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Abstract

Purpose of Review Wharton’s jelly-derived mesenchymal stem cells (WJ-MSCs) have received widespread attention from
researchers owing to the remarkable benefits offered by these cells over other stem cells. The primitive nature of WJ-MSCs,
ease of isolation, differentiation ability, and immuno-modulatory nature make these cells superior to bone marrow MSCs and
ideal to treat various human ailments. This review explores ability of WJ-MSCs to mitigate acute radiation syndrome caused by
planned or unplanned radiation exposure.

Recent Findings Recent reports suggest that WJ-MSCs home to damaged tissues in irradiated host and mitigate radiation induced
damage to radiosensitive tissues such as hematopoietic and gastrointestinal systems. WJ-MSCs and conditioned media were
found to protect mice from radiation induced mortality and also prevent radiation dermatitis. Local irradiation-induced lung
toxicity in mice was significantly reduced by CXCR4 over-expressing WJ-MSCs.

Summary Emerging evidences support safety and effectiveness of WJ-MSCs for treatment of acute radiation syndrome and lung
injury after planned or accidental exposure. Additionally, conditioned media collected after culturing WJ-MSCs can also be used
for mitigation of radiation dermatitis. Clinical translation of these findings would be possible after careful evaluation of resilience,
effectiveness, and molecular mechanism of action of xenogeneic WJ-MSCs in non-human primates.

Keywords Wharton’s jelly mesenchymal stem cells - Conditioned-media - Radiation dermatitis - G-CSF - Acute radiation
syndrome - Nrf-2

Introduction

Stem cells are body’s raw material or silent reserves. Unlike
other specialized cells in the body such as myocytes, leuko-
cytes, osteocytes, erythrocytes, and neurons, stem cells do not
perform significant physiological functions but contribute to-
wards homeostasis, regeneration, and repair of tissues by self-
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renewal and differentiation in to specialized cells. The fertil-
ized egg is source of embryonic stem cells which enable or-
ganogenesis in the embryo and growth of fetus in to a full-
fledged organism. The adult stem cells also help in growth of
cell mass and renewal of tissues such as muscles, bones, epi-
dermis, and blood during post-partum life and aging [1].
Recent advances in stem cell research and induced pluripotent
stem cells (iPSCs) have allowed researchers to manipulate
stem cells according to the medical application. The stem cells
have extensive self-renewal and differentiation potential and
maintain long-term stem-like state and are therefore useful in
regenerative medicine [2]. Under homeostatic conditions, the
stem cells maintain their numbers by symmetric division
where both daughter cells remain as stem cell. They can also
differentiate into more specialized type of cell via asymmetric
division. The potency or stemness is a dynamic intrinsic qual-
ity of stem cells related to their varying ability to divide and
self-perpetuate and respond to environmental cues by main-
taining quiescence or undergoing cell division for production
of differentiated cells. The potency of stem cells underlies
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their hierarchical classification as either totipotent [3], plurip-
otent [4], multi-potent [5], oligopotent [6], or unipotent [7].
The classification of stem cells is also based on their time of
appearance during embryonic/fetal development, site of for-
mation or tissue location in the adult body, and method of
derivation in vitro [8].

Types of Stem Cells

Embryonic Stem Cells Early embryonic development from
fertilized egg (zygote) involves rapid cell division resulting
in formation of blastocyst within 3 to 5 days [9—11]. The inner
cell mass of blastocyst contains pluripotent embryonic stem
(ES) cells which can differentiate in to all types of cells present
in an adult organism. The ES cells offer a potential resource
for in vitro tissue-engineering and regenerative medicine [12].
ES cells are precious because they provide a renewable model
for testing drugs and other therapies as well as for understand-
ing normal development and disease. However, the research
on ES cells is often cautioned or marred by ethical limitations
due to their embryonic origin [13].

