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Abstract

Acute radiation syndrome (ARS) is the radiation toxicity that can affect the hematopoietic,

gastrointestinal, and nervous systems upon accidental radiation exposure within a short

time. Currently, there are no effective and safe approaches to treat mass population

exposure to ARS. Our study aimed to evaluate the therapeutic potential of allogeneic

adipose-derived stem cells (ASCs) for total body irradiation (TBI)-induced ARS and under-

stand the underlying mitigation mechanism. We employed 9.25 Gy TBI dose to C57BL/6

mice and studied the effect of allogeneic ASCs on mice survival and regeneration of the

hematopoietic system. Our results indicate that intraperitoneal-injected ASCs migrated to

the bone marrow, rescued hematopoiesis, and improved the survival of irradiated mice.

Our transwell coculture results confirmed the migration of ASCs to irradiated bone mar-

row and rescue hematopoietic activity. Furthermore, contact coculture of ASCs improved

the survival and hematopoiesis of irradiated bone marrow in vitro. Irradiation results in

DNA damage, upregulation of inflammatory signals, and apoptosis in bone marrow cells,

while coculture with ASCs reduces apoptosis via activation of DNA repair and the anti-

oxidation system. Upon exposure to irradiated bone marrow cells, ASCs secrete

prosurvival and hematopoietic factors, such as GM-CSF, MIP1α, MIP1β, LIX, KC, 1P-10,

Rantes, IL-17, MCSF, TNFα, Eotaxin, and IP-10, which reduces oxidative stress and res-

cues damaged bone marrow cells from apoptosis. Our findings suggest that allogeneic

ASCs therapy is effective in mitigating TBI-induced ARS in mice and may be beneficial for

clinical adaptation to treat TBI-induced toxicities. Further studies will help to advocate

the scale-up and adaptation of allogeneic ASCs as the radiation countermeasure.
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1 | INTRODUCTION

Acute radiation syndrome (ARS) is characterized as an acute illness

caused by total body irradiation (TBI) or exposure of the majority of

the body to a high radiation dose in a very short time span.1 ARS man-

ifestation mainly involves hematopoietic and gastrointestinal organ

failure, followed by neurological and other organ damage.1-5 Events

leading to the development of ARS can be a radiation accident like in

Chernobyl (1986) or Fukushima (2011), a therapeutic misadventure,

or nuclear weapon detonation during war or in a terroristic attack.1,6,7

The threats for such events have increased sharply in recent years.8-10

As such, events are modeled to impact the mass population, so indi-

vidual patient management is not possible. Rather, it requires thera-

peutic approaches that can be administered within 24 hours with

minimal expert staff supervision.

The extent of damage caused by TBI depends on the mode of

exposure, irradiation dose, and the rate of exposure. TBI can cause

harmful effects such as fatigue, lightheartedness, and vomiting. At

high doses, the patient can die within 24 to 48 hours due to cerebro-

vascular syndrome. Lower doses can cause a hematopoietic and gas-

trointestinal syndrome that can lead to death in less than 10 days.11

In almost all instances of TBI exposure, the primary life-threatening

damage is inflicted on the hematopoietic system. Long-term effects of

TBI include problems with senses, cognition, communication, behav-

ior, and emotions. Research suggests TBI increases the chances of

degenerative illness due to breakdown and damage of brain cells.

Such problems include Alzheimer's disease, Parkinson's disease, and

chronic traumatic encephalopathy.12

At present, few treatment options are available. Matched

hematopoietic stem cell transplant is the therapy of choice. Although

bone marrow transplantation is beneficial, maintenance of hematopoi-

etic stem cells, radiation dose determination, and the lack of matched

stem cell donor for allogeneic therapy applications are limiting factors. In

a mass population exposure scenario, several hundred to millions of indi-

viduals can be exposed; from a practical standpoint, hematopoietic stem

cell transfusion is an impossible way forward.2 In case such scenario

develops, it will be difficult to treat all individuals at the same time, and

treatment will be delayed for a large number of affected individuals,

which may lead to an increased mortality rate. Other possible treatment

options include administration of prohematopoietic cytokines, such as

granulocyte-macrophage colony-stimulating factor (GM-CSF) and granu-

locyte stimulating factor (G-CSF).13-15 Both of these factors are

approved by the United States Food and Drug Administrative Authority

(FDA) for bone marrow regeneration following radiotherapy.10 Other

drugs at an earlier stage of development include Amifostine/WR2721,

Genistein, Gamma-tocotrienol, CBLB502 (bioengineered truncated Sal-

monella sp. Flagellin), anti-inflammatory cytokines, growth factors, pros-

taglandins have been proposed for mitigation of ARS.10 Despite the

progress, none of these drugs provide complete protection and their

use is associated with side effects, so there is a need to research alterna-

tive therapy approaches.

An attractive alternative to hematopoietic stem cells is the devel-

opment of allogenic cell therapies that can indirectly support the

recovery of hematopoiesis. Bone marrow-derived mesenchymal stem

cells from nonhematopoietic linage are important players for repairing

damaged tissue and can differentiate into multilineages such as adipo-

cytes, osteocytes, and chondrocytes. Studies have reported that bone

marrow-derived mesenchymal stem cells mitigate ARS.16,17 Other

approaches employing placental-derived and Wharton's jelly derived

mesenchymal stem cells rescue from radiation by regenerating dam-

aged bone marrow from TBI.18-20 Low yield and difficulty in harvest

and mass production for stockpiling are some of the drawbacks asso-

ciated with the therapeutic application of these cells.

Adipose tissue-derived stem cells (ASCs) have self-renewal capac-

ity and can undergo differentiation to mature cells, such as adipocytes

and osteocytes.21,22 ASCs are found abundantly in adipose tissue, can

be easily harvested in vast quantities, and are very easy to propagate

in cell culture compared to other cell types.22 Upon enzymatic diges-

tion, adipose tissue can mainly be divided into two different fractions:

mature adipocytes and the stromal vascular fraction.23 The stromal

vascular fraction is composed of ASCs, preadipocytes, endothelial

cells, lymphocytes, and pericytes.24 ASCs are plastic adherent and

exhibit fibroblastic or spindle-shaped morphology and can be

maintained up to 12 to 18 passages in cell culture.25 ASCs are charac-

terized by the expression of cell surface markers such as CD34,

CD26, CD29, and CD90.22,26-28 Reports show that ASCs acts as an

anti-fibrotic agent to ameliorate the radiation-induced fibrosis.28 An

important attribute of ASCs is the immune-modulatory effect on the

tissue microenvironment. ASCs are less or nonimmunogenic due to

their lack of MHCII expression and relatively low MHCI expression.22

Moreover, secretory factors produced by ASCs exert anti-

inflammatory and immune-suppressive effects and play a vital role in

the regeneration of damaged tissues. Importantly, autologous SVF

from adipose tissue has been reported to regenerate the damaged

bone marrow from TBI and improve survival.29 The limiting factors for

using allogeneic SVF is the presence of immune cells in SVF, which

can cause graft vs host disease in recipients, and the requirement for

a very large tissue volume for cell harvest. Earlier research suggested

that ASCs can regenerate the hematopoietic system from damaged

bone marrow.30 Therefore, regeneration or reparation of damage
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study revealed a possible application of allogeneic adipose-

derived stem cells (ASCs) as a mitigator. These cells are
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in higher animals will enable the clinical adaptation of ASCs-
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caused by TBI is possible through allogeneic, cell culture propagated

ASCs that can be a novel and alternative strategy for mitigation

of ARS.

We are showing for the first time the use of allogeneic ASCs

therapy to mitigate TBI-induced ARS and that intraperitoneally

injected ASCs migrate to bone marrow and facilitate repair by

secreting hematopoietic and prosurvival factors. This therapy can

be conveniently upscaled for a national stockpile storage for mass

applications.

2 | METHODS

2.1 | Mice

Female, 6 to 8 weeks aged wild type and transgenic for GFP, C57

BL/6, and FVB mice (Taconic Biosciences, Wayne, Pennsylvania) were

used in this study. Animals were housed in an Association for Assess-

ment and Accreditation of Laboratory Animal Care International

(AAALAC)-approved facility and were treated according to the

National Institutes of Health Guide for the Care and Use of Labora-

tory Animals.

2.2 | Irradiation

A cesium-137 gamma cell irradiator was used for delivering TBI to

mice at a rate of 310 cGy/min. Beam flatness, homogeneity, and spec-

trum of gamma-ray dosimetry was analyzed as published.31

2.3 | Isolation and maintenance of ASCs

C57BL/6 and FVB transgenic mice expressing green fluorescent

protein (GFP) were used for the ASCs transplantation studies.

ASCs were isolated, as published previously. Briefly, subcutane-

ous fat tissues were harvested from the transgenic mice of either

C57BL/6 or FVB-GFP mice, washed with 1× phosphate-buffered

saline (PBS) (Sigma, St. Louis, Missouri), and chopped into pieces

using scissors. The minced tissue was subjected to collagenase

(Worthington, New Jersey) treatment and incubated at 37�C for

45 minutes in shaking incubator. Following incubation, the

digested tissue was filtered through a 100 μm cell strainer and

centrifuged at 300g for 10 minutes at room temperature. There-

after, the supernatant containing mature adipocytes was dis-

carded, and the sediment containing the stromal vascular fraction

(SVF) was incubated with erythrocyte lysis buffer (Thermo Fisher

Scientific, Waltham, Massachusetts) for 5 minutes at room tem-

perature, filtered using a 70 μm cell strainer, and washed with

PBS. After centrifugation, the supernatant was discarded and the

SVF was suspended in Dulbecco's Modified Eagle's medium

(DMEM; Sigma, St. Louis) with 10% FBS (Sigma, St. Louis) and fil-

tered through 40 μm nylon mesh (Thermo Fisher Scientific,

Waltham). The cell suspension was subjected to centrifugation at

300g for 10 minutes. Following centrifugation, the supernatant

was discarded and the pellet containing the SVF was suspended

in DMEM with 10% FBS and plated in a 75 cm2 tissue culture

flask at a seeding density of 30 000 cells/cm2 and maintained at

37�C in 5% carbon dioxide (CO2). The medium was changed every

3 days, and the ASCs were harvested at 80% confluence using

trypsinization. ASCs expanded to passage four were used for cell

therapy and coculture studies.

2.4 | Phenotyping of ASCs

For surface marker expression, 1× 105 ASCs of either

C57BL/6-GFP or FVB-GFP origin were trypsinized and cen-

trifuged. The cell pellet was washed with 1× PBS and fixed with

4% paraformaldehyde for 20 minutes. Subsequently, the cells were

washed using 1× PBS, and the surface marker antibodies against

CD34, CD29, CD90, CD26 (BD Biosciences, California), and CD45

(BioLegend, California) were added to the cells and incubated for

30 minutes at 4�C in the dark. The cells were washed using 2%

FBS in 1× PBS and analyzed using a FACS Fortessa flow cytometer

(BD Biosciences). Data were analyzed using FlowJo software.

2.5 | Transplantation of ASCs

For the autologous and allogeneic GFP-ASCs transplantation studies,

we used wild-type C57BL/6 and FVB mice as recipients. Mice were

subjected to TBI using a radiation dose of 9.25 Gy for C57BL/6 and

8.75 Gy for FVB mice. Twenty four hours post TBI, the mice were

intraperitoneally injected with 5 × 106 GFP expressing autologous or

allogeneic ASCs or PBS as control. Mice were monitored for survival

for 30 days.

2.6 | ASCs migration to bone marrow

To study the migration of ASCs from the peritoneal cavity to bone

marrow, irradiated mice surviving at the end of the ASCs trans-

plantation studies, injected with either ASCs or PBS, were

sacrificed at day 35 postirradiation. The bone marrow cells were

isolated following the protocol with slight modifications.32,33 Using

aseptic techniques, mice hind limbs were surgically removed and

shifted to the lab for further processing under sterile conditions.

Skin and muscles were removed from the tibia and femur. After

washing with PBS, the tibia and femur were separated by cutting

the joint, and bone ends were cut open using scissors. The bones

were flushed with DMEM medium using 3 mL syringes and

28-gauge needles. The marrow was thoroughly resuspended with

a pipette and centrifuged at 300g for 10 minutes. Red blood cells

were lysed using ACK buffer. The cells were then filtered, cen-

trifuged, resuspended in DMEM 10% FBS, and cultured in six-well
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plates, with individual wells for each mouse. Bone marrow cells

were cultured and screened for GFP positive cells for 60 days.

2.7 | In vitro transwell migration assay

Transwell migration assays were performed to evaluate ASCs

(C57BL/6-GFP and FVB-GFP) migration in transwell chambers (six-

well insert, pore size: 0.4 mm). At day 0, 2 × 105 ASCs of either

C57BL/6-GFP or FVB-GFP origin were plated in the top basket of

the transwell and incubated overnight to allow the cells to attach.

After 24 hours, irradiated (3 × 105) and nonirradiated bone marrow

cells (3 × 105) were plated in the lower chamber of the transwell

inserts and cocultured for 2 weeks. After 2 weeks of culture, the

lower chamber cells were used for testing bone marrow survival and

ASC migration. Monoculture ASCs or bone marrow cells were used

as controls.

2.8 | Contact coculture assay

ASCs originating from C57BL/6 mice or FVB mice were grown to con-

fluency in six-well plates. 3 × 105 bone marrow cells from irradiated and

nonirradiated mice were overlaid on ASCs and cocultured for 2 weeks.

Number of cobble stone formation was documented. In addition, the

effect of contact coculture on cell survival was monitored.

2.9 | Actin phalloidin staining and imaging

Briefly, cultured ASCs or ASC-bone marrow cocultures from

transwell migration experiments were fixed with 4% paraformalde-

hyde and incubated for 20 minutes at room temperature. Cells were

washed using 1× PBS three times for 5 minutes each, permeabilized

with 0.1% Triton X-100 for 10 minutes, followed by washes with 1×

PBS three times for 5 minutes each. Afterward, the cells were

blocked with 5% bovine serum albumin (BSA) for 1 hour at room

temperature in the dark. F-actin was stained using phalloidin

(Abcam, Cambridge, Massachusetts) labeled with TRITC by incuba-

tion overnight at 4�C in the dark. The cell nuclei were stained blue

with 1 μg/mL Hoechst 33342 or DAPI (Thermo Fisher Scientific,

Waltham). Images were documented by fluorescent microscopy

(Keyence, Osaka, Japan).

2.10 | Apoptosis analysis

Bone marrow cells and ASCs were harvested from the transwell

migration or contact coculture experiments after 2 weeks of

coculture. The cells were washed with 1× PBS and stained with APC-

conjugated annexin-V and propidium iodide (PI) in binding buffer (Bio-

Legend kit) for 15 minutes at room temperature. For bone marrow cell

survival, GFP positive and propidium iodide negative cells were gated

and analyzed for their expression of annexin-V. Samples were

acquired on a FACS Fortessa and were analyzed using FlowJo

software.

2.11 | Preparation and injection of conditioned
media

ASCs-conditioned media was prepared to study the effects of

cytokines and growth factors released from ASCs (C57BL/6 and

FVB). 2 × 105 of ASCs were plated in a 75 cm2 flask and cultured

to 80% confluency. DMEM with 10% FBS was added to the flasks

and cultured for 72 hours at 37�C after being washed with PBS

twice. The conditioned medium was filtered and stored at −80�C

until further use. Culture medium without ASCs served as a nega-

tive control.

To test the effect of ASCs derived conditioned medium on

mouse survival, we used wild-type C57BL/6 mice and subjected for

TBI with 9.25 Gy. After 24 hours, irradiated mice were injected daily

with conditioned medium from C57BL/6 or FVB-GFP ASCs or con-

trol medium or PBS for 1 week. After 1 week, mice were injected

every 3 days and continued for 30 days with continuous mouse sur-

vival monitoring.

2.12 | Bone marrow culture in ASCs conditioned
media

Irradiated or nonirradiated bone marrow cells were cultured in ASCs

conditioned media for 2 weeks. Cobblestone formation was visualized

by microscopy and cell survival by Annexin/PI FACS staining.

2.13 | Protein measurements by Luminex assay

The multiplex Luminex assay analyzed the concentration of secreted

proteins in the conditioned medium according to the manufacturer's

protocol (Milliplex, Millipore Sigma, Massachusetts). Cell culture

supernatant samples were centrifuged for 4 minutes at 16 000g

immediately before use or dilution. Samples were diluted twofold

by adding 75 μL supernatant to 75 μL of Calibrator Diluent mix (Kit).

A 50 μL of the diluted sample or standard (Kit) was added to 96-well

plates according to assay scheme. Incubation was performed for

2 hours at room temperature after adding 50 μL Microparticle Cock-

tail (Kit). Each was washed three times with 100 μL wash buffer

(Kit). A 50 μL diluted biotin antibody cocktail was added to each well

and incubated for 1 hour with shaking at 800 rpm. Each well was

then washed three times with wash buffer. A 50 μL diluted

Streptavidin-PE was added to each well and incubated for

30 minutes with shaking at 800 rpm, after which each well was

again washed three times with wash buffer. Readings were taken

using the Luminex 100/200 analyzer (Luminex Inc, Austin, Texas)

and protein concentrations reported.
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F IGURE 1 Legend on next page.
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2.14 | Real-time polymerase chain reaction (PCR)

RNA was extracted from cells using the RNeasy plus Mini kit (Qiagen,

Germany). RNA was reverse transcribed using High Capacity cDNA

Reverse Transcription Kit (Applied Biosystems, Thermo Fisher Scientific,

Waltham) according to manufacturer's protocol. Using cDNA as a tem-

plate and gene specific primers (KiCqStart SYBR Green Primers Millipore

Sigma) expression of target genes was quantified by quantitative real

time PCR using the Fast SYBR Green Master Mix Applied Biosystems

(Thermo Fisher Scientific). Data for each gene transcript were normal-

ized by calculating the difference (ΔCt) from the Ct-housekeeping and

Ct-target genes. The relative increase or decrease in expression was cal-

culated by comparing the reference gene with target gene calculated by

comparing the reference gene with the target gene (ΔΔCt) and using

the formula for relative expression (=2ΔΔCt).

2.15 | Data analysis

FlowJo was used to analyze the flow cytometry data. GraphPad Prism

and Microsoft Excel were used for statistical analysis. One-way

ANOVA or Student t tests were performed to compare the groups.

The statistically significant P-value considered for analysis was <.05.

3 | RESULTS

3.1 | Characterization of ASCs

We first verified the presence of characteristic ASCs features in

cells isolated from subcutaneous adipose tissue of C57BL/6 and

FVB mice. ASCs were plastic adherent, grew as a monolayer,

exhibited fibroblastic, spindle-shaped, or mesenchymal morphology,

and maintained up to eight passages without losing their character-

istics (Figure 1A). To examine the actin cytoskeleton of ASCs from

two different mice strains, the F-actin was visualized using

phalloidin-TRITC staining and assessed. ASCs deriving from

C57BL/6 and FVB showed a similar parallel arrangement of F-actin

and no alterations in actin cytoskeleton distribution or integrity

were observed (Figure 1B). A hallmark phenotypic identification fea-

ture of ASCs is the expression of surface markers such as CD34,

CD90, CD73, CD29, and CD26.26,27,34 To confirm the phenotype of

ASCs used in this study, we analyzed the surface marker expression

by flow cytometry. Immunophenotyping analysis showed that GFP-

expressing ASCs were positive for CD34, CD29, CD26, and CD90

and negative for CD45 (Figure 1C). Moreover, ASCs showed robust

differentiation to adipocytes upon treatment with adipogenic

medium, demonstrated by the accumulation of Oil Red O stained

lipid droplets (Figure 1D).

3.2 | Intraperitoneal injection of allogeneic ASCs
rescues mice from severe ARS

We aimed to evaluate the efficacy of allogeneic ASCs to mitigate

ARS. To achieve this goal, we compared the potential of intraperito-

neal (i.p.) injection of autologous (C57BL/6) (Figure 2A) or allogeneic

(FVB) (Figure 2C) ASCs or PBS control to rescue 9.25 Gy TBI

C57BL/6 mice. Injections were performed 24 hours postirradiation

and mice survival was observed for 30 days. Kaplan-Meier estimator

survival analysis showed that a single injection of 5 × 106 autologous

(Figure 2B) or allogeneic ASCs (Figure 2D) rescued the mice from

TBI-induced ARS. We observed significant increase in white blood cell

counts in ASCs treated mice (Figure 2E). Cell dose was selected based

on a previously published study.35

The use of allogeneic ASCs as a mitigator of ARS is the practical

therapeutic approach. We observed that allogeneic ASCs improved the

survival of TBI C57BL/6 mice, and we were interested in verifying our

results in a different mice strain. So, we reversed the recipient mice

strain and employed TBI FVB mice as the recipient and test the efficacy

of allogeneic (C57BL/6) ASCs to rescue TBI mice. For this, FVB mice

were subject to TBI with a dose of 8.75 Gy as 9.25 Gy proved fatal for

FVB mice. After 24 hours, autologous ASCs (FVB) (Figure 2F), allogeneic

(C57BL/6) (Figure 2G) ASCs, or PBS as control was injected i.p. into the

irradiated FVB mice, and mice survival was observed for 30 days. Both

autologous (FVB) and allogeneic (C57BL/6) ASCs improved mice sur-

vival (Figure 2H). Our findings suggested that allogeneic ASCs mitigate

TBI-induced ARS irrespective of the host species, and the mitigation

efficacy is comparable to autologous cells.

ASCs are well known to secrete prohematopoietic factors

(Supplementary Table 1).36 Next, we investigated the therapeutic

effect of ASCs conditioned medium on the survival of TBI mice to test

whether the factors released by the ASCs are capable to mitigate

ARS. For this, medium from cultured C57BL/6 or FVB ASCs was

injected daily for the first 7 days and twice a week afterward to

9.25 Gy TBI C57BL/6 mice for 30 days starting 24 hours

postirradiation. Fresh cell culture media was used as a control. Obser-

vation for mice survival lasted for 30 days. Results revealed that

although ASCs have shown to secrete hematopoietic factors in the

cell culture medium, the concentration of these factors in the condi-

tioned media was not high enough to rescue hematopoiesis and pro-

long the survival of TBI mice (Figure 2I).

F IGURE 1 Characterization of allogeneic adipose-derived stem cells (ASCs). Phase-contrast microscopic images represent the morphology of
ASCs derived from adipose tissues of C57BL/6-GFP and FVB-GFP (A). The microscopic fluorescence images of GFP positive ASCs fixed and
stained with TRITC-phalloidin for F-actin (red) and Hoechst to visualize cell nuclei (blue) (B). Scale bars = 100 μm. Magnification 10x. C,
Representative flow cytometry histograms. Expression of CD34, CD29, CD90, CD105, CD26, and CD45 was analyzed. D, Isolated ASCs were
subjected to adipocyte differentiation for 14 days using the adipocyte differentiation medium. Oil-Red-O staining to confirm differentiation was
performed and shown
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3.3 | Intraperitoneal-injected ASCs migrate to the
bone marrow of TBI mice

Failure of ASCs conditioned media to rescue TBI mice pointed toward the

need for a highly concentrated and sustained presence of factors released

by ASCs for mitigation. High concentrations and sustainability are most

likely achievable if the ASCs migrate to the mitigation site, that is, bone

marrow. To determine whether GFP positive injected ASCs migrated from

the peritoneal cavity to bone marrow in vivo, we performed cell tracing

studies. Bone marrow was isolated from surviving irradiated mice injected

with either ASCs or PBS and control nonirradiatedmice after 35 days post-

irradiations and cultured for up to 60 days. Our observation revealed that

both autologous and allogeneic GFP positive ASCs migrated to irradiated

bone marrow (Figure 3A). Bone marrow is composed of heterogeneous

populations consisting of hematopoietic stem cells and mesenchymal stem

cells.37 Cells were fixed with paraformaldehyde and stained with Phalloidin

TRITC (Red), and nuclei (blue) with Hoechst to identify the GFP positive

injected ASCs from non-GFP positive host bone marrow populations.

Microscopic images represent the cells that were positive for GFP,

Phalloidin TRITC, and Hoechst and referred as migrated ASCs,

F IGURE 2 Allogeneic and autologous allogeneic adipose-derived stem cells (ASCs) transplant improve the survival of total body irradiated mice.
Schematic representation of autologous ASCs (A) and allogeneic ASCs (C) transplanted to irradiated C57 BL/6 recipients. (B) The survival curve of
irradiated C57BL/6 mice injected with autologous ASCs or phosphate-buffered saline (PBS) as control is shown. Survival was monitored for 30 days
(n = 20/group). D, Survival curve of irradiated C57BL/6 mice injected with allogeneic ASCs or PBS as control is shown. Survival was monitored for
30 days (n = 20/group). E, White blood count analyses at day 14 post-ASCs injection. The results are presented as mean ± SD; *P < .05. F,G, Schematic
representation of autologous ASCs (F) and allogeneic ASCs (G) transplanted to irradiated FVB recipients. H, Survival curve of irradiated FVB mice injected
with either autologous ASCs, allogeneic ASCs, or PBS. Survival was monitored for 30 days (n = 10/group). I, Survival curve of 9.25 Gy irradiated C57BL/6

mice injected with either C57BL/6 ASCs CM, FVB ASCs CM, control culture media, or PBS. Survival was monitored for 10 days (n = 10/group)
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whereas bone marrow cells were positive for only Phalloidin

TRITC and Hoechst (Figure 3A). In the earlier time points of cul-

ture, that is, day 24, the GFP positive ASCs appeared rounded

(Figure 3A) and stressed; but by day 52, transplanted ASCs

attained their original spindle-shaped or mesenchymal morphol-

ogy (Figure 3B). These results suggested that the mitigation of

ARS is mediated by the migration of the transplanted ASCs to

irradiated bone marrow.

3.4 | ASCs migrate and rescue irradiated bone
marrow in transwell cultures

To further confirm that ASCs migrate toward the damaged bone mar-

row, we performed an in vitro transwell migration assay. As shown in

the experimental scheme (Figure 3C), GFP expressing autologous

(C57BL/6) and allogeneic (FVB) ASCs were cocultured for 2 weeks

with bone marrow harvested from 9.25 Gy irradiated mice 24 hours

F IGURE 2 (Continued)
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postirradiation and nonirradiated C57BL/6 mice. Bone marrow cells

without ASCs served as the control. Cells in the lower compart-

ment were fixed, and stained with Phalloidin TRITC to visualize F-

actin and Hoechst for nuclear stain. Migrated ASCs were identified

as being GFP positive. As shown in Figure 3D,E, a large number of

ASCs migrated through the transwell porous membranes in

response to irradiated cells cocultured in the bottom chamber,

while very few ASCs migrated upon coculture with nonirradiated

F IGURE 3 Transplanted allogeneic adipose-derived stem cells (ASCs) migrate to the bone marrow of irradiated mice. A, Bone marrow from
day 35 postirradiation surviving mice was isolated and cultured. Day 24 postculture bone marrow cells were fixed and stained with TRITC-
phalloidin for F-actin (red) and Hoechst to visualize cell nuclei (blue). B, Day 52 postculture images for green fluorescent protein (GFP) positive
cells. C, Schematic representation of transwell migration experiment. D,E, Fluorescence microscopy images of the ASCs isolated from
C57BL/6-GFP (D) and FVB-GFP (E) mice cocultured with irradiated and nonirradiated bone marrow. The cells were fixed with 4%
paraformaldehyde and stained with Phalloidin-TRITC for F-actin (red). Hoechst was used for staining nuclei (blue). ASCs: GFP+, Phalloidin-TRITC+,
and Hoechst+. Bone marrow cells: GFP−, Phalloidin-TRITC+, and Hoechst+. Scale bars = 100 μm. Magnification 10x. F, Bone marrow from
24 hours postirradiated mice, or nonirradiated mice were cocultured with either allogeneic or autologous ASCs for 2 weeks. ASCs were seeded in
the top chamber, and bone marrow cells from irradiated and nonirradiated were seeded in the lower chamber. Phase-contrast microscopic images
of cobblestone formation during coculture. G, Ex vivo real-time quantitative gene expression analysis of irradiated bone marrow cells 24 hours
postirradiation. The results are presented as mean ± SD; **P < .01, *P < .05
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bone marrow. ASCs either exposed to UV light or fixed with etha-

nol or formaldehyde failed to show any migration in response to

coculture with irradiated or nonirradiated bone marrow cells (data

not shown). Of note, we used a transwell pore size of 0.4 μm in

our experiments, and we observed a drastic morphological change

in the freshly migrating ASCs to a needle-like morphology, indicat-

ing an intense migration pressure on cells which support our

in vivo ASCs migration observations. To correlate the functional

impact of migrating ASCs on the rescue of the hematopoietic char-

acter of bone marrow cells in vitro, we observed that ASCs

coculture improved cobblestone formation, a characteristic feature

of in vitro hematopoietic activity, in irradiated bone marrow wells

compared to wells without ASCs (Figure 3F). To determine the

possible signals generated by damaged bone marrow cells which

attract the ASCs, we analyzed the gene expression of inflammatory

chemokines and cytokines. Real-time quantitation of genes revealed

upregulation of NF-kB, IL-6, IL-1, TNFα, CCL2, CCL3, CCL4, and

CCL5 (Figure 3G). A significant upregulation in DNA damage-

induced gene GADD45 was recorded in irradiated bone marrow

cells (Figure 3G).

3.5 | ASCs migration positively correlated with
improved survival of irradiated bone marrow cells

Radiation exposure results in hematopoietic cell damage and apopto-

sis. Since our transwell experiments demonstrated that ASCs migrated

to the irradiated bone marrow, we next sought to analyze the impact

of ASCs migration on the survival of irradiated bone marrow cells. To

achieve this goal, we trypsinized the cells at the bottom of the tran-

swells and stained them for Annexin V and PI. First, we compared the

number of migrating GFP positive ASCs upon coculture with irradi-

ated and nonirradiated bone marrow by counting 10 000 cells by flow

cytometry. Data revealed that the number of migrated autologous

(C57BL/6) (Figure 4A) and allogeