDGF,
HGF and SDF-1. VEGF, FGF-2, EGF, TGF-α, HGF, IGF-1, etc., are responsible for neoangiogenesis,
and the regulation of tissue fibrosis involves the participation of IL-4, 16, TGF-β1, HGF, bFGF, etc.
MSC secretome injections in the form of conditioned media containing extracellular vesicles also have
positive effects, as well as the MSCs themselves. Further assessment of the paracrine potential of MSCs
may open up new ways of treating acute and chronic forms of MLP of the skin [1,3,4].

One of the most important advantages of MSCs is their low immunogenicity, which allows the
use of allogeneic MSCs without the risk of rejection reactions. Sources of MSCs are various human
tissues (bone marrow, adipose tissue, skin, placenta, synovial membrane, cartilage, etc.) [1,3,4,6,7].
The main sources of MSCs are bone marrow, mucosal and placental tissues, etc.

Placental tissue is of great interest due to the simplicity of sampling, the absence of ethical
problems, and the ability to quickly obtain and accumulate the necessary amount of cellular material.
MSCs derived from the placenta are known to have a higher regenerative potential compared to cells
from other sources, but there are no data on the use of these cells in LRI [9].

Thus, the presented data indicate that MSCs derived from the placenta and the paracrine factors
produced by them can be used to produce drugs intended for the treatment of LRI, which undoubtedly
deserves further study.

The aim of this study was to study the effect of human MSCs derived from the placenta and their
conditioned medium concentrate on skin regenerative processes in laboratory animals with LRI.

2. Materials and Methods

2.1. Study Groups

There were 80 laboratory animals used in the study (Wistar male rats aged 8–12 weeks and
weighing 210.0 ± 30.0 g). The animals were obtained from the specialized laboratory animal nursery
Pushchino, had the appropriate veterinary certificate, and were quarantined for 14 days. The study
was approved by the section of the Academic Council (extract No. 43A, dated 25/9/2017) and at the
meeting of the local bioethical committee (Protocol No. 8b dated 10/11/2012) of the State Research
Center—Burnasyan Federal Medical Biophysical Center of Federal Medical Biological Agency.

Laboratory animals were randomized and divided into four groups (20 animals each) depending
on the type of therapy performed:

Group 1—control (C)-irradiated rats without subsequent therapy;
Group 2—control (CM)-irradiated rats that received intradermal administration of culture medium

(MesenCult) concentrate around the affected area three times, on days 1, 14, and 21;
Group 3—irradiated rats that received intradermal administration of human MSCs derived from

the placenta (PL) three times, on days 1, 14, and 21;
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Group 4—irradiated rats that received intradermal administration of concentrate of conditioned
medium (CMPL) MSCs derived from the placenta three times on days 1, 14, and 21.

Each laboratory animal was observed 17 times: 1, 7, 14, 21, 28, 35, 42, 49, 56, 63, 70, 77, 84, 91, 98, 105,
and 112 days after LRI modeling. During the examination, the condition of the laboratory animal was
monitored with an assessment of its behavior, movement, cardiovascular and/or respiratory functions,
changes in appetite and weight, body temperature, etc. On set days, the skin surface was examined
and the course of the wound process was evaluated (the depth of damage to the skin, their size (length,
width), the total area of the changed skin, the area of the open wound surface, the presence of discharge,
blisters, scab, exfoliated epidermis, the color of the exposed dermis, fibrin plaque).

Animals were removed from the experiment 28, 42, 56, 70, 91, and 112 days from the beginning of
the experiment.

2.2. Modeling of LRI

Modeling of relatively “soft” X-ray radiation of LRI was carried out on an LNK-268 (RAP100-10)
X-ray unit (Diagnostika-M LLC, Moscow, Russia) with a radiation exposure mode at a dose of 110 Gy
with a 0.1 mm aluminum filter, voltage 30 kV, beam current 6.1 mA, dose rate 21.1 Gy/min for 312 s (dose
accuracy ± 5%, dose measurement uncertainty ± 6%) according to the proposed earlier method [10–12],
leading to a short latency period and chronic skin ulcer in laboratory animals. After irradiation,
the animals were seated in individual sterile boxes with an autonomous Smart Flow ventilation system
(Tecniplast Group, Buguggiate, Italy), with free access to water and food.

2.3. Cultivation of MSCs

The experiment used nonpersonalized human MSCs derived from the placenta samples that are
under long-term cryopreservation in a Cryobank. MSCs were cultured in a medium without xenogenic
components (Stem Cell, Vancouver, Canada) with the addition of 100 U/mL of penicillin, 100 U/mL
of streptomycin, and 2 mm of glutamine from the 3rd to the 5th passage. The resulting MSCs were
administered to laboratory animals at a calculated dose of 2 million cells per 1 kg.

2.4. Immunological Characteristics and Viability of MSCs

The MSCs derived from the placenta immunophenotype was determined by flow cytometry.
The expression of surface markers was evaluated using fluorochrome-labeled antibodies against CD34,
CD45, CD90, CD105, CD73, and HLA-DR (BD Biosciences and Becman Coulter, Brea, CA, USA)
on a FACSCanto II flow cytometer (Becton Dickinson, Durham, CA, USA) in accordance with the
manufacturer’s instructions.

Cell viability was evaluated using a 7-ADD dye that penetrates the cell’s cytoplasmic membrane
and binds to its DNA. The number of CD45-negative/7-ADD-positive cells was determined on a FACS
Canto II flow cytometer (Becton Dickinson) in accordance with the manufacturer’s instructions.

2.5. Obtaining a Conditioned Medium

The conditioned medium of MSCs derived from the placenta (CMPL) was taken into sterile tubes
at 3–5 passages when the cells reached 80–90% confluence. A laboratory tangential flow filtration
system, LabScale, developed for concentration, diafiltration, and microfiltration, was used to obtain
CMPL. The CMPL was placed in a tangential flow filtration system and concentrated 8.08 times with
an inlet pressure of 40–52 psi and an outlet pressure of 8–12 psi. The resulting volume was passed
through a nylon syringe filter with a pore size of 0.22 µm (Corning, New York, NY, USA). The protein
concentration was 648 µg/mL, IL-6: 853 pg/mL, IL-8: 8730 pg/mL, IL-10: 17.7 pg/mL, TGF-β: 1.0 pg/mL.
The volume concentrate of conditioned medium for rats of the CMPL group for each injection was
0.4 mL. The introduction was carried out intradermally up to 12 points around the irradiation zone,
retreating 2–3 mm from the edge.
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2.6. Histological and Immunohistochemical Study

A skin flap was excised from the affected area (the area of the wound defect, with the adjacent
skin and underlying muscles) and fixed in a 10% solution of neutral formalin. Further processing
of excised samples was performed using standard histological methods. Preparations stained with
hematoxylin and eosin were used for general assessment of the condition of the studied tissues.

Immunohistochemical examination of tissue samples on days 28 and 112 of the experiment was
performed using an automated method, a Ventana BenchMark Ultra immunostainer with dewaxing and
unmasking in an apparatus using antibodies to VEGF (Novocastra, Milton Keynes, UK, skin blood vessel
endothelium marker), CD31 (Novocastra, endothelial cell marker), CD68 (Novocastra, macrophage
marker), PGP9.5 (Novocastra, marker of differentiating neurons in the skin), Ki67 (Novocastra, marker
of cell proliferation), FVIII (Novocastra, marker for platelet adhesion factor), collagens of types I and
III (Novocastra), tissue inhibitor of metalloproteinases TIMP2 (Novocastra), and metalloproteinases of
types 2 and 9 (Novocastra). Marker expression was evaluated semiquantitatively, assigning scores
from 0 to 3, where 0 means no expression and 3 means fully expressed.

Statistical analysis of the results was performed using Microsoft Office Excel 2007 (Redmond,
WA, USA), Statistica 6 (Round Rock, TX, USA) and ImageTool software (San Antonio, TX, USA.
The Mann-Whitney test was used to assess the significance of the differences.

3. Results

3.1. Immunological Characteristics and Viability of MSCs

When analyzing the MSCs immunophenotype using flow cytometry, a high expression of MSCs
markers (CD73, CD90, CD105) was detected in all cell cultures; markers of hematopoietic and
lymphocytic origin were absent (CD34, CD45, HLA-DR). The immunophenotype met the requirements
of the International organization of cell therapy for human MSCs [1]. MSCs maintained high activity
and viability (98.21 ± 1.72%, 7-ADD) throughout the entire culture period (Figure 1).

3.2. Planimetric Analysis

The majority of animals in the study groups on day 7 showed a clearly visible area of altered skin,
outlined by a demarcation line, with signs of dry or wet dermatitis. The average area of the changed
skin was significantly lower in the C and CM groups compared to the PL and CMPL groups (p ≤ 0.05)
(Figure 2a). However, by day 14, the total changed skin area in the C, PL, and CMPL groups did not
differ, whereas in the CM group it was less until the end of the experiment (Table 1).

From the 14th day of the experiment, the open wound surface of the skin was recorded in all
groups of animals. The dynamics of reducing the area of the open wound surface was the same for all
groups up to day 42 of the study. After that, we observed wave dynamics of increase and decrease of
the open wound skin surface in all groups except CM (Figure 2b, Table 2).

On day 112, the area of the open wound surface in the CMPL group was 6.7 times smaller than in
the control group. Complete healing of the open wound surface of the skin in the CM groups was
observed in 40% and the CMPL in 60%, in the PL group in 20%, and in the C group there were no
animals with a prolonged wound defect (Figure 2c).

3.3. Histological Examination

In all groups, an open wound defect covered with a purulent-necrotic crust was formed on the 28th
day after irradiation. Weak, mainly perivascular lymphocytic-plasmocytic infiltration with an admixture
of single neutrophilic granulocytes and moderate vascular proliferation of the microcirculatory bed was
detected in the underlying dermis in the area of the defect bottom. Moderate thickening of the adjacent
epidermis was noted along the edges of the wound defect, and few intraepidermal lymphocytes were
recorded. At the same time, only in the CMPL group was the “creeping” of regenerating epithelium
from one of the wound edges in the form of a strip 3–4 epithelial cells thick noted (Figure 3).
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Figure 2. Dynamics of the LRI of animals: (a) dynamics of development of visible region of rat skin
changes that occurred under X-ray radiation; (b) dynamics of development of an open wound surface
of rat skin after exposure to X-ray radiation; (c) dynamics of healing of an open wound surface of
the skin in animals (C: irradiated rats without subsequent therapy, CM: irradiated rats that received
intradermal administration of culture medium (MesenCult) concentrate, PL: therapy of LRI using MSC
derived from the placenta, CMPL: therapy of LRI using a concentrate of conditioned medium collected
from a culture of the MSCs).
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Table 1. The area of the total changed surface of animal skin in LRI (cm2).

Day C CM Pl CMPL

7 7.76 ± 0.47 6.60 ± 0.42 10.5 ± 0.31 1,2 10.27 ± 0.19 1,2

14 8.26 ± 0.33 6.63 ± 0.26 8.16 ± 0.25 8.41 ± 0.21 2

21 6.36 ± 0.23 5.19 ± 0.18 1 6.63 ± 0.36 2 7.15 ± 0.2 1,2

28 5.93 ± 0.27 4.25 ± 0.13 1 5.88 ± 0.22 2 6.28 ± 0.18 2

35 6.56 ± 033 4.42 ± 0.0.17 5.74 ± 0.21 2 5.95 ± 0.19 2

42 6.76 ± 0.34 4.59 ± 0.21 5.92 ± 0.19 6.04 ± 0.21
49 6.54 ± 0.35 4.62 ± 0.24 5.80 ± 0.21 6.06 ± 0.39
56 6.50 ± 0.41 4.18 ± 0.26 1 5.71 ± 0.24 2 6.05 ± 0.41 2

63 6.56 ± 0.60 3.88 ± 0.23 5.64 ± 0.37 2 6.43 ± 0.54 2

70 6.33 ± 0.72 3.81 ± 0.26 1 5.33 ± 0.29 6.26 ± 0.58
77 6.49 ± 1.04 3.59 ± 0.43 5.44 ± 0.53 6.06 ± 0.41 2

84 6.41 ± 1.21 3.50 ± 0.54 5.45 ± 0.58 5.36 ± 0.47 2

91 5.50 ± 0.88 3.38 ± 0.47 5.60 ± 0.52 2 5.07 ± 0.58 2

98 5.19 ± 0.79 3.05 ± 0.71 6.13 ± 0.95 4.43 ± 0.31
105 5.47 ± 0.69 3.08 ± 0.67 6.06 ± 0.81 4.04 ± 0.23
112 4.35 ± 0.42 3.07 ± 0.60 5.75 ± 0.61 3.57 ± 0.30

Notes: 1 Significant differences in all groups compared to the control (C) (p ≤ 0.05). 2 Significant differences between
the PL and CMPL groups compared to the CM group (p ≤ 0.05).

Table 2. Area of open wound surface of animal skin in LRI (cm2).

Day C CM Pl CMPL

14 6.59 ± 0.28 5.19 ± 0.33 1 6.19 ± 0.23 2 6.73 ± 0.18 2

21 3.91 ± 0.2 3.05 ± 0.14 1 4.07 ± 0.22 2 4.42 ± 0.19 1,2

28 3.40 ± 0.19 1.92 ± 0.14 1 3.14 ± 0.2 2 3.25 ± 0.18 2

35 2.54 ± 0.19 1.23 ± 0.15 1 2.68 ± 0.21 2 2.60 ± 0.21 2

42 1.90 ± 0.28 0.55 ± 0.16 1 2.17 ± 0.27 2 2.25 ± 0.27 2

49 2.32 ± 0.34 0.39 ± 0.19 1 1.86 ± 0.29 2 2.09 ± 0.42 2

56 3.07 ± 0.53 0.41 ± 0.17 1 1.85 ± 0.37 2 1.94 ± 0.59 2

63 3.12 ± 0.70 0.68 ± 0.32 1 1.63 ± 0.46 2.48 ± 0.96
70 3.20 ± 0.71 0.78 ± 0.37 1 1.74 ± 0.55 2.19 ± 0.86
77 3.91 ± 0.97 0.94 ± 0.62 1 2.12 ± 0.86 2.56 ± 0.80
84 3.82 ± 0.95 0.90 ± 0.69 1 2.28 ± 0.87 2.17 ± 0.69
91 2.98 ± 0.83 0.93 ± 0.62 1 2.60 ± 0.81 2.05 ± 0.80
98 2.74 ± 0.69 1.16 ± 0.97 1 3.37 ± 1.32 0.82 ± 0.40 1,2

105 2.40 ± 0.62 1.09 ± 0.79 1 3.49 ± 1.21 2 0.65 ± 0.32 1,2,3

112 2.15 ± 0.57 1.04 ± 0.68 3.52 ± 1.14 2 0.32 ± 0.18 1,2,3

Notes: 1 Significant differences in all groups compared to the control (C) (p ≤ 0.05). 2 Significant differences between
the PL and CMPL groups compared to the CM group (p ≤ 0.05). 3 Significant differences between the PL and CMPL
groups (p ≤ 0.05).

In group C, on day 56, the bottom of the skin defect reached the large subcutaneous muscle, and,
in some cases, the subcutaneous fat. Pronounced edema and lymphocytic-plasmocytic infiltration
of muscle tissue were determined. In the connective tissue of the dermis in the area of the edges
of the wound defect, lymph-histiocytic infiltration with an admixture of neutrophils, granulation,
and proliferation of microvessels were detected. The epidermis adjacent to the wound defect was
thickened to 10–12 layers of cells, and focal hyperkeratosis, acanthosis, and degenerative changes in
keratinocytes were noted. Areas of epithelial regeneration with a thickness of 4–8 epithelial cells were
determined in the area of the defect edges (Figure 3(1b)); by the 112th day, pronounced purulent-necrotic
changes in soft tissues appeared in the area of the defect bottom. Underlying connective tissue and
moderate lymphocytic-plasmocytic infiltration were observed, with an admixture of neutrophilic
granulocytes, moderate vascular proliferation of the microcirculatory bed, focal edema, and pronounced
fibrotic changes. In most cases, areas of fibrosis and weakly expressed lymphoplasmocytic infiltration
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in the area of the large subcutaneous muscle and Hypoderma were detected. At the edges of the
wound defect, there were large areas of regeneration of the integumentary epithelium in the form of
a layer of cells 1–2 epithelial cells thick. The adjacent epidermis was thickened (up to 6–11 layers of
cells), with signs of vacuole dystrophy and acanthosis (Figure 3(1c)).Cells 2020, 9, x FOR PEER REVIEW 8 of 12 
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Figure 3. Histological examination of animal skin defects. Hemotoxylin-eosin staining,×40 magnification
for C and CM groups, ×20 for PL and CMPl groups (C: irradiated rats without subsequent therapy, CM:
irradiated rats that received intradermal administration of culture medium (MesenCult) concentrate,
PL: therapy of LRI using MSCs derived from the placenta, CMPL: therapy of LRI using a concentrate of
conditioned medium collected from the culture of the MSCs).

In the CM group, signs of epithelization along the edges of the defect were noted on day 56 in
most samples; in some cases a deep skin defect remained, which reached the subcutaneous fat and
was covered with a purulent-necrotic crust. In all preparations, the large subcutaneous muscle was
of the usual histological structure with moderate edema, subcutaneous fat with moderate edema,
or moderate lymph with plasmocytic infiltration. In the underlying dermis, there were areas of fibrosis
and weak perivascular lymphocytic infiltration (Figure 3(2b)). By the 112th day, only one observation
revealed a large skin defect covered with a purulent-necrotic crust, which reached the subcutaneous
fat with necrosis in the superficial parts and clusters of hemosiderophages in the deeper parts. In other
preparations, the skin defect was partially or completely epithelized. In the dermis, there were areas
of fibrosis and mild perivascular lymphocytic infiltration. In all cases, the adjacent epidermis was
thickened (up to 10–11 layers of cells), with signs of severe dystrophy (Figure 3(2c)).

In the PL group on day 56, the bottom of the skin defect showed necrotic dermis, striated muscle,
and underlying adipose tissue with pronounced neutrophilic infiltration. At the edges of the defect,
there was moderate lymph-plasmocytic infiltration with an admixture of neutrophilic granulocytes,
moderate proliferation of microcirculatory vessels, granulation, and fibrosis of striated muscle tissue
(Figure 3(3b)). By the 112th day, the extensive skin defect was covered with a purulent-necrotic crust in all
cases. Its bottom is represented by fibrotic connective tissue with angiomatosis, granulations, moderate
lymph-plasmocytic infiltration with an admixture of neutrophilic granulocytes, and microvessel
proliferation. The striated tissue at the bottom of the defect was not detected. There were extensive
areas of fibrosis of the underlying adipose tissue. The epidermis at the edge of the wound defect was

139



Cells 2020, 9, 2558

thickened (up to 8–10 layers of cells), with signs of vacuole dystrophy and proliferation of hair follicles
(Figure 3(3c)).

In the CMPL group, on day 56, the open wound skin defect was covered with a purulent-necrotic
crust, marginal epithelization was recorded over a longer length in most samples, and the thickness of
the epithelial layer was 5–8 cells. The underlying dermis was moderately fibrotic with focal subepithelial
edema and the presence of hair follicle rudiments in the amount of 1–3 in the field of vision. In the
area of the defect bottom, muscle and adipose tissue were completely replaced by fibrous tissue
with granulations with moderate lymph-plasmocytic infiltration with an admixture of neutrophilic
granulocytes and pronounced microvessel proliferation (Figure 3(4b)). By the 112th day in all samples,
the skin defect was completely epithelized and the thickness of the epithelial layer was 5–7 cells.
The underlying dermis was focally fibrotic. There were rudiments of hair follicles (1–3) in the field
of vision with focal proliferation of microcirculatory vessels. Large subcutaneous muscle was not
detected in the central parts; it was replaced by connective tissue. There were no inflammatory changes
(Figure 3(4b)).

3.4. Immunohistochemical Study

As a result of an immunohistochemical study, it was found that the number of newly formed
vessels in whose endothelial cells the expression of CD31 was determined increased from day 28 to day
112 in the PL and CMPL groups (from 2.6 ± 1.0 to 10.97 ± 1.6 and from 4.1 ± 0.6 to 8.2 ± 1.8, respectively,
p ≤ 0.05), which indicated an increase in neoangiogenesis by the end of the experiment. Such changes
were not detected in groups C and CM (Figure 4), nor for the vascular endothelial growth factor (VEGF)
in endothelial cells and stroma cells in all the studied groups, except for CMPL (Figures 4d and 5b).
In groups C, CM, and PL, an increase in FVIII expression in vascular endothelial cells was observed by
day 112 of the experiment (p ≤ 0.05) (Figures 4b and 5a).

In the course of the experiment, we noted an increase in the number of CD68-positive macrophages
in the tissues surrounding the wound defect in groups C and PL (from 11.7 ± 1.4 and 12.9 ± 3.6 at
28 days to 24.73 ± 2.4 and 29.3 ± 3.5 at 112 days, respectively, p ≤ 0.05), while in the CM group it was
determined by the decrease in the number of these cells (22.1 ± 1.6 and 13.07 ± 1.8, p ≤ 0.05), and in the
CMPL group their number did not change (Figures 4a and 5a).

The number of regenerating nerve fibers expressing PGP9.5 increased by the end of the experiment
in the C, CM, and PL groups (p≤ 0.05), and remained unchanged in the CMPL group (Figures 4a and 5a).
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Figure 5. Immunohistochemical study of animal skin defects: (a) Absolute number of IHC markers
in excised animal skin defect tissue samples per 10 visual fields; (b) semiquantitative assessment
of the expression of IHC markers in excised animal skin defect samples (with a score from 0 to 3,
where 0 is the absence of expression and 3 is full expression). (C: irradiated rats without subsequent
therapy, CM: irradiated rats that received intradermal administration of culture medium (MesenCult)
concentrate, PL: therapy of LRI using MSC derived from the placenta, CMPL: therapy of LRI using a
concentrate of conditioned medium collected from culture of the MSCs. Blue: 28 days; orange: 112 days
from the start of therapy. The score is from 0 to 3, where 0 is the absence of expression and 3 is
full expression).

Expression of matrix metalloproteinases (MMP) 2 and 9, which led to the destruction of extracellular
matrix proteins and stimulated cell migration and reproduction, decreased in all groups at the end
of the experiment, with the exception of the CMPL group (Figure 4b,d), while expression of TIMP2,
which is a tissue inhibitor of MMP, increased by day 112 in the C and CM groups, decreased in the PL
group, and remained unchanged in the CMPL group (Figure 4b,c). The expression of “mature” type I
collagen in the stroma increased in all groups from day 28 to day 112, with the exception of the PL
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group, while the expression of “immature” type III collagen in the stroma decreased by day 112 in the
C, CM, and PL groups, but did not change in the CMPL group (Figure 4b,c).

4. Discussion

Skin LRIs pose a serious medical, social, and economic problem. It is known that early effects
of skin damage from ionizing radiation (dry and wet dermatitis) are associated with damage to the
epidermis, and late effects (skin atrophy, radiation necrosis, etc.) are the result of damage to the
dermis [4]. Thus, the radiation target of the epidermis is the highly radiosensitive cells of the basal
layer, and the vessels of the microcirculatory bed in the dermis. As a result, with deep radiation burns,
necrotic and degenerative processes cover all layers of the skin, gradually spreading to the underlying
tissues, up to the bone.

This study is aimed at preventing complications of late radiation injuries, improving the nature
of the treatment course, and speeding up the healing time of skin LRIs. The introduction of MSCs,
culture, and conditioned media was performed three times: in the absence of changes in the skin
(day 1), after the formation of radiation dermatitis (day 14), and after the appearance of the wound
surface (day 21) to activate reparative processes and angiogenesis in damaged skin, reduce the healing
time of ulcerative defects, and prevent relapses.

In the course of the present study, the use of a conditioned medium concentrate and culture
medium showed greater effectiveness in terms of reducing the time and area of the open wound
surface. The greatest number of cases of complete healing of the affected skin of animals by the end of
the observation period (112 days) was detected in the CMPL group, and healing was also noted in the
CM group. In the same groups, no clinical signs of LRI recurrence were detected, but not in the C and
PL groups (Figure 3).

In our previous study [7], the effectiveness of the use of MSCs of the gingival mucosa in LRI
was shown. The absence of a significant effect when using MSCs derived from the placenta in this
study is due to the tissue specificity of this cell source and the peculiarities of their production of
paracrine factors.

According to the histological study, there was a decrease in inflammatory processes, the presence
of hair follicle rudiments, and proliferation of microcirculatory vessels in the CMPL group, in contrast
to other groups in which these changes were not so noticeable.

Given the nature of the radiation damage in all groups, the regenerative potential of cells in
the affected area is significantly reduced, which was confirmed by data from immunohistochemical
research. An increase in the expression of metalloproteinases (MMP 2 and 9), TIMP 2, collagen I
and III, as well as the number of CD68 macrophages, was observed in the CMPL group on day 112,
which probably indicates an increase in the rate of scarring and healing of the wound surface, which is
confirmed by planimetric studies (Figure 4a,b).

5. Conclusions

Thus, the use of MSCs derived from the placenta conditioned medium concentrate (CMPL group)
in severe LRI in laboratory animals accelerates the transition of the wound process to the stage of
regeneration and epithelization. Interestingly, in one of the control groups, when using a culture
medium concentrate (CM group), a significant decrease in the area of the wound surface was observed
compared to other groups during the entire observation period. However, the analysis of histological
and immunohistochemical studies does not allow us to unequivocally assert the effectiveness of this
type of therapy.
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Abstract: We have previously shown that the combination of radiotherapy with human
umbilical-cord-derived mesenchymal stromal/stem cells (MSCs) cell therapy significantly reduces the
size of the xenotumors in mice, both in the directly irradiated tumor and in the distant nonirradiated
tumor or its metastasis. We have also shown that exosomes secreted from MSCs preirradiated with
2 Gy are quantitatively, functionally and qualitatively different from the exosomes secreted from
nonirradiated mesenchymal cells, and also that proteins, exosomes and microvesicles secreted by
MSCs suffer a significant change when the cells are activated or nonactivated, with the amount of
protein present in the exosomes of the preirradiated cells being 1.5 times greater compared to those
from nonirradiated cells. This finding correlates with a dramatic increase in the antitumor activity of
the radiotherapy when is combined with MSCs or with preirradiated mesenchymal stromal/stem
cells (MSCs*). After the proteomic analysis of the load of the exosomes released from both irradiated
and nonirradiated cells, we conclude that annexin A1 is the most important and significant difference
between the exosomes released by the cells in either status. Knowing the role of annexin A1 in the
control of hypoxia and inflammation that is characteristic of acute respiratory-distress syndrome
(ARDS), we designed a hypothetical therapeutic strategy, based on the transplantation of mesenchymal
stromal/stem cells stimulated with radiation, to alleviate the symptoms of patients who, due to
pneumonia caused by SARS-CoV-2, require to be admitted to an intensive care unit for patients
with life-threatening conditions. With this hypothesis, we seek to improve the patients’ respiratory
capacity and increase the expectations of their cure.

Keywords: experimental radiotherapy; radiobiology; mesenchymal stem cells; cell therapy; exosome;
annexin A1; acute respiratory-distress syndrome; COVID-19

1. Introduction

The investigation into mesenchymal stromal/stem cells (MSCs) has been of outstanding interest
in the recent years [1]. Stromal cells are heterogeneous and contain several populations, including
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stem cells with different multipotential properties, committed progenitors and differentiated cells [2].
In all our experiments, we have used MSCs obtained from the human umbilical cord perivascular area
of Wharton’s jelly [3]. We have described these cells and assessed their phenotype [3], self-renewal
potential, contractibility, differentiation [3–5], clonogenicity, radiosensitivity [6], secretion [5] and
antitumoral activity both in basal conditions and after stimulation with X-rays [7,8].

We have recently shown that the combination of human umbilical-cord-derived MSCs cell therapy
plus radiotherapy significantly reduces the size of established tumors in mice, both in the directly
irradiated tumor and in the distant nonirradiated tumor [7] or in its metastasis [8]. These results
support the hypothesis that human mesenchymal stromal/stem cells are radiosensitizers for local
tumor radiotherapy, and simultaneously, they represent an effective tool for amplifying the systemic
effects of radiotherapy. These out-of-target radiotherapy effects [9–11], promoted by MSCs are, in our
view, of major interest [9,12].

We have also proved [7,8], that the preirradiation of MSCs triggers an important cellular change
that transforms the MSCs into a source of molecules with very interesting pharmacologic proprieties.
Amongst these actively secreted molecules, we have identified TRAIL and Dkk3 with very well-known
antitumor activities, and annexin A1, whose activities we have previously reviewed [12] and now
update here to include new data that demonstrate its anti-inflammatory and antiviral activity and its
role in the regulation of hypoxia.

This secretion activity suggests a mechanistic explanation of how activated cells may positively
spread their effect far from the place where they are applied. On this basis, we believe that exosomes,
heavily loaded with annexin A1, will be liberated in the lungs after cell therapy with irradiated-MSCs
cells, and this action would ameliorate symptoms in patients with sepsis in the lungs and in any other
organs affected by septic shock.

A significant number of scientific reports are available demonstrating that gap junction, paracrine
pathways and exocrine effects can transmit radiation-induced biological effects far from the place where
the radiation is applied. These effects are frequently referred to as radiation-induced out-of-target effects.
Multiple molecular signaling mechanisms [13] involving oxidative stress [14,15], kinases, inflammatory
molecules [16,17], exosomes [8], microvesicles are postulated to contribute to bystander short- and
long-range effects [12]. The anticancer immune response may also be activated by ionizing radiation,
and a combination of different treatment strategies is promising in this field [11,18]. The activation
of the immune system by the irradiated tumor to trigger the beneficial abscopal effect is decisively
improving radiotherapy applications and their outcomes [19–22].

2. Mesenchymal Stromal/Stem Cells and Radiotherapy

It is generally acknowledged that MSCs can be found ubiquitously in many tissues and are not
limited to those of mesodermal origin, such as bone marrow, adipose, muscle and bone.

Previous reports suggested a protective role for MSCs when combined with radiotherapy
(RT) [23,24]. In effect, due to their properties, MSCs may be recognized as a therapeutic tool for
treating radiation-induced tissue damage [25–27]. Several reports have shown that MSCs skillfully
home onto neoplastics tissues [28,29] and together with tissue recovery functions MSCs prepare the
microenvironment by controlling inflammatory processes to reduce the inflammation grade [30,31],
where they might have the greatest therapeutic impact in vivo [32]. However, the amount of
mesenchymal stromal/stem cells that are up-taken into injured tissues may not be sufficient to
explain their strong overall protective effect.

The bioactivation of MSCs may be obtained indifferent ways [33] and the molecules secreted by
the activated MSCs (MSCs*) might have an impact on several immune-cell lineages, establishing an
advantageous sphere far away from its original location. We have proposed that exosomes liberated
from radiation-activated MSCs* perform important intratumoral and systemic actions [8,12].

We are aware that cellular therapy with MSCs can be problematic in cancer therapy [12]. Therefore,
it is important to emphasize that following irradiation MSCs become senescent and the senescence
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is associated with production of a senescent-associated secretory phenotype (SASP). The SASP has
antitumor activity since it may induce senescence of neighboring cells by paracrine action [34].
Nevertheless, SASP can modify its composition and become much richer in proinflammatory factors
and it has become evident that tumor-associated MSCs have a positive effect on tumor growth
and the spread of metastasis [35] through the acquisition of a chemo- and radiotherapy resistance
mechanisms [36], and it has been suggested that tumor cells can misuse SASP for their own growth [37].
On the other hand, it has been communicated that, in an inflammatory condition, the exosomes
contained in the cancer cell secretome might have a role in the change of the normal MSCs cell
phenotype toward a malignant one [36], which could be an impediment to MSCs therapeutic use.

Nevertheless, whether this innate tropism of MSCs toward the tumors and metastatic foci is
related with cancer promotion or suppression remains controversial [35,37–40], and further studies on
the interactions between cancerous cells and stromal components of tumor microenvironments have
been proposed, which is imperative to allow the progress of more suitable treatments for cancer.

It is generally accepted that MSCs-based therapies are of major importance in regenerative
medicine and, perhaps, in the future a solution for many other medical problems. However, the success
of MSCs therapy relies on the efficiency of its administration and the biodistribution, engraftment,
differentiation and secreting paracrine factors at the target sites [41]. Until now, there has been no
universal delivery route for mesenchymal stromal/stem cells (MSCs) for different diseases [42]. In fact,
efficient homing and migration toward lesion sites play an important role and the local transplantation
of MSCs in spatial proximity to the lesion, as well as the systemic administration routes are being
carefully explored [43]. There is growing evidence that mesenchymal stromal/stem cells based
immunosuppression was mainly attributed to the effects of MSCs-derived extracellular vesicles [44]
although it seems clear that transplanted MSCs can indeed leave the blood flow and transmigrate
through the endothelial barrier, and reach the lesion site [45]. So, both mechanisms must be accepted
until the underlying processes are better understood.

We know that in an uninjured mouse, exogenous intravenously injected MSCs rapidly accumulate
within the lungs and are cleared from this site to other organs, such as the liver, within days [46].
As far as up-take in the lungs is concerned, the MSCs are able to release a wide variety of soluble
mediators, including anti-inflammatory cytokines [47], antimicrobial and angiogenic macromolecules,
and exosomes and microvesicles that are secreted to extravascular spaces [48]. All of the above leads
us to believe that the amount of MSCs cells that engraft onto injured tissues may not be sufficient to
account for their robust overall protective effects.

On the other hand, the induction of the mechanisms of epithelial and endothelial wound healing
and the angiogenesis promotion has been attributed to macromolecules included in the exosomes
released by the MSCs cells, which act as tools for defending the intestines from the damage produced
by necrotizing enterocolitis experimentally induced in animal models [29]. This has been highly
promising [23,49], and MSCs may be a well-thought-out therapeutic tool to treat radiation-induced
tissue damage [30]. It is essential to highlight that the group of Chapel et al. has started a phase 2
clinical trial (ClinicalTrials.gov Identifier: NCT02814864) for the handling of severe collateral healthy
tissue damage after radiation therapy in patients with prostate cancer, and this clinical trial is sustained
by numerous reports focused on the use of MSCs for improving the damage severity on normal tissues
after radiation treatment [46,50,51]. However, the damage severity and the mechanisms involved
in the control of side effects after radiotherapy [52], as well as the role of MSCs in healthy-tissue
radio-protection, are quite unknown.

We have included in Figure 1 a graphic summary of the widespread actions done by MSCs
and MSCs*.
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Figure 1. Graphic and schematic summary of cell actions, tissue response and possible therapeutic
application of mesenchymal stromal/stem cells (MSCs) and activated MSCs.

3. Radiation-Activated Mesenchymal Stromal/Stem Cells

When we studied the exosome cargo before and after the activation of MSCs with RT, we discovered
significant disparities in the results of the proteomic assessment of both samples. We described that there
are qualitative, quantitative and functional differences amongst the proteins contained in the exosomes
obtained from basal MSCs and activated MSCs* [8]. For more information in [8] see Supplementary
Materials, additional file 1.

These findings demonstrate the profound metabolic change that these activated cell exosomes have
undergone and the consequences after activation with radiation. Amongst the proteins representatives
in exosomes released from MSCs*, we highlight the key components of cell–cell or cell–matrix adhesion
and include annexin and integrins [8]. Between them, the presence of annexin A1 (ANXA1) is very
noteworthy because it is always present in the exosomes released from MSCs* and constantly absent in
MSCs. We verified these results using quantitative mRNA–PCR to measure the mRNA of this protein
in MSCs and MSCs* and confirmed that mRNA is spectacularly induced in MSCs after irradiation [8].
After measuring quantitatively the mRNAs of the proteins of TRAIL, Dkk3 and ANXA1 in umbilical
cord stromal stem-cells, before and after cell stimulation with 2 Gy low-energy transfer ionizing
radiation, our previously published results [8] show a clear increase in their intracellular levels,
compared with the levels found in basal situations (see these results in [8] supplementary material,
Figure S2) and notice that the levels of mRNA of TRAIL and Dkk3 at 48 are strongly increased in
treated cells compared to the basal levels (p < 0.001), whereas the levels of mRNA of ANXA1 are
strongly increased at 24 h, and dramatically at 48 h of cell treatment, with the statistical differences
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found 24 and 48 h being very significant (p < 0.0001), which supports the massive presence of ANXA1
in the exosomes released by the radiation-stimulated MSCs.

4. Annexin A1 in the Inflammation and Hypoxia Processes Control

We stated that the existence of ANXA 1 in the exosomes separated from the culture medium of
activated MSCs* and the absence of this protein in the medium withdrawn from the nonirradiated
MSCs is a relevant outcome in our previous studies [8].

In relation with this protein, we would like to emphasize that after more than 30 years of research,
annexins have been clearly recognized as key elements to control immune responses. The prototype
component of this family, ANXA1, has been highly recognized as an anti-inflammatory factor involving
cell mobility and the response of several components of the innate immune system [53]. However,
it has now been recognized that ANXA1 also has important implications in maintaining homeostasis,
fetal development, aging processes and in the evolution of several diseases such as cancer [54,55].
Inflammation is a tightly regulated mechanism, initiated following tissue damage or infection.
If unrestrained or unsolved, the inflammation may lead to further tissue damage and give rise to
persistent inflammatory diseases and autoimmunity with eventual loss of organ function. It is now
evident that the outcome of inflammation is an active process that occurs during an intense inflammatory
incident [56]. After MSCs activation, the released ANXA1 might diminish the gathering of neutrophils
in the tissue injured in several ways. Additionally, ANXA1 promotes neutrophil apoptosis and acts on
macrophages to stimulate the phagocytosis and the removal of dead neutrophils [56,57], and leads to the
rapid reconstruction of tissue homeostasis. Inflammation resolve is controlled by several endogenous
factors involving macromolecules and proteins, such as ANXA1, and their presence is relevant in many
diseases [58]. The study of ANXA1 in relationship with the innate immune system has focused mainly
on the anti-inflammatory and proresolving actions through its binding to the formyl-peptide receptor 2
(FPR2)/ALX receptor. There is much evidence that ANXA1, and its mimetic peptides [58], may have an
important role in alleviating complications associated with ischemia–reperfusion injury [59]. Moreover,
the presence of chronic inflammation in tumors is common and facilitates tumor growth, metastatic
dissemination and treatment resistance [60]. Physical abnormality of tumor vasculature, including its
chaotic structure, enlarged interstitial pressure, increased stiffness and hypoxia, are physical barriers in
tumor treatment [61] are inspiring new anticancer strategies aimed at targeting the tumoral tissue to
normalize these physical irregularities [61,62].

ANXA1 is an endogenous inhibitor of NF-κB that can be induced in cancer cells and experimental
tumors by potent anti-inflammatory glucocorticoids and modified nonsteroidal anti-inflammatory
drugs [49]. In this context, ANXA1 has long been classified as an anti-inflammatory protein due to its
actions on leukocyte-mediated immune responses. However, it is now well known that ANXA1 has
extensive effects further from the immune system, with consequences in maintaining the homeostatic
atmosphere within the whole body due to its capacity to influence cellular signaling, hormonal secretion
and diseases [63]. Upon an injury, epithelial wound shutting is a excellently adjusted process that
re-establishes homeostasis, but in chronic diseases it is related with nonhealing vascular lesions; in this
processes ANXA1 is involved as a preresolving mediator [64].

Moreover, new studies indicating an intracellular function of ANXA1 have now been published.
In effect, using AnxA1 knockout mice, it has been noted that ANSA1 is essential for IL-1β release both
in vivo as in vitro [65]. Furthermore, we know that ANXA1 colocalize and exactly connect with NLRP3,
suggesting the activity of ANXA1 in inflammasome initiation is independent of its anti-inflammatory
role via FPR2 [65]. These mechanisms, which could be of major importance in the resolution of lung
inflammation and in septic shock through cytokine storm control, deserve more research.

5. Annexin A1 in the Treatment of Inflammation

The significance of annexin A1 (ANXA1), a 37 kDa monomeric protein, to stress response is that
its synthesis and release are controlled by glucocorticoids (GCs). After release, it has been shown that
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ANXA1 could strongly downregulate polymorphonuclear leukocyte migration into inflammatory sites
and accelerate their apoptosis, upregulating the monocyte migration into the inflammatory sites [66].

Recently, the role of ANXA1 in the treatment of acute radiation-induced lung damage has been
studied and the causes of its action examined [67]. Neuroinflammation initiated by damage-associated
molecular patterns has been implicated in adverse neurological outcomes following lethal hemorrhagic
shock and polytrauma [68]. Results obtained by Ma Q. et al. [68] show that attractive proresolving
pharmacological approaches, such as annexin-A1 biomimetic peptides, can efficiently attenuate
neuroinflammation and reveal a novel complex role for ANXA1 as a therapeutic and a prophylactic
drug due to its ability to strengthen endogenous proresolving, anti-thrombo-inflammatory mechanisms
in cerebral ischemia–reperfusion injury. Finally, it has been announced that recombinant human ANXA1
may represent a novel candidate for the treatment of diabetes type 2 and/or its complications [69,70].

6. Annexin A1 and Lung Diseases

Endogenous glucocorticoids are proresolving intermediaries, a model of which is the endogenous
glucocorticoid-regulated protein annexin A1. Because silicosis is an occupational lung disease
typified by persistent inflammation and fibrosis, models regarding this illness have been studied
to test the therapeutic properties of the ANXA1 on experimental silicosis [66]. The authors have
demonstrated that the therapeutic administration of N-terminal peptide of ANXA1 (Ac2-26) in
ischemia–reperfusion-provoked lung injury might substantially attenuate the lung edema and
proinflammatory cytokine production, thus reducing oxidative stress, apoptosis, neutrophil infiltration
and lung tissue injury, perhaps via the activation of the N-formyl peptide receptor [66].

A similar result was published in an experimental study made with animals affected by
bleomycin-induced lung fibrosis that were treated with an ANXA1 peptido-mimetic, administrated
prophylactically (from day 0 to 21) or therapeutically (from day 14 onward), which improved signs
of both inflammation and fibrosis [71]. Together these data show a pathophysiological relevance for
ANXA1 in lung inflammation and in fibrosis, and may open up a new approach for the pharmacological
handling of pneumonia and lung fibrosis. Currently, the resolution of inflammation, once considered to
be a passive process, has recently been revealed to be an active and precisely controlled process. In the
resolution stage of acute inflammation, new mediators, including lipoxins and resolvins, which are
members of the specific proresolving mediators of inflammation, are released [72].

Acute lung injury and the more severe forms of acute respiratory distress syndrome, ALI/ARDS,
are relatively common syndromes in seriously ill patients and are related with a high rate of morbidity
and mortality. Recently, new evidence has shown that the resolution of inflammation might be an active
and highly regulated process. Specific proresolving mediators (SPMs), have been proved to produce
strong immune-resolving effects, such as cell proliferation, migration and the clearance of apoptotic
cells and microorganisms. Therefore, the effective and timely control of inflammation could be the key
step to maintain effective host defense and the restoration of homeostasis. Therefore, this reveals a
new mechanism for pulmonary edema fluid reabsorption in which SPMs, amongst them annexin A1,
might offer new chances to design “reabsorption-targeted” treatments with high levels of precision in
controlling acute lung injury [73]. It is also widely acknowledged that to survive, edema fluid should
be removed for patients with ALI/ARDS [74].

Moreover, lung endotoxemia is characterized by neutrophil accumulation, enlarged vascular
permeability and parenchymal damage. In relation with toxic problems, it has been proposed
that the molecular reactions stimulated by ANXA1 peptidomimetic Ac2-26 lead to the control of
leukocyte activation/migration and both cytokine production and lung injury that are generated
by lipopolysaccharides [75]. It was also published that ANXA1 may accelerate the resolution
of inflammation in acute radiation-induced lung damage through the inhibition of IL-6 and
myeloperoxidase inflammatory cytokines, demonstrating that ANXA1 may have a therapeutic role as
treatment target for acute-radiation lung damage [76].
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Moreover, it is well known that pattern recognition receptors (PRRs) are key elements in the
innate immune response. FPR2/ALXR, a receptor modulated for specialized proresolving mediators of
inflammation, amongst them annexin A1, has been shown to be one of the receptors implicated in
inflammation process control. This has encouraged the research community to search for and develop
new anti-inflammatory/proresolution small molecules to control inflammation through the activation
of FPR2/ALXR [44].

We believe that the protective function of the ANXA1-FPR2 signaling axis recently described in
viral infections it is very important [60]. The formyl peptide receptor (FPR) 2 is a pattern recognition
receptor that, in addition to proinflammatory, pathogen-derived compounds, also recognizes the
anti-inflammatory endogenous ligand annexin A1 (ANXA1), and it has been shown that ANXA1,
via FPR2, controls inflammation and bacterial dissemination during pneumococcal pneumonia by
promoting host defenses, suggesting ANXA1-based peptides as a novel therapeutic strategy to control
pneumococcal pneumonia [77].

In this context, it has been described that mice with the influenza A virus (IAV) infection in the
murine model treated with ANXA1 displayed significantly attenuated pathology upon a subsequent
IAV infection with significantly improved survival, impaired viral replication in the respiratory tract
and less severe lung damage.

7. COVID-19: The Magnitude of the Problem

Most countries in the world are suffering a significant spread of SARS-CoV-2, causing pandemic
effects. The clinical presentation of the SARS-CoV-2 infection varies from asymptomatic or with
light symptoms to clinical situations characterized by respiratory insufficiency requiring mechanical
ventilation and intensive care, to multiorgan dysfunction syndrome with signs and symptoms such as
sepsis, septic shock and multisystem failure. It also is true, unfortunately, that all the countries in the
world do not have the capacity to solve this problem due to the lack of therapeutic measures that could
have the appropriate impact. The problem is massive. Therefore, there is a great need to contemplate
new methods to improve patients’ biological resistance to SARS-CoV-2 by using mesenchymal
stromal/stem cells [78]. We know that SARS-CoV-2 invade cells through the ACE2 receptor widely
expressed in human cells, including the alveolar epithelium and the capillary endothelium. The MSCs
are ACE2 negative. So, the transplanted cells are unable to participate in the spread of the infection.

For the healthcare services, the two key imperative necessities in the SARS-CoV-2 infection are to
hinder and reduce infection rates, and to decrease the death rate of those infected. The accumulating
epidemiological analyses, connected with country-based mitigation strategies, and with estimations
that about 80% COVID-19 patients have mild or asymptomatic disease, 14% severe disease, and 6%
are critically ill, support a permanent need for the treatment of SARS-CoV-2 infection and COVID-19
pneumonia in the long term.

According to preliminary estimates of severity that were based on a recent analysis of data from
EU/EEA countries and the UK available in the European Surveillance System TESSy and online country
reports (for countries whose data were incomplete or missing in TESSy) and summarized by the
European Centre for Disease Prevention and Control (ECDC), we know that amongst all the cases of
patients affected, hospitalization has occurred in 32% of cases reported from 26 countries, and cases
with severe illness (requiring ICU and/or respiratory support) have accounted for 2.4% cases reported
from 16 countries. Moreover, amongst hospitalized cases, severe illness was reported in 9.2% of
hospitalized cases in 19 countries and death occurred in the 11% of the hospitalized cases in 21 countries.
The age-specific hospitalization rates amongst all cases showed elevated risk amongst those aged
60 years and over. Finally, a strong estimate for the COVID-19 case death rate is still lacking and
theoretically biased by partial outcome data and differences in testing policies and procedures.

The number of people affected worldwide is progressive and continuously growing,
and SARS-CoV-2 has infected more than 24.5 million people and killed more than 830,000 people in
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different countries, areas or territories with cases (ECDC on 28 August 2020). The worldwide lethality
(average) is ≈3.38% with a range of 0.1% to 14.0% depending on the country.

The magnitude of the problem is enormous and terrifying.

8. Clinical Trials of MSCs Transplantation in Patients with COVID-19 Pneumonia

MSC products are quickly arising as promising treatment candidates for the COVID-19 pandemic.
It is well known that septic shock is associated with a considerable viral load in terms of both
mortality and morbidity for survivors of this illness. Preclinical sepsis studies advise that mesenchymal
stromal/stem cells (MSCs) may moderate inflammation, improve pathogen clearance and tissue repair
and reduce death. Because MSCs have not been assessed in humans with septic shock, a clinical
trial that examines safety and tolerability of MSCs is mandatory before proceeding to a randomized
controlled trial to study patient outcomes. This has been performed by L.A. McIntyre et al. [79] and
their results show that the infusion of freshly cultured allogenic bone-marrow-derived MSCs, up to a
dose of 3 million cells/kg, into patients with septic shock seems safe and, consequently, the results of
the phase I dose escalation and safety trial provide researchers with the rationale and argument to now
conduct larger trials to study the efficacy of MSCs in a clinical trial in patients with septic shock [80];
the clinical trial is registered with the www.clinicaltrials.gov (NCT02421484) reference.

Preclinical and early clinical data suggest that human umbilical cord stromal MCSs, because of their
anti-inflammatory and immunomodulatory actions, are able to heal tissues affected and thus improve
recovery rates [81]. Additionally, this treatment also seems to be antimicrobial. Two recent studies
from China [78,82] have examined whether MSCs could be useful for treating SARS-CoV-2/COVID
pneumonia, based on known immune modulatory and reparative abilities of stem cells. Both studies
show an outstanding reversal of symptoms, even in severe to critical circumstances. These clinical
studies not only recognize a novel therapeutic approach, but also the reality of natural processes able
to reduce acute inflammatory pneumonia.

Following the intravenous transplantation of MSCs, a noteworthy population of cells accumulates
in the lung, which together with their immunomodulatory effect, could protect alveolar epithelial cells,
recover the pulmonary microenvironment, avoid pulmonary fibrosis and cure lung dysfunction. It has
been suggested that MSCs have cured or significantly improved the functional outcomes of seven
patients without any detected side effects. The pulmonary function and symptoms of these seven
patients were significantly improved in two days after MSCs transplantation. Furthermore, the gene
expression profile revealed MSCs were ACE2- and TMPRSS2, which showed that the MSCs were free
from the SARS-CoV-2 infection. Thus, the intravenous cellular transplantation was safe and efficient
for handling in patients with COVID pneumonia, particularly for the patients in a seriously severe
condition [78].

Given the uncertainties in this area, Golchin et al. [83] have reviewed published clinical trials and
hypotheses to offer useful information to researchers and those involved in stem-cell therapy. In their
study, they considered a new approach to enhance patients’ immunological responses to COVID-19
pneumonia using MSCs and debating the aspects of this proposed treatment. However, currently,
there are no approved MSC-based approaches for the prevention and/or treatment of COVID-19
patients; nevertheless, clinical trials are ongoing.

The immunomodulatory and anti-inflammatory properties of MSCs in the treatment of respiratory
diseases have been confirmed by 17 completed clinical studies, and also more than 70 trials have been
registered in this regard (https://clinicaltrials.gov).

Many of the critically ill COVID-19 patients are in a hypercoagulable or procoagulant situation and
with a high probability for disseminated intravascular coagulation, thromboembolism and thrombotic
multiorgan catastrophe, another cause of the high death rate. Therefore, it is mandatory to only use
well-characterized and safe MSCs in the most urgent and experimental treatments [84]. Moreover,
in order to alleviate patients with SARS-CoV-2 infection, the obvious risk of adverse thrombotic
reactions after the transplant of high doses of poorly typified cell product, an obligatory a set of
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significant procedures for combining innate immune hemocompatibility examination into the usual
patients’ characterization and clinical procedures, before applying MSCs cell therapies has been
proposed [84].

Of course, cost effectiveness and the speed of medicinal formulation and transport are topics to be
considered for MSCs-based therapy for COVID-19, but without a doubt, whatever the cost the life of a
human being is priceless. Nevertheless, the clinical use of MSCs therapy to treat COVID-19 seems
promising. Therefore, bearing in mind that MSCs therapy could become an important contribution to
terminate the high COVID-19 death rates and prevent long-term functional side effects in those who
survive disease, it is essential that the funding agencies invest more into the development of MSCs
suitable for safe clinical applications [71].

However, it is very important to underline that scientists are tirelessly trying to obtain a
vaccine for SARS-CoV-2 infection and COVID-19 pneumonia, as well as therapeutics to treat this
disease [83], and that now a vaccine to protect against SARS-CoV-2 infection has been assessed for
safety, tolerability and immunogenicity of a recombinant adenovirus type-5 (Ad5) vectored vaccine
expressing the spike glycoprotein of a grave acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
variety [85]. These recently published results show that the vaccine is safe and immunogenic at
28 days postvaccination. Humoral responses against SARS-CoV-2 hit the highest point at day 28
postvaccination in healthy adults, and quick specific T-cell responses were observed from day 14
postvaccination. These findings imply that the Ad5 vectored SARS-CoV-2/COVID vaccine deserves
more research [85] and an ongoing phase 2 trial in China (NCT04341389) will offer more data on the
safety and immunogenicity of the Ad5 vectored SARS-CoV-2/COVID-19 vaccine. The progress in this
field is extremely fast, and an excellent update on the subject can be found in [86].

9. Conclusions and Perspectives

The present global health crisis involving the appearance and rapid spread of a new coronavirus
has encouraged the worldwide scientific community to consider how it can help to combat this
mounting viral pandemic.

Amongst all the different mesenchymal stromal/stem cells that might be used, umbilical cord stem
cells seem to be the most desirable for a series of reasons that have been very well explained by S. Atluri
et al. [81]. Considering together both the previous reports and our own knowledge, and research on the
exceptional abilities of proliferation [5,7], secretion [4] and differentiation [17,71] of the umbilical cord
mesenchymal stromal/stem cells that we have investigated [7,8], we have also decided to recommend
umbilical cord mesenchymal stromal/stem cells as a vehicle for annexin A1 for septic shock treatment.

The activation of these MSCs with a 2 Gy low-LET radiation dose produces an important increase
in the cell-released exosomes and these nanovesicles, which can reach all the tissues and organs affected,
contain a very specific load of proteins, including annexin A1 [8,12], whose activity in situations of
infection, inflammation and hypoxia has been intensively discussed in the previous sections of this
paper. This protein together with the endothelium-repair functions characteristic of MSCs must play a
major role in the treatment of the septic shock and pneumonia related with SARS-CoV-2 infection.

Moreover, it is generally accepted that the efficacy of transplanted MSCs actually seems to be
independent of the physical proximity of the transplanted cells to damaged tissue. Supposedly a
vectorized signaling system, we now believe that the exosomes released from radiation-activated-MSCs
cells can reach other organs different from the lungs, where they will be up-taken after intravenous
injection and thus extend the anti-inflammatory and antimicrobiological effects of the treatment,
to cover systemic problems such as the treatment of patients with septic shock in general and for
COVID-19 at this particular time.

This hypothesis provides a rationale for the therapeutic efficacy of MSCs and their secreted
exosomes in patients with clinical conditions characterized by respiratory failure necessitating
mechanical ventilation and medical assistance in the intensive care unit, for multiorgan insufficiency
and systemic manifestations such as sepsis, septic shock and multiple organ dysfunction cases.
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Lastly, a scheme for our hypothetical cellular therapy in patients with acute respiratory distress
syndrome would be an intravenous infusion of 6 million/kg of patient-weight divided into two
parts: (a) 3 million nonirradiated-MSCs/kg of patient-weight, to take advantage of the protective,
regenerative and repair MSCs-effects at the lung–vasculature and (b) 3 million preirradiated-MSCs*/kg
of patient-weight, to achieve, as soon as possible within the patients, the loaded-exosomes with ANXA1
that clinical-grade umbilical cord MSCs* are able to produce after radiation stimulation and thus, take
advantage of the extensive range of anti-thrombo-inflammatory, antiviral and immunomodulatory
actions associated with this protein.

Finally, we want to clarify that this paper only presents a hypothesis and that the possibility of
treating patients is still far off because we lack the necessary experimental data, which would prove
the applicability, efficiency and security necessary to further the hypothesis in its transition from the
laboratory bench to the patient’s bed. Therefore, more work is necessary to promote this idea and
use activated MSCs* as a therapy for patients with COVID-19, but that is our challenge and we are
optimistic of a positive outcome.
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Abstract: For the general population, medical diagnosis is a major cause of exposure to low genotoxic
stress, as various imaging techniques deliver low doses of ionizing radiation. Our study investigated the
consequences of low genotoxic stress on a keratinocyte precursor fraction that includes stem and progenitor
cells, which are at risk for carcinoma development. Human skin organoids were bioengineered according
to a clinically-relevant model, exposed to a single 50 mGy dose of γ rays, and then xeno-transplanted
in nude mice to follow full epidermis generation in an in vivo context. Twenty days post-xenografting,
mature skin grafts were sampled and analyzed by semi-quantitative immuno-histochemical methods.
Pre-transplantation exposure to 50 mGy of immature human skin organoids did not compromise
engraftment, but half of xenografts generated from irradiated precursors exhibited areas displaying focal
dysplasia, originating from the basal layer of the epidermis. Characteristics of epithelial-to-mesenchymal
transition (EMT) were documented in these dysplastic areas, including loss of basal cell polarity and
cohesiveness, epithelial marker decreases, ectopic expression of the mesenchymal marker α-SMA and
expression of the EMT promoter ZEB1. Taken together, these data show that a very low level of radiative
stress in regenerating keratinocyte stem and precursor cells can induce a micro-environment that may
constitute a favorable context for long-term carcinogenesis.

Keywords: human epidermis; keratinocytes; stem cells; precursor cells; low-dose γ irradiation;
regeneration; dysplasia; epithelial-to-mesenchymal transition (EMT); ZEB1
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1. Introduction

The development of human three-dimensional (3D) organoids by bioengineering now permits
these models to make an increasing contribution to deciphering developmental processes, tissue
and organ physiology and pathophysiological contexts. Notably, achievements have been reported
with heart organoids in the domain of myocardial infarction and drug cardiotoxicity [1], with brain
organoids for studies of hypoxic brain injury and prematurity [2] and medulloblastoma modeling [3],
with liver organoids for studies of normal [4] and cancer [5] development, and with organoids modeling
normal and cancer contexts in the digestive tract [6,7]. In skin, human 3D organoids have demonstrated
efficiency in the modeling of pathophysiological contexts, such as defects in the epidermal barrier
associated with atopic dermatitis [8], or epidermal cancer proneness in xeroderma pigmentosum [9].
Notably, bioengineered 3D epidermises have contributed to the knowledge of keratinocyte stem and
progenitor cells [10–13].

Today, deciphering the adverse impacts of normal tissue exposure to low radiation doses constitutes a
biomedical research field of growing interest, due to their increasing use in medical diagnosis technologies
such as computed tomography (CT) scans, for both adult and pediatric patients [14,15]. Radiotherapy (RT)
is also a source of low-dose exposure for normal tissues and organs surrounding the targeted tumor. As the
number of cancer survivors and their lifespans increase thanks to constant improvement of diagnostic
methods and medical management, the problem of RT complications is becoming a medical issue of
growing importance. Skin is of particular concern regarding RT adverse reactions, as this organ can
develop different types of short- and long-term radio-pathologies [16]. Our group and I. Turesson’s
group in Sweden have shown that human skin, and notably the epidermis, can develop different types of
complications after exposure to high [17] or low [18,19] radiation doses, complications such as erythema,
epidermitis, dysplasia, as well as acanthosis and carcinoma in the long-term. However, the contributions
of specific target cell populations in these pathophysiological processes still require in-depth studies.

Here, we have investigated the effects of low radiation doses on the capacity of keratinocyte stem
and progenitor cells to ensure epidermis regeneration, and have explored the cellular perturbations
at the origin of radio-induced disorders that can affect this tissue. We show that pre-transplantation
exposure of keratinocyte precursor cells to a single dose of 50 mGy, at the initial stage of 3D epidermis
generation, induced focal dysplasia in xenografted epidermises, exhibiting characteristics of epithelial-
to-mesenchymal transition (EMT).

2. Materials and Methods

2.1. Human Tissue and Cell Materials

The present study was approved by the review board of the iRCM (Institut de Radiobiologie Cellulaire
et Moléculaire, CEA (French Alternative Energies and Atomic Energy Commission), Fontenay-aux-Roses,
France), and is in accordance with the scientific, ethical, safety and publication policy of CEA (CODECO
number DC-2008-228, reviewed by the ethical research committee IDF-3). Human skin tissue from
adult healthy donors was collected in the context of breast reduction surgery, after informed consent.
Epidermal keratinocytes and dermal fibroblasts were extracted after enzymatic treatment. Frozen
banked samples of human epidermal holoclone keratinocytes, generated and characterized in [11],
were studied as a model of immature skin keratinocyte precursor cells.

2.2. Bi-Dimensional Culture of Keratinocytes

Holoclone keratinocyte samples were thawed and amplified in bi-dimensional mass conditions
one week before use for skin substitute bioengineering. Cultures were performed in a serum-containing
medium, in the presence of a feeder layer of human dermal fibroblasts growth-arrested by γ irradiation
(60 Gy), as described in [11]. Plastic devices coated with type I collagen were used (Biocoat, BD
Biosciences, Le Pont de Claix, France). Composition of the serum-containing medium included DMEM
and Ham’s F12 media (Gibco, ThermoFisher, Les Ulis, France) (v/v, 3/1 mixture), 10% fetal calf serum
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(Hyclone, Fisher Scientific, Illkirch, France), 10 ng/mL epidermal growth factor (EGF) (Chemicon,
Fisher Scientific, Illkirch, France), 5 µg/mL transferrin (Sigma, Saint-Quentin Fallavier, France), 5 µg/mL
insulin (Sigma, Saint-Quentin Fallavier, France), 0.4 µg/mL hydrocortisone (Sigma, Saint-Quentin
Fallavier, France), 180 µM adenine (Sigma, Saint-Quentin Fallavier, France), 2 mM tri-iodothyronine
(Sigma, Saint-Quentin Fallavier, France), 2 mM L glutamine (Gibco, ThermoFisher, Les Ulis, France)
and 100 U/mL penicillin/streptomycin (Gibco, ThermoFisher, Les Ulis, France).

2.3. Three-Dimensional Skin Substitute Bioengineering

Plasma-based human skin substitutes were reconstructed according to [12,20,21]. Human plasma
(generous gift from Pr Lataillade, Biomedical Research Institute of French Armies (IRBA), INSERM
U1197 Clamart, France), was mixed on ice with 4.68 mg/mL sodium chloride (Fresenius Medical
Care, Savigny, France), 0.8 mg/mL CaCl2 (Laboratoire Renaudin, Itxassou, France), 9.7 µg/mL Exacyl
(tranexamic acid) (Sanofi, France) and human dermal fibroblasts. The mixture was spread in 9.6 cm2

Petri dishes (BD Biosciences, Le Pont de Claix, France) and plasma fibrin was allowed to polymerize for
30 min at 37 ◦C. Fibrin gels were then covered with keratinocyte growth medium (same composition as
that used for 2D cultures). The next day, keratinocytes were seeded onto these dermal substrates, at the
density of 2400 cells/cm2. After 2 weeks of culture (medium changed every 2 days), skin substitutes
were ready for xenografting.

2.4. Skin Substitute Irradiation

Exposition of skin substitutes to ionizing radiation was performed at the initial step of epidermis
regeneration by keratinocyte precursor cells. Accordingly, samples were irradiated 6 h after keratinocyte
seeding onto dermal reconstructs, a time sufficient for their recovery from trypsinization and attachment
to their new environment. A 137Cs source was used (γ rays, IBL637 irradiator, Cis-Bio international,
Saclay, France). Low dose irradiations (50 mGy) were performed at the dose rate of 50 mGy/min,
and irradiations at higher dose (2 Gy) at the dose rate of 850 mGy/min. Control samples were sham-
irradiated (same processing except γ ray delivery). The control, 50 mGy and 2 Gy cohorts comprise
respectively 14, 14 and 13 skin substitutes.

2.5. Skin Substitute Xenografting

Experimental procedures [12,21] were approved by the ethical committee CEEA-51 from the Center
for Exploration and Experimental Functional Research (CERFE) (Genople®, Evry, France). Experiments
and housing were managed at CERFE under appropriate aseptic conditions. Immuno-deficient
athymic Nude Foxn1nu mice (ENVIGO, Gannat, France) were used as recipients for the xenografting of
human skin substitutes. Mice were anesthetized via intraperitoneal injection of ketamine (Centravet,
Maisons-Alfort, France) and xylasine (Centravet, Maisons-Alfort, France), and maintained onto a heated
surface to avoid hypothermia. A full-thickness disk of dorsal skin (~1 cm2) was removed. This mouse
skin piece was then devitalized by serial freezing in liquid nitrogen and thawing, and kept for use as a
bio-bandage. The wound bed was covered with an equivalent surface of human bioengineered skin
substitute. The devitalized piece of mouse skin was then sutured to the mouse skin border, to cover
and transiently protect the xenograft site. This bio-bandage was removed 1 week later under isoflurane
(Axience, Pantin, France) anesthesia (anesthetic unit from Minerve, Esternay, France). Mice were
euthanized 20 days post-xenografting for analysis of human regenerated skin characteristics using
the cervical dislocation method, under anesthesia. Notably, previous characterization of the present
xenograft model by live imaging performed on grafts generated with [GFP+] transduced keratinocytes
has shown no diffuse mixing between the human and mouse epidermises, indicating the absence of
recruitment of mouse epithelial cells within human xenografts (Figure S1 and [12]).
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2.6. Preparation of Skin Sections for Histological Characterization

After dissection from euthanized recipient mice, human regenerated skin samples were washed in
PBS, and then fixed for 1 day in a buffered solution of 10% formalin (Labonord, Villeneuve D’ascq, France).
Fixed tissue samples were dehydrated by graded successive ethanol treatment and then paraffin-embedded.
Paraffin sections of 5 µm thickness were prepared (Novaxia histology laboratory, Saint Laurent Nouan,
France). For histological characterization, sections were colored with hematoxylin-eosin-saffron (HES),
and then scanned and converted into high resolution digital slides using the Axio Scan.Z1 system (Zeiss,
Marly le Roi, France) at the imagery platform of the Genethon institute (Evry, France), or using the
Pannoramic scan II system (3D Histech, Budapest, Hungary) at the histology platform of INRA-CEA
(Jouy-en-Josas, France).

2.7. Quantitative Histology

2.7.1. Percentage of Section Length Displaying Abnormal Epidermis Histology

For the determination of section length corresponding to defective regeneration, 6 whole-length
HES-stained sections were systematically considered for each individual xenograft. Epidermis areas
displaying abnormal organization were identified by the experimenter and their length was measured
using a digital scale. Percentages reported on whole section lengths were calculated. Data were expressed
as dot plots cumulating the analysis of multiple regions for each section to ensure representativity
(numbers are indicated in figure legends).

2.7.2. Detection of Non-Cohesive Spaces within Regenerated Epidermises

For quantification of abnormally regenerated epidermis areas, semi-quantitative estimation of
non-cohesive spaces was performed on 6 whole-length HES-stained sections for each xenograft. Digital
images were converted into binary pictures in greyscale using Fiji software. After establishing a
threshold based on tissue-free areas of slides, expanded intercellular spaces present within regenerated
epidermises were converted into red pixels, which were automatically quantified using an in-house
routine (imagery platform of the Genethon institute, Evry, France). Dot plots cumulated the analyses
of multiple regions for each section (numbers are indicated in figure legends).

2.7.3. Assessment of Keratinocyte Polarity

For each individual xenograft, analysis was performed on 2 sections stained with DAPI (Fluoroshield™,
Sigma-Aldrich, Saint-Quentin Fallavier, France), in which 3 regions of interest (ROIs) were defined,
corresponding to ~ 800 µm section length. For the analysis focused on areas displaying abnormal
organization, these regions were identified by the experimenter and selected as ROIs. A mask was
defined by the experimenter to extract the basal keratinocyte layer and characterize nuclei orientation
versus the dermo-epidermal junction (JDE) plane. Angle measurements were performed automatically
using a routine developed with Fiji software, and data were plotted into 18 angle categories (from 0◦ to
90◦) using R software (Genethon imagery platform, Evry, France).

2.8. Section Processing for Immunofluorescence Analyses

Paraffin-embedded sections (Novaxia histology laboratory, Saint Laurent Nouan, France) were
deparaffinized in xylene and rehydrated in ethanol-H2O. Antigen retrieval was then performed by
immersion of paraffin sections for 20 min in Target Retrieval Solution (Dako, Glostrup, Denmark) at 95 ◦C.
Non-specific antibody binding was blocked either by incubation in a 2% BSA (bovine serum albumin)
solution or in serum. Staining was performed using non-conjugated primary antibodies, revealed using
fluorochrome-conjugated secondary antibodies. Negative controls were performed, corresponding to the
staining procedure without primary antibody, and showed no signal. Antibodies and blocking condition are
listed in Table 1. Nuclei were stained with DAPI (Fluoroshield™, Sigma-Aldrich, Saint-Quentin Fallavier,
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France). Image acquisition was performed using a Leica SP8 fluorescence imaging system. For fluorescence
semi-quantitative analysis, stained sections were converted into high resolution digital slides using the Axio
Scan.Z1 (Zeiss, Marly le Roi, France) at the Genethon imagery platform (Evry, France).

2.9. Semi-Quantitative Immunofluorescence Analyses

All marker analyses were performed on 2 stained sections for each xenograft. For analysis of keratinocyte
polarity, 3 ROIs were defined per section, corresponding to ~ 800 µm length. Areas displaying abnormal
organization were identified by the experimenter and considered as ROIs for their specific characterization.
For analysis of VANGL2 expression, a mask was defined to extract the basal keratinocyte layer. VANGL2
signal level (arbitrary units, a.u.) was determined using a routine developed with Fiji software (Genethon
imagery platform, Evry, France). DAPI staining of nuclei was used for signal normalization. For analysis
of ZEB1 expression, positive keratinocytes were counted by the experimenter, and percentage of ZEB1+

cells was calculated. DAPI staining (Fluoroshield™, Sigma-Aldrich, Saint-Quentin Fallavier, France) was
used to identify and count all nuclei within epidermises. For analysis of E-cadherin and α-smooth muscle
actin (α-SMA) expression, fluorescence levels (a.u.) were determined within epidermises using a routine
developed with Fiji software (Genethon imagery platform, Evry, France). Keratin-14 (K14) and β-catenin
were used to specifically mark keratinocytes.

2.10. Apoptosis Assay

Search for genomic DNA fragmentation associated with late apoptosis was performed in sections
of skin substitutes pre-xenografting and regenerated skin 20 days post-xenograting, using the TUNEL
(terminal deoxynucleotidyl transferase dUTP nick-end labeling) principle. The In Situ Cell Death Detection
Kit was used (Roche Molecular Biochemicals, Mannheim, Germany), according to the manufacturer’s
instructions. Technical positive controls corresponded to sections treated for 10 min with 1500 U/mL
recombinant DNase I (Roche Molecular Biochemicals, Mannheim, Germany). Nuclei were colored with
DAPI (Fluoroshield™, Sigma-Aldrich, Saint-Quentin Fallavier, France). Image acquisition was performed
using a Leica SP8 fluorescence imaging system (Leica microsystems, Nanterre, France).

2.11. Statistics

Statistical analyses were achieved using GraphPad Prism software (GraphPad Software, San Diego,
CA, USA). Statistical significance of the data was determined using the Mann–Whitney U test.

Table 1. Antibodies.

Primary Antibodies Blocking Reagents

Rabbit polyclonal anti-ZEB1 [H-102] (sc-25388, Santa Cruz, Heidelberg, Germany) BSA
Rabbit polyclonal anti-involucrin (ab53112, Abcam, Paris, France) BSA

Rabbit polyclonal anti-αSMA (ab5694, Abcam, Paris, France) Serum
Mouse monoclonal anti-lamin 5 (ab78286, Abcam, Paris, France) Diagomics, Blagnac, France

Mouse monoclonal anti-cytokeratin 14 [LL002] (Leica Biosystems, Nanterre, France) BSA
Mouse monoclonal anti-βcatenin [15B8] (ab6301, Abcam, Paris, France) Serum

Mouse monoclonal anti-E-cadherin [M168] (ab76055, Abcam, Paris, France) Serum

Secondary Antibodies

Goat anti-Mouse, Alexa Fluor®594 conjugate (A-11032, ThermoFisher scientific, Les Ulis, France)
Goat anti-Mouse, Alexa Fluor®488 conjugate (A-11001, ThermoFisher scientific, Les Ulis, France)
Goat anti-Rabbit, Alexa Fluor®594 conjugate (A-11037, ThermoFisher scientific, Les Ulis, France)

Donkey anti-Rabbit, FITC conjugate (ab97063, Abcam, Paris, France)

3. Results

3.1. Experimental Design

A functional approach was designed to model the impact of ionizing radiation (IR) on the regenerative
capacity of human epidermal keratinocyte precursor cells (Figure 1). The cellular material used in this
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study is defined as holoclone keratinocytes (Figure 1A), which correspond to the progeny of single
keratinocyte stem cells [11]. These cells exhibit extensive long-term growth potential in bidimensional (2D)
culture, as well as genomic stability and efficient epidermal regeneration, as assessed by in vitro epidermis
reconstruction and in vivo xenografting [11,12], thus showing functional characteristics of a highly
immature population of cultured precursors. Three-dimensional (3D) skin substitutes were bioengineered
(Figure 1B) according to a preclinical process [20]. Skin reconstructs were either exposed or not exposed
to ionizing radiation (IR) (Figure 1C) at an early stage of epidermis development, corresponding to a
non-stratified keratinocyte basal monolayer (see Figure 1B). Samples were submitted to a single exposure
to IR at a low dose (50 mGy) or at a higher dose (2 Gy). The next day, irradiated and non-irradiated tissue
samples were xenografted onto recipient nude mice (Figure 1D) [21]. This experimental process enabled
the study of human epidermis regeneration in an in vivo context up to complete differentiation. Fully
differentiated human epidermis substitutes were then characterized (Figure 1E). The model repeatedly
gave rise to normally organized and differentiated epidermises.

3.2. Irradiation Did Not Compromise Epidermis Regeneration but Induced Local Dysplasia

Wound re-epithelialization was macroscopically observed in all xenografted mice, indicating
that keratinocyte precursors were globally functional in the three experimental conditions. Moreover,
in xenografted skin sections colored with hematoxylin-eosin-saffron (HES), epidermis stratification and
the presence of a horny layer could be observed in all conditions. Quantitative histological analysis was
then performed on HES-colored sections to characterize epidermal regeneration (Figure 2). In xenografts
performed with non-irradiated keratinocyte precursors (controls), epidermal development was similar
to that of a native epidermis in a majority of the observed areas, exhibiting a regular basal layer and
correctly stratified supra-basal layers. Notably, differentiated granular and horny layers were clearly
identifiable (Figure 2A). In some areas, a discrete disorganization affecting the basal and spinous layers
was observed (Figure 2B), which represented an average of 3% of the section length, and corresponded to
the background rate of epidermal irregularity of the experimental model. A maximum of 12% irregular
areas was observed in two out of 14 control xenografts (Figure 2B). Accordingly, the 12% value was
considered a threshold for categorizing abnormal epidermis regeneration. Epidermises regenerated by
irradiated keratinocyte precursor cells exhibited local marked disorganization of the basal and spinous
layers, alteration of the dermo-epidermis junction and infiltration of keratinocytes in the dermis, which
characterized abnormalities termed dysplastic areas (DAs) (Figure 2A). In xenografts performed with
keratinocyte precursors that received the IR dose of 2 Gy, DAs represented an average of 10% of the
section length, with 10 out of 13 xenografts above the control cohort threshold value, and a maximum
DA extent of 42% (p < 0.0001 versus non-irradiated) (Figure 2B,C). A quite unexpected observation was
the marked impact of the low-dose IR of 50 mGy on regenerated epidermis characteristics—an average
of 12% of the section length corresponded to DAs in this condition. Notably, seven out of 14 xenografts
were above the control cohort threshold value, with a maximum observed DA extent of 93% (p < 0.0001
versus non-irradiated) (Figure 2B,C). Taken together, these observations showed that a single exposure
to IR can perturb epidermis regeneration by human keratinocyte precursors, even at a dose of 50 mGy.
Importantly, a search for DNA fragmentation (TUNEL assay), performed either on 3D skin substitutes,
in vitro 24 h post-irradiation or in vivo 20 days post-xenografting, did not detect any positive signal
(Figure 2D,E), documenting an absence of apoptosis. In addition, the presence or absence of p16INK4a,
which exerts the function of stress-induced senescence promotion in keratinocytes [22], was assessed by
immunofluorescence. No p16INK4a staining was observed in keratinocytes, either in normal epidermis
areas or in dysplastic regions of xenografts (Figure S2 and Table S1), suggesting that senescence is not a
major mechanism in dysplasia and EMT development. The next parts of the study were then focused
on samples in the low-dose conditions.
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Figure 1. Study architecture. (A) Holoclone keratinocytes were used as a cellular model of cultured 
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skin substitute using holoclone keratinocytes for epidermis regeneration. A typical section colored 
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ionizing radiation (IR): 50 mGy (dose rate: 50 mGy/min), 2 Gy (dose rate: 850 mGy/min) or sham 
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histology and analysis of marker expression patterns. Pictures from a typical section with normal 

Figure 1. Study architecture. (A) Holoclone keratinocytes were used as a cellular model of cultured
human epidermal precursor cells. (B) Bioengineering of an immature three-dimensional (3D) human
skin substitute using holoclone keratinocytes for epidermis regeneration. A typical section colored
with hematoxylin-eosin-saffron (HES) is shown. (C) Single-exposure of 3D human skin substitutes
to ionizing radiation (IR): 50 mGy (dose rate: 50 mGy/min), 2 Gy (dose rate: 850 mGy/min) or sham
irradiation. (D) The next day, xenografting of irradiated and non-irradiated 3D human skin substitutes
in recipient nude mice, which enables full maturation of human epidermises in an in vivo context.
(E) Removal and sampling of human grafts 20 days post-xenografting for quantitative histology and
analysis of marker expression patterns. Pictures from a typical section with normal histology (HES
coloration), and normal expression pattern of epidermal markers are shown: keratin-14 (K14), laminin-5
(LAM5) and involucrin (INV).
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Figure 2. Local dysplastic areas developed in xenografted epidermises originating from irradiated keratinocyte
precursors. (A) HES coloration of human skin samples 20 days post-xenografting. Representative pictures were
selected for the visualization of the normal histology of control epidermises, the mild disorganization
considered as the background of the xenograft model, and examples of dysplastic areas (DA) that
were characteristic of irradiated conditions. (B) Estimation of the percentage of tissue section length
displaying mild disorganization or DA. A total of 14 xenografts were performed for the control (Ctl)
and 50 mGy conditions, and 13 were performed for the 2 Gy condition. Dot plots cumulated the
analyses of 6 sections for each xenograft. Bars correspond to median values (NS p > 0.05; ** p < 0.01;
**** p < 0.0001, Mann–Whitney U test). (C) The histogram shows the numbers of xenografts that
displayed DAs corresponding to at least 12% of epidermis section length: n = 7 out of 14 xenografts for
the 50 mGy condition; n = 10 out of 13 xenografts for the 2 Gy condition. (D,E) Search for genomic
DNA fragmentation associated with late apoptosis using the terminal deoxynucleotidyl transferase
dUTP nick-end labeling (TUNEL) assay in pre-grafting skin substitutes (24 h post-irradiation) (D)
and 20 days post-xenografting (E). Technical positive controls corresponded to sections treated with
DNase. Nuclei were colored with DAPI. No signal was detected either in the sham-irradiated or in the
irradiated conditions at both experimental stages. Photographs shown are representative of n = 14
xenografts for both the control and 50 mGy conditions.
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3.3. Dysplastic Areas Exhibited Impaired Polarity of Basal Keratinocytes

As an abnormal organization of the keratinocyte basal layer was systematically observed in dysplastic
areas, a particular focus was made on this epidermal compartment. In healthy skin, basal keratinocytes are
oriented perpendicularly to the dermo-epidermal junction (JDE), whereas loss of polarity occurs in various
pathophysiological processes including epithelial-to-mesenchymal transition (EMT). Measurements of
basal nuclei orientation were performed on the xenograft sections by image analysis of stained nuclei
(Figure 3). Nuclei orientations versus the JDE plane were determined (Figure 3A) and classified according
to three categories: nearly perpendicular (angles between 60◦ and 90◦), nearly parallel (angles between
0◦ and 30◦) and oblique (angles between 30◦ and 90◦) (Figure 3B). In control xenografts, a majority
of nuclei had a nearly perpendicular orientation, and similar data were obtained in normal areas of
xenografts from irradiated keratinocyte precursors. In contrast, a marked increase of oblique and nearly
horizontal nuclei orientations was detected within DAs, demonstrating a significant loss of epithelial
polarity (p < 0.0001 versus repartition in normal areas) (Figure 3B). To further document this observation,
the expression pattern of VANGL2, a membrane protein involved in the regulation of cell polarity
and migration [23], was then analyzed in xenograft sections by immunofluorescence (Figure 3C,D).
This protein was expressed in all basal keratinocytes in normal epidermis, whereas it was reduced or
absent in dysplastic cells (Figure 3C). Semi-quantitative image analysis confirmed that the VANGL2
level was significantly reduced in DAs (p < 0.0001 versus control areas) (Figure 3D). In summary, a loss
of basal keratinocyte polarity that spatially correlated with a perturbated expression of VANGL2 was
identified as a marked characteristic of dysplastic areas.

3.4. Defective Cell–Cell Interactions Were Observed in Dysplastic Areas

In a non-pathological context, the interfollicular epidermis forms a cohesive structure devoid
of large intercellular spaces. Microscopic observation of xenograft sections pointed out the presence
of visible spaces within DAs, the extent of which were then estimated by semi-quantitative image
analysis using an in-house algorithm (Figure 4A,B). Analysis of the whole section length showed
that empty spaces were globally augmented in xenografts generated with irradiated keratinocyte
precursors (p < 0.005 versus control xenografts) (Figure 4B). When the analysis was focused on DAs,
this parameter was even more significantly increased, due to the presence of large non-cohesive zones
(p < 0.0001 versus control xenografts and versus normal areas from the 50 mGy conditions) (Figure 4A,B).
Considering the regulatory link between VANGL2 and E-cadherin [24], the expression patterns of
the latter cell–cell adhesion molecule were analyzed in xenograft sections by immunofluorescence
(Figure 4C,D). In xenografts generated with non-irradiated keratinocyte precursors (Figure 4C), as well
as outside DAs in xenografts from irradiated cells, a typical expression pattern of E-cadherin on
keratinocyte membranes was observed, thinly contouring cells within the basal and supra-basal layers.
In DAs, a more blurred pattern, associated with a globally lower expression level, was observed
(Figure 4C). Semi-quantitative analysis of fluorescence signals confirmed the marked reduction of
E-cadherin level in DAs (p < 0.0001 versus control xenografts; p < 0.01 versus whole-length 50 mGy
xenograft sections) (Figure 4D). In summary, these observations identified defective connectivity as a
characteristic of dysplastic areas.
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Figure 3. Perturbations of basal keratinocyte polarity in dysplastic epidermis areas of xenografts.
(A) Imaging of basal keratinocyte nuclei orientation versus the dermo-epidermal junction (JDE) plane,
after coloration with DAPI. Typical zoomed pictures of basal layer sections are shown, with white bars
added to illustrate some perpendicular, oblique and parallel nuclei orientations. (B) Distribution of
basal keratinocyte nuclei according to angle versus the JDE plan into 18 angle categories from 0◦ to 90◦,
characterized by automated image analysis. The vertical axis represents angle values and the horizontal
axis numbers of cells in the different angle categories. Analysis was performed on 14 different xenografts
for all conditions, n indicates numbers of analyzed dysplastic areas (NS p > 0.05; **** p < 0.0001,
Mann–Whitney U test). (C) Immunofluorescence detection of VANGL2 protein. Representative pictures
were selected for the visualization of VANGL2 in basal keratinocytes from normal epidermis regions,
showing its decrease or absence in basal keratinocytes from dysplastic areas. Nuclei were colored with
DAPI. (D) Quantification of VANGL2 fluorescence in the epidermis basal layer (arbitrary units, a.u.),
showing a reduced signal within DAs. Dot plots cumulated the analyses of 24 normal regions from 14
control (Ctl) xenografts and 19 DAs from the 14 xenografts of the 50 mGy conditions. Bars correspond
to median values. (**** p < 0.0001, Mann–Whitney U test).
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Figure 4. Defective cell-cell cohesiveness in dysplastic areas. (A) Typical pictures of HES sections
illustrating cohesive epidermis in normal regions and the presence of visible non-cohesive spaces within
DAs (top panel). Conversion of spaces into red pixels by automated image processing (bottom panel)
for semi-quantitative analysis. (B) Semi-quantitative analysis of non-cohesive spaces based on red pixel
conversion (arbitrary units, a.u.), revealing the presence of significant non-cohesive zones in DAs. Dot
plots cumulated the analyses of 82 normal regions from control (Ctl) xenografts, 41 random regions from
the 50 mGy xenografts and 39 selected regions corresponding to DAs in the 50 mGy xenografts. Bars
correspond to median values (** p < 0.01; **** p < 0.0001, Mann–Whitney U test). (C) Immunofluorescence
detection of E-cadherin. Representative pictures were selected for the visualization of E-cadherin
expression in normal epidermis regions, showing its decrease or absence in basal keratinocytes from
DAs. Nuclei were colored with DAPI. (D) Semi-quantitative analysis of E-cadherin (arbitrary units, a.u.),
showing a lower signal within DAs. Dot plots cumulated the analyses of 26 normal regions from the 14
control (Ctl) xenografts and 20 DAs from the 14 xenografts of the 50 mGy condition. Bars correspond to
median values (NS p > 0.05; ** p < 0.01; **** p < 0.0001, Mann–Whitney U test).
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3.5. Epithelial-to-Mesenchymal Transition Markers Were Detected in Epidermal Dysplastic Areas

Considering the major importance of E-cadherin and stable cellular adherens junctions in the
pathophysiological process of epithelial-to-mesenchymal transition (EMT) [25], expression of EMT
effectors and markers was analyzed in xenografts. Firstly, expression of the transcription factor ZEB1
was investigated (Figure 5A,B). In control xenografts (Figure 5A), as well as in normal regions of
xenografts from irradiated keratinocyte precursors (not shown), ZEB1 expression was almost exclusively
restricted to the dermis, and rarely observed in epidermal keratinocytes (Figure 5A). Quantification
performed on whole-length sections indicated that ZEB1-positive cells represented about 3% or less of
most sections (Figure 5B). In contrast, observation of xenografts from irradiated keratinocyte precursors
showed that ZEB1-positive keratinocytes were abundantly present in DAs (Figure 5A), reaching up to
18% of keratinocytes (p < 0.0001 versus control xenografts, and versus whole-length 50 mGy xenograft
sections) (Figure 5B). Of note, this increase was not significant when considering whole-length 50 mGy
xenograft sections, compared to controls (Figure 5B), suggesting that activation of ZEB1 expression
did not concern all keratinocytes. Of note, β-catenin expression on keratinocyte membranes was
also impaired in DAs. Expression of α-smooth muscle actin (α-SMA), a typical mesenchymal marker,
was then analyzed in association with keratin-14 (K14), used as a specific counterstaining of basal
keratinocytes (Figure 5C,D). In control xenografts (Figure 5C), as well as in normal regions of xenografts
from irradiated keratinocyte precursors (not shown), α-SMA was exclusively distributed within the
dermis. This distribution was strongly modified in DAs, with the detection of α-SMA signaling in
cells that co-expressed K14 (Figure 5C), showing an ectopic expression in keratinocytes. α-SMA signal
quantification focused on DAs showed a detectable signal above control values (p < 0.0001 versus
control xenografts, and versus whole-length 50 mGy xenograft sections) (Figure 5D). As for ZEB1,
the level of α-SMA did not appear to be significantly affected when considering whole-length 50 Gy
xenograft sections, compared to the background signal of controls (Figure 5D). Taken together, these
results identified a significant link between the pathophysiological process of EMT and characteristics
of dysplastic areas.

Cells 2020, 9, x FOR PEER REVIEW 15 of 19 

 

 

Figure 5. Detection of epithelial-to-mesenchymal transition markers in dysplastic areas. (A) 

Immunofluorescence detection of ZEB1. Representative pictures were selected for the visualization of 

dermal ZEB1 expression in normal skin regions and its ectopic presence in epidermal DAs. Gray-tone 

visualization of ZEB1 signal is also shown. (B) Quantitative analysis showed rare ZEB1-positive 

keratinocytes in normal epidermis regions, and abundant ZEB1-positive keratinocytes in DAs. Dot 

plots cumulated the analyses of 26 normal regions from the 14 control (Ctl) xenografts, 25 random 

regions from the 14 xenografts of the 50 mGy condition and 10 selected regions corresponding to DAs 

in 50 mGy xenografts. Bars correspond to median values (NS p > 0.05; **** p < 0.0001). β-catenin 

staining, which marked keratinocyte contours, revealed impaired epidermal organization and its 

reduced expression. (C) Immunofluorescence detection of α-smooth muscle actin (α-SMA). 

Representative pictures were selected for the visualization of dermal α-SMA expression in normal 

skin regions and its abnormal presence in epidermal DAs. Sections were stained for keratin 14 to mark 

Figure 5. Cont.

170



Cells 2020, 9, 1912

Cells 2020, 9, x FOR PEER REVIEW 15 of 19 

 

 

Figure 5. Detection of epithelial-to-mesenchymal transition markers in dysplastic areas. (A) 

Immunofluorescence detection of ZEB1. Representative pictures were selected for the visualization of 

dermal ZEB1 expression in normal skin regions and its ectopic presence in epidermal DAs. Gray-tone 

visualization of ZEB1 signal is also shown. (B) Quantitative analysis showed rare ZEB1-positive 

keratinocytes in normal epidermis regions, and abundant ZEB1-positive keratinocytes in DAs. Dot 

plots cumulated the analyses of 26 normal regions from the 14 control (Ctl) xenografts, 25 random 

regions from the 14 xenografts of the 50 mGy condition and 10 selected regions corresponding to DAs 

in 50 mGy xenografts. Bars correspond to median values (NS p > 0.05; **** p < 0.0001). β-catenin 

staining, which marked keratinocyte contours, revealed impaired epidermal organization and its 

reduced expression. (C) Immunofluorescence detection of α-smooth muscle actin (α-SMA). 

Representative pictures were selected for the visualization of dermal α-SMA expression in normal 

skin regions and its abnormal presence in epidermal DAs. Sections were stained for keratin 14 to mark 

Figure 5. Detectionofepithelial-to-mesenchymaltransitionmarkers indysplasticareas. (A) Immunofluorescence
detection of ZEB1. Representative pictures were selected for the visualization of dermal ZEB1 expression
in normal skin regions and its ectopic presence in epidermal DAs. Gray-tone visualization of ZEB1
signal is also shown. (B) Quantitative analysis showed rare ZEB1-positive keratinocytes in normal
epidermis regions, and abundant ZEB1-positive keratinocytes in DAs. Dot plots cumulated the analyses
of 26 normal regions from the 14 control (Ctl) xenografts, 25 random regions from the 14 xenografts of the
50 mGy condition and 10 selected regions corresponding to DAs in 50 mGy xenografts. Bars correspond
to median values (NS p > 0.05; **** p < 0.0001). β-catenin staining, which marked keratinocyte contours,
revealed impaired epidermal organization and its reduced expression. (C) Immunofluorescence
detection of α-smooth muscle actin (α-SMA). Representative pictures were selected for the visualization
of dermal α-SMA expression in normal skin regions and its abnormal presence in epidermal DAs.
Sections were stained for keratin 14 to mark basal keratinocytes. Gray-tone visualization of α-SMA
signal is also shown. (D) Dot plots cumulated the analyses of 13 normal regions from control (Ctl)
xenografts, 9 random regions from the 50 mGy xenografts and 10 selected regions corresponding to
DAs in 50 mGy xenografts. Bars correspond to median values (NS p > 0.05; **** p < 0.0001).

4. Discussion

High radiation doses such as those delivered during radiation therapy (RT) produce pathological
changes in mesenchymal tissues with long-term alterations of fibroblast phenotypic and functional
characteristics that may impair the quality of life of treated cancer patients [16,26,27], whereas the
pathophysiology of epithelial complications of RT has been investigated less [17]. Furthermore,
the effects of very low doses of genotoxic stress are poorly documented [19,28], although dysplasia
has been reported in the skin of radiotherapy patients [18]. We have here addressed the question of
possible adverse reactions subsequent to the exposition of keratinocyte stem and progenitor cells to
low radiation doses. The dose analyzed here (50 mGy) is in the range of those delivered to normal
tissues adjacent to the target tumor volume during radiotherapy, and is relevant for biomedical
diagnostic procedures, notably scanner imaging. It is much lower than the dose limit accepted for the
induction of carcinoma, which has been proposed to be around 500 mGy, notably based on the Japanese
atomic bomb survivor study [29]. The key contribution of the present study was the demonstration
that dysplasia and epithelial-to-mesenchymal transition (EMT) develop in epidermises generated by
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keratinocyte stem and precursor cells exposed to a single low dose of γ irradiation, thus documenting
a micro-environment favoring the development of skin cancer.

Epidermal holoclone keratinocytes provided a model representative of an immature population
of cultured precursors containing functional stem and progenitor cells. These cells correspond to the
clonal progeny of single keratinocyte stem cells that were functionally characterized according to
an extensive growth potential exceeding 100 population doublings through successive subcultures,
and the capacity for epidermis reconstruction in vitro and regeneration in vivo [11,12]. Importantly,
the stem cell status attributed to holoclones has been demonstrated in vivo by cellular tracing in the
entirely regenerated epidermis of an epidermolysis bullosa patient engrafted with an autologous,
genetically corrected skin substitute [30]. Moreover, the fibrin-based epidermis organoids that were
used in this study corresponded to an adaption from a clinically relevant model of bioengineered
skin substitute [20,31]. The present epidermis regeneration approach permits modeling of skin stem
and progenitor cell properties and potentialities in conditions characterized by a higher level of cell
proliferation and metabolic activities than in the context of healthy skin homeostasis. These conditions
probably exacerbate radiosensitivity and thus allow observation of cell and tissue responses to low
stress levels.

The semi-quantitative imaging approaches that were set-up to characterize the epidermal distribution
patterns of molecular markers provided clues for the understanding of genotoxic stress-induced epidermal
dysplasia and EMT development. Firstly, the marked alteration of VANGL2 patterns that was detected in
association with the impaired orientation of basal keratinocyte nuclei constituted a relevant parameter,
due to the involvement of this membrane protein in the regulation of cell polarity and migration [23].
VANGL2 is a central component of the planar cell polarity signaling pathway (PCP), which is essential
for correct epidermal development and morphogenesis [32,33], as well as epidermal wound repair [34].
The loss of epithelial polarity is a key process in the early steps of EMT. Weakening and disruption
of cell–cell contacts, which were documented here by the presence of non-cohesive spaces and a
local decrease in E-cadherin level, are typical characteristics of the pathophysiological process of
EMT [25]. Finally, detection of an ectopic expression of the mesenchymal markerα-SMA in keratinocytes
consolidated the EMT-like phenotypic switch occurring in radiation-induced dysplastic areas (DAs) [35].
Among the various transcription factors involved in EMT, ZEB1 has been described as a major early
player in its development, later favoring epithelial tumor progression in association with E-cadherin
suppression [36]. We show here the appearance of ectopic ZEB1 protein in keratinocytes of dysplastic
epidermis, thus providing a link between low-dose irradiation of holoclone keratinocyte precursor cells
and potential initiation sites of the carcinoma development cascade. Notably, perturbated functions
of the ‘wingless’ (WNT) signaling pathways, as suggested here by the loss of the β-catenin protein,
associated with focal dysplasia, might constitute a promoter event of the pathophysiological processes
described here.

In conclusion, we have developed an approach based on in vitro bioengineering of human skin
organoids, coupled with in vivo xenografting in immune-deficient mice, to explore the pathophysiological
consequences of low-dose γ-irradiation exposure of epidermal stem and progenitor cells on their
subsequent regenerative capacity. We have observed that a single 50 mGy radiation dose was sufficient
to promote local perturbations in regenerated epidermises with cellular and molecular characteristics
of dysplasia and EMT, which may constitute an initial risk for the future development of carcinomas.
Interestingly, this approach is directly applicable to other biomedical research domains, for example
characterization of the skin’s defenses and responses to pollution [37].

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4409/9/8/1912/s1,
Figure S1: Absence of epidermis mixing between recipient mice skin and regenerated human epidermis grafts.
Figure S2 and Table S1: Absence of p16INK4a in human epidermises regenerated by irradiated and non-irradiated
keratinocyte precursors. Supplementary Methods.
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