Adult Stem Cells or Tissue-Specific Stem Cells The undifferen-
tiated, slow/non-dividing (quiescent) cells found in various
somatic tissues in an organism (after embryonic development)
are referred to as adult stem cells or tissue-specific stem cells
[8, 14]. The tissue specific stem cells are either oligopotent or
multi-potent and [15] recent studies have demonstrated long-
term self-renewal and directed differentiation potential of
these cells into other types of cells from different germ layers
[8]. Stem cells have been identified, isolated, and character-
ized from adipose tissue, skin, dental pulp, liver, brain, bone
marrow, blood, blood vessels, and skeletal muscles in adult
mice and humans. Adult stem cells actively maintain quies-
cence unless they receive specific cues from damaged tissue
following disease or injury [16, 17]. The specific factors re-
quired for in vitro maintenance of some adult stem cells have
been identified and the therapeutic potential of in vitro ex-
panded stem cells has been demonstrated in regenerative med-
icine and cancer therapy [13, 18, 19].

Mesenchymal Stem Cells Mesenchymal stem cells (MSCs) are
mainly present in the connective tissue or stroma in the bone
marrow. A limited number of MSCs are also present in other
organs including peripheral blood, adipose tissue, umbilical
cord, cord blood, fallopian tube, liver, skin, dental pulp, and
lungs [20]. In general, MSCs are multi-potent and they [21,
22] exhibit potential of tri-lineage differentiation into cells of
mesenchymal origin which include osteoblasts or bone cells,
chondrocytes or cartilage cells, and adipocytes (fat cells).
They are used as clinically approved agents for treatment of
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various cancers and also as adjuvant therapy to support other
treatment modalities [23, 24].

Induced Pluripotent Stem Cells About 15 years ago,
Yamanaka was first to identify the factors required to repro-
gram adult somatic cells and produce induced pluripotent
stem cells in vitro [25]. The first iPSCs were created in the
laboratory from somatic cells by epigenetic reprogramming to
lose tissue-specific features and express embryonic stem cell-
specific genes resulting in gain of pluripotency [26, 27]. Since
iPSCs possess same properties like ES cells and therefore
offer a distinct advantage in terms of ethical concerns and
procedural issues related to isolation of ES cells from embryo
destruction, iPSCs have diverse application in drug develop-
ment, transplantation medicine, and in the production of new
disease models [28].

Wharton’s Jelly-Mesenchymal Stem Cells Human umbilical
cord is a unique source of MSCs and it has several advantages
over other sources [29]. Umbilical cord Wharton’s jelly ap-
pears to be cost-effective, productive, and abundant source
[30] of MSCs for stem cell isolation. Wharton’s jelly-
derived MSCs (WJ-MSCs) can be isolated in large numbers
and maintained in tissue culture with no donor site morbidity,
have a high proliferation rate, and maintain stemness for many
passages. WIJ-MSCs are multi-potent, immunosuppressive,
non-tumorigenic, and well tolerated in allogeneic transplanta-
tion [31-34] as compared to MSCs derived from other sources
[35, 36]. The WJ-MSCs have a typical spindle-shape [37] and
these cells fulfill three criteria set by the International Society
for Cell and Gene Therapy (ISCT) guidelines to be called as
stem cells [38]. WJ-MSCs have property of plastic adherence,
are capable of tri-lineage differentiation into adipocytes,
chondrocytes, and osteocytes, and they express stem cell-
specific surface markers [39¢]. Many researchers have report-
ed that they may be transplanted in to an allogeneic host to
repair and regenerate different organs and tissues including
the skin, heart, fat, cartilage, bone, cartilage, pancreas, neural,
and vascular/endothelial constituents [40—45]. Experiments
involving xenogeneic transplantation of human WJ-MSC-
derived tissues into diseased animal models have shown suc-
cessful engraftment and improved organ function in vivo [31,
41¢]. Functional regeneration of the lung [46], kidney [47],
and liver [48] tissues using human WJ-MSCs has been shown
to be associated with reduced fibrosis and improved growth of
functional parenchyma and normal stroma. Many investiga-
tors have employed MSCs from bone marrow before MSCs
from any other sources to treat various health conditions but
BM-MSCs have been shown to have certain limitations such
as HLA mapping, painful process of extraction, low yield of
stem cells from bone marrow, and induction of liver fibrosis.
WIJ-MSCs may also promote skin regeneration by differenti-
ation in to different types of epithelial cells found in the sweat
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glands [49]. The WJ-MSCs produce copious amounts of tis-
sue growth promoting factors like vascular endothelial growth
factor (VEGF), platelet-derived growth factor (PDGF),
transforming growth factor beta (TGF-f3), interleukin (IL)-6,
insulin-like growth factor-I, and IL-8[30, 50]. Thus, easy
availability of source tissue, simple method of isolation from
Wharton’s jelly (WJ) tissue, and their ability to repair a variety
of damaged tissues in allogeneic hosts merit the use of WI-
MSCs in regenerative medicine [36].

Clinical Trials with WJ-MSCs The therapeutic application of
WI-MSC:s for a variety of disease conditions is facilitated by
their immune-privileged status. WJ-MSCs express low levels
of MHC class I, MHC class II, and the co-stimulatory mole-
cules CD40, CD80, and CD86 on their surface. They have
also been shown to secrete immunosuppressive molecules
such as PGE2, IDO, and HLA-G [51]. Advantage offered by
WIJ-MSCs is that WJ-MSCs do not express MHC class 11
molecules which makes these cells ideal candidate since donor
matching will not be required which is a limitation of using
bone marrow MSCs. Furthermore, there are no reports on
clinical cases of malignant transformation of WJ-MSCs till
date. Since WJ-MSCs tend to recognize and lodge at the dam-
aged tissue site in the host, they can be transplanted via intra-
venous infusion or by direct injection in to the injured tissues/
organs. Owing to their potent immune-suppressive property,
WIJ-MSCs have become an area of extensive interest for var-
ious clinical trials in diseases involving undesired lymphocyte
activation, e.g., graft-versus-host disease (GvHD), multiple
sclerosis, organ transplantation, and systemic lupus erythema-
tosus (SLE). WJ-MSCs have also been evaluated for repair
and regeneration of damaged tissues in clinical trials involving
human patients. The clinical trials on use of WJ-MSCs are
listed in Table 1 [52]. These trials will establish the safety,
tolerability, in vivo persistence, side effects, and dose of WJ-
MSC therapy in humans. Since clinical trials in Acute
Radiation Syndromes (ARS) patients cannot be routinely con-
ducted, the outcome of ongoing trials in other disease condi-
tions will be useful for making informed decisions about
repurposing of the WJ-MSCs as therapeutics for ARS.

Acute Radiation Syndrome

Acute radiation syndrome (or sickness) encompasses a group
of tissue-specific morbidities that occur in a dose-dependent
manner after exposure of whole body or major parts of the
body to a high dose of low LET radiations like gamma-rays
and X-rays or high doses of intermediate to high LET radia-
tions like charged particles and neutrons. The symptoms of
ARS are seen after radiation exposure to >0.5 Gy dose of
radiation delivered at a high-dose rate. The severity and time
course of clinical symptoms depend upon overall body

volume irradiated, the absorbed dose of ionizing radiation,
the dose rate, the tissues and organs exposed, and the particle
type [53—60]. Table 2 describes dose-dependent occurrence of
syndromes along with clinical symptoms and also modalities
for medical management. These syndromes are not mutually
exclusive and exposed individuals show symptoms in multi-
ple organ systems/tissues in a dose-dependent manner.

Cellular Therapy for ARS

The cells with higher proliferation potential like hematopoiet-
ic stem cells (HSCs) and intestinal stem cells (ISCs) are pri-
mary targets for IR-induced damage. Therefore, stem cell
transplantation is a feasible therapeutic modality for treatment
of radiation toxicity [39+, 63]. There is special interest in stem
cell therapy for ARS owing to their properties like regenera-
tion potential, self-renewal, low antigenicity, multi-lineage
differentiation, ability to home to injured site and repair the
damage, and capacity to secrete modulators of inflammation.
As compared to conventional drugs, scaling up of any cellular
therapy for treatment of IR-exposed individuals is indeed
challenging and thorough research is required to employ cel-
lular therapy for prevention of ARS. [64].

Bone Marrow Stromal Cells Researchers from all over the
world have carried out extensive preclinical studies to evalu-
ate therapeutic efficacy of mesenchymal stem cells derived
from adult tissues like bone marrow for treatment of radiation
injury. Saha et al. reported that a mixture of stromal cells
including endothelial, mesenchymal, and macrophage cells
could be derived from the donor bone marrow in vitro. The
donor stromal cells were transplanted into irradiated mice
within 1-3 days after exposure to 10.4 Gy dose of whole body
irradiation or >16 Gy dose of local irradiation of the gut. The
donor cells mitigated intestinal injury via prostaglandin E2-
dependent suppression of inflammation and regeneration of
intestinal crypt [65]. In another study, Semont et al. used xe-
nogeneic hMSCs to treat ARS in mice after exposure to 10.5
Gy dose of WBI. hMSCs homed to the site of injury in mouse
intestine and restored structural and functional integrity of
small intestine by increasing proliferation and reducing cell
death in crypt epithelial cells [66]. Furthermore, in a mouse
model of 9 Gy whole body irradiation-induced multi-organ
toxicity (hematopoietic, gastro-intestinal, and lung damage),
transplantation of genetically modified syngeneic MSCs to
produce extracellular SOD was found to reduce mortality re-
lated to toxicity in the hematopoietic, gut, and lung tissues
[67]. Hu et al. showed that MSC treatment rescued mice from
radiation-induced mortality by protecting hematopoietic cells
from undergoing apoptosis, enhanced cell-cycle progression
leading to recovery of WBC, platelets, and hemoglobin levels
[68]. The importance of anti-inflammatory action of MSCs
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Table 1 Clinical trials on Wharton’s jelly mesenchymal stem cells (clinicaltrials.gov)

Sr. Study title Conditions Status

No.

1 Use of Wharton jelly in diabetic nephropathy Diabetic nephropathies Not yet recruiting

2 Efficacy of Wharton jelly in erectile dysfunction Erectile dysfunction associated with type 2 diabetes mellitus Completed

3 Safety of Wharton jelly in erectile dysfunction Erectile dysfunction associated with type 2 diabetes mellitus Completed

4 Treatment of COVID-19 patients using Wharton’s Use of stem cells for COVID-19 treatment Recruiting
jelly-mesenchymal stem cells

5 Use of mesenchymal stem cells in inflammatory bowel disease Inflammatory bowel diseases Active, not

recruiting

6 Intrathecal administration of expanded Wharton’s jelly Spinal cord injury, chronic Completed
mesenchymal stem cells in chronic traumatic spinal cord injury

7 Evaluation of umbilical cord-derived Wharton’s jelly stem cells for Acute graft versus host disease Active, not
the treatment of acute graft versus host disease recruiting

8 Use of Wharton jelly-derived mesenchymal stem cells for knee Knee osteoarthrosis Recruiting
osteoarthrosis

9 Management of retinitis pigmentosa by Wharton’s jelly-derived ¢ Retinitis pigmentosa Completed

Mesenchymal Stem Cells

10 Safety and efficacy of intravenous Wharton’s jelly-derived
mesenchymal stem cells in acute respiratory distress syndrome
due to COVID-19

* Inherited retinal dystrophy
Acute respiratory distress syndrome

11 Wharton’s jelly-derived mesenchymal stem cells in osteoarthritis ~  Osteoarthritis
* Hip osteoarthritis
* Knee osteoarthritis
* Glenohumeral osteoarthritis
12 Intracoronary human Wharton’s jelly-derived mesenchymal stem ~ ST-elevation myocardial infarction
cells (WJ-MSCs) transfer in patients with acute myocardial
infarction (AMI)
13 Therapeutic potential of stem cell conditioned medium on chronic  Chronic ulcer
ulcer wounds
14 Effect of implanting allogenic cytokines derived from human * Knee osteoarthritis

amniotic membrane (HAM) and mesenchymal stem cells
derived from human Umbilical cord Wharton’s jelly
(HUMCW]J) on pain and functioning of knee osteoarthritis

* Knee pain chronic

« Joint disease

* Arthritis

* Osteo arthritis knee

» Musculoskeletal disease

15 Intracoronary or intravenous infusion human Wharton’s Ischemic cardiomyopathy
jelly-derived mesenchymal stem cells in patients with ischemic
cardiomyopathy
16 Therapeutic treatment of amyotrophic lateral sclerosis Amyotrophic lateral sclerosis
17 Pericardial matrix with mesenchymal stem cells for the treatment of Myocardial infarction
patients with infarcted myocardial tissue
18 Cardiovascular clinical project to evaluate the regenerative capacity Myocardial infarction
of cardiocell in patients with acute myocardial infarction (AMI)
19 Randomized study of coronary revascularization surgery with * Cardiovascular diseases

* Heart failure

« Coronary artery disease

* Mesenchymal stem cell transplantation
* Regenerative medicine

injection of WJ-MSCs and placement of an epicardial
extracellular matrix

20 A research study looking at specific tissue of the umbilical cord ~ Varices of umbilical cord
21 Efficacy and safety evaluation of mesenchymal stem cells for the + COVID-19
treatment of patients with respiratory distress due to COVID-19 + SARS-CoV 2

* Adult respiratory distress syndrome

22 Treatment of spinal cord injuries with (AutoBM-MSCs) versus Spinal cord injuries
(WIJ-MSCs).
23 Cell therapy using umbilical cord-derived mesenchymal stromal e« Severe acute respiratory syndrome coronavirus 2
cells in SARS-CoV-2-related ARDS * Severe acute respiratory distress syndrome
24 Randomized clinical trial to evaluate the regenerative capacity of  Heart failure
cardiocell in patients with chronic ischaemic heart failure
(CIHF)
25 Cardiovascular clinical project to evaluate the regenerative capacity Critical limb ischemia
of cardiocell in patients with no-option critical limb ischemia
(N-O CLI)
26 Role of stem cells in improving implantation rates in ICSI patients Assess the efficacy of differentiated and undifferentiated stem
cell therapy in improving endometrial receptivity.
27 Wharton’s jelly-derived mesenchymal stromal cell repeated Type 1 diabetes

treatment of adult patients diagnosed with type I diabetes

Not yet recruiting

Recruiting

Completed

Not yet recruiting

Completed

Not yet recruiting

Unknown
Recruiting

Recruiting

Not yet recruiting

Completed

Recruiting

Recruiting
Recruiting

Recruiting

Recruiting

Unknown

Recruiting

has also been highlighted in radioprotection, detoxification,
and hematopoietic rescue by Lange et al. [69]. Yang et al.
have shown that infusion of primary or immortalized cloned
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marrow-derived MSCs significantly improved hematopoietic
recovery and prevented mortality of mice exposed to 7.0 Gy
dose of ionizing radiation [70]. These reports highlight the
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Table 2  Dose-wise distribution of acute radiation syndromes [61, 62]

Dose Radiation syndrome
(Gy) or sickness

Indications & possible clinical outcomes

Medical management

1-2 Nausea, vomiting,

diarrhea (NVD)
syndrome

0.7-6 Hematopoietic Loss of cellularity in the bone marrow, spleen, and thymus.
syndrome Low number of hematopoietic stem cells (HSCs), the individual may

Nausea, vomiting, diarrhea, anorexia, giddiness, and loss of appetite Symptomatic treatment, antacid, sucralfate,

anti-emetics

Antibiotics, cytokines, bone marrow transplant,
stem cell therapy

die between 10-30 days without medical intervention.

>6 Gastrointestinal (GI)
syndrome

Damage to intestinal crypt cells, less number of Lgr5+ intestinal stem Antibiotics, anti-emetics, replacement of fluids
cells (ISCs), loss of absorption of nutrients, dehydration, loss of
weight, severe electrolyte imbalance, and low blood pressure.

and electrolytes, stem cell therapy, bone
marrow transplant

Death occurs usually within 3-5 days without medical

intervention.
>50  Central nervous
system (CNS)
syndrome

Irritability, hyper excitability response, epileptic type fits, and coma. No treatment available
Symptoms are irreversible. Death usually occurs within 48 h.

tendency of marrow-derived MSCs in homing to the site of
radiation injury and also their ability to repair and regenerate
the host tissues in the bone marrow, gut, and lungs via sup-
pression of inflammation and secretion of growth factors.

Blood as a Source of Mobilized Progenitor Cells As compared
to other mesenchymal tissues, peripheral blood contains very
small number of stem cells. However, several reports have
demonstrated that stem and progenitor cells can be mobilized
to and harvested from donor blood for therapeutic radioprotec-
tion in vivo. Alpha-tocopherol succinate (TS) has been shown
to mobilize progenitor cells from bone marrow into blood in a
G-CSF-dependent manner [71]. Transfusion of the donor blood
or HSC enriched blood cells from TS-treated mice rescued the
recipient mice from acute radiation-induced mortality. The au-
thors have not transplanted HSCs into irradiated mice, indicat-
ing that the protection observed may be due to HSCs mobilized
in blood due to treatment with gamma-tocotrienol (GT3) [72].
Similarly, GT3 has also been used to mobilize the progenitor
cells in donor blood circulation. The mobilized progenitor cells
significantly reduced radiation-induced mortality in CD2F1
mice. Furthermore, finding multiple human leukocyte antigen
(HLA)-matched donors for transplantations during mass-
exposure situations would be extremely difficult; hence, this
strategy can be employed to treat individuals who are at high
risk of exposure to acute, high doses of ionizing radiation (e.g.,
military personnel, first responders) [64, 73].

Cord Blood Stem Cells The human umbilical cord blood
(HUCB) contains copious number of hematopoietic stem cells
and MSCs and its transfusions were first conducted in 1914 in
New York City [74]. In a recent report, (UCB-MSC treatment
significantly protected mice against radiation-induced hemato-
poietic syndrome. Transfusion of xenogeneic HUCB-MSC to
BALB/c mice after 7 Gy WBI resulted in faster recovery of
blood leukocytes. The radioprotective efficacy of HUCB was

better than G-CSF treatment and it was associated with increased
concentration of TGF-31 and decreased concentration of FIt3L
in plasma [75]. Azzam et al. showed that transplantation of
hUCB nucleated cells which are source of HSCs and an antibi-
otic (Levaquin) in lethally irradiated mice leads to recovery from
both bone marrow and gastrointestinal syndromes [76].

Myeloid Progenitor Cells Exposure to radiation can cause severe
suppression of the immune system via depletion of leukocytes
and progenitor cells. Transplantation of allogenic hematopoietic
stem and progenitor cells is often associated with graft-versus-
host disease which is mediated by donor lymphocytes. Singh
et al. proposed that since MPCs produce only granulocytes,
erythrocytes, monocytes, and dendritic cells but not lymphocytes,
they may offer therapeutic protection against lethal doses of irra-
diation. The pooled MPCs from allogeneic strains of mice were
transplanted in to different strains of mice after exposure to lethal
dose of radiation [77]. The transplantation of allogeneic MPCs to
mice up to 7 days after exposure to lethal dose of radiation (9 to
15 Gy gamma and X-rays) offered significant survival advantage
in a dose-dependent manner. Radioprotective action of MPCs
was associated with regeneration of functional intestinal lining,
prevention of bacterial leakage from gut, and recovery of hema-
topoietic system indicating their possible therapeutic use as a
bridging therapy for radiation-induced hematopoietic and GI syn-
dromes [77].

WJ-MSCs for ARS

Although allogeneic hematopoietic stem cell transplantation
can rescue the leukemia patients from chemo/radiotherapy
induced myeloablation, it is often associated with graft-
versus-host disease (GVHD) in up to 40% of the recipients
[78]. Mesenchymal stem cells offer a promising treatment
modality for management of GvHD, systemic lupus
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erythematosus (SLE), myocardial infarction (MI), amyotro-
phic lateral sclerosis (ALS), osteoarthritis (OA), spinal cord
injury (SCI), diabetes mellitus (DM), multiple sclerosis (MS),
and other diseases [36]. Similarly, human ES cells and iPSC
are pluripotent and offer many advantages [79, 8§0]. Human
bone marrow-derived MSCs (BM-MSCs) have many benefi-
cial properties which make them ideal for research and thera-
py. However, their isolation involves invasive and painful
method and poses a risk of infection and donor site morbidity.
Other practical limitations related to human bone marrow-
derived MSCs include their low frequency (0.001-0.01%) and
aging-dependent deterioration of stemness [34, 81¢]. Since the
frequency of BM-MSCs is very low in bone marrow aspirates,
they must be extensively multiplied in vitro for any therapeutic
application. In vitro expansion is associated with increased risk of
unwanted epigenetic modifications [82, 83]. The MSCs isolated
from umbilical cord blood (UCB) offer several advantages in-
cluding better grafting and regenerative potential. However, their
limited numbers as compared to WJ-MSCs and slow cell divi-
sion cycle can hamper their practical utility in regenerative med-
icine [84]. To overcome these key drawbacks, the umbilical cord,
a biomedical waste, has gained the attention of many investiga-
tors as an alternative source of MSCs.

The MSCs are interspersed in the walls (Wharton’s jelly,
W1J) of the umbilical cord and their high abundance, ease of
isolation, resilience, and amenability to in vitro expansion and
manipulation make them an attractive candidate for use in
regenerative medicine and research [85¢]. The WJ-MSCs are
isolated from tissue which is normally discarded ruling out
ethical issues associated with ESCs. They have higher prolif-
eration rate and their stem cell properties are retained over
many passages. They are considered to be more primitive in
nature as compared to other sources of MSCs due to expres-
sion of markers related to mesenchymal as well as embryonic
stem cells, potential for long-term self-renewal, and multi-
lineage differentiation. The low immunogenicity, immuno-
suppressive action, and non-tumorigeneic nature makes WJ-
MSC:s suitable for allogeneic and xenogeneic transplantation
in experimental models [31, 45, 86¢].

Role of WJ-MSCs in Protection from ARS

WIJ-MSCs have been demonstrated to heal the symptoms of
ARS in a variety of experimental systems. A recent study from
our lab showed that treatment of mice with human WJ-MSCs
offered significant therapeutic protection against radiation (8.5
Gy)-induced death (Scheme 1) [39¢]. The donor WJ-MSCs
preferentially homed into radiosensitive tissues like the spleen,
bone marrow, and small intestine of irradiated mice and im-
proved recovery from radiation-induced toxicity in vivo. The
therapeutic effect of WJ-MSCs was seen when transplantation
was carried out up to 24h WBI. During a radiological
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emergency event, people are exposed to a range of doses and
supportive care in the form of antibiotics, analgesics is often
given to these victims to prevent life-threatening and opportu-
nistic infections. Combination of WJ-MSCs with tetracycline
synergistically enhanced the survival benefit when adminis-
tered 24h post-irradiation. WJ-MSCs indeed protect HSCs
from radiation-induced damage and these responder HSCs then
proliferate and repopulate the hematopoietic system thus pre-
vent hematopoietic ARS-related death. The contribution of se-
cretory factors from WJ-MSCs towards radioprotection was
demonstrated in terms of significant prevention of death in
mice treated with conditioned media up to 24h after exposure
to radiation. The transplanted xenogeneic WJ-MSCs produced
human cytokines and enhanced the production of mouse cyto-
kines in the irradiated mice. Among these, WJ-MSC-derived
human IL-6 and G-CSF were found to play a causal role in
radioprotection. We also identified an essential role of Nrf-2 in
the host mice as well as transplanted human WJ-MSCs for the
observed radioprotection. Thus, WJ-MSC-based cell therapy
may offer an alternative to allogeneic bone marrow transplan-
tation during accidental radiation exposure scenario [39¢].
Cancer patients who are treated with radiotherapy in thoracic
region often develop pulmonary complications like pneumonia,
infections, and fibrosis. Radiation-induced lung injury (RILI) not
only affects quality of life after radiotherapy but also increases
the chances of death. Zhang et al. reported that overexpression of
chemokine receptor CXCR4 in WJ-MSCs can increase their
therapeutic potential for treatment of RILI. They showed that
CXCR4-overexpressing HUMSCs were able to offer enhanced
protection against RILI. These protective effects were attributed
to efficient homing and retention of transplanted HUMSCs in the
injured lung tissues and improved histopathological changes. In
this study, thoracic region of mice was irradiated with 13 Gy
dose of X-rays and treated with CXCR4"&"-WJ-MSCs.
Radioprotection of mice was found to be associated with prefer-
ential homing of human CXCR4""-WJ-MSCs in lung tissues,
reduction of radiation-induced increase in SDF-1, TGF-1, -
SMA, and collagen I levels, and amelioration of radiation-
induced decrease in expression of E-cadherin leading to moder-
ation of RILL These results demonstrate safety and efficacy of
WI-MSCs overexpressing CXCR4 for mitigation of RILI [87].
Radiation-induced skin injury or radiation dermatitis is an-
other noticeable side effect seen during radiotherapy. A serious
skin reaction can limit the duration and dose of radiation that
can be delivered to the patient. Sun et al. reported that the
culture supernatant collected from WJ-MSC could be used for
the treatment of radiation dermatitis in rats in the form of
hydrogels [88¢]. The radiation-induced skin injury in rat model
was created by exposing to localized radiation dose of 40 Gy in
an area of 2 x 2 cm for 25 min. A total of 200 pl of MSC-CM-
hydrogel was pipetted onto the radiation wound every 2 days
for 8 weeks. The protective and regenerative action was shown
to be dependent on secreted factors that increase angiogenesis,
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Scheme 1 Mechanism of therapeutic radioprotection by WJ-MSCs

regenerate sebaceous glands, and promote cell division in en-
dothelial cells. The conditioned medium from WJ-MSC also
accelerated scar-free wound healing quality. These findings
point towards an urgent need for optimization and
benchmarking of the method of isolation and preservation of
conditioned media from WJ-MSCs for possible use as a thera-
peutic agent for treatment of radiation induced dermatitis [88].

In order to translate the radioprotective effects of WJ-MSCs to
a large-scale mass exposure scenario involving hundreds of thou-
sands of individuals, WJ-MSCs need to be sourced from normal
volunteers, expanded, and cryo-banked well in advance. These
cells can then be thawed and transfused at point of care in eligible
individuals. Furthermore, the WJ-MSC conditioned media
which offered significant therapeutic radioprotection can be eas-
ily stored at —80°C in large quantity and can also be administered
to large number of individuals exposed to IR. However, exten-
sive preclinical research is required before these approaches can
be approved as a viable radiation countermeasure.

Conclusions

This review provides recent insights about the utility of WJ-
MSCs vis-a-vis other MSCs from adult tissues for treatment of
acute radiation toxicity. The ease of isolation, wide differentiation
potential, and immuno-modulatory nature and trivial ethical con-
cerns make WJ-MSCs ideal for allogeneic and xenogeneic trans-
plantation to treat various diseases and disorders. Exposure to
radiation leads to acute radiation syndromes which involve dam-
age to hematopoietic, gastrointestinal, and neurovascular sys-
tems. WJ-MSCs protect mice from radiation-induced mortality
via secretion of cyto-protective cytokines like G-CSF, IL-6, and
the protection is dependent on Nrf-2 of the host. Conditioned
medium of WJ-MSCs also protects mice against radiation-

induced mortality and it protects rats against radiation dermatitis.
CXCR4 overexpressing WJ-MSCs protect mice against
radiation-induced lung injury by decreasing the expression of
SDF-1, TGF-1, «-SMA, and collagen I. These findings high-
light the utility of WJ-MSCs in mitigating acute radiation syn-
dromes. However, extensive studies need be carried out to elu-
cidate the mechanism of action and also to further expand the
window of protection beyond 24h. The optimization of dose,
duration, and frequency of WJ-MSCs transplantation and pre-
serving stemness during in vitro expansion will be important for
translation of preclinical findings to successful clinical trials.
Furthermore, unraveling the detailed mechanisms responsible
for WJ-MSCs mediated tissue regeneration and demonstration
of their safety and efficacy in non-human primates will expedite
the prospects of their use in patients.
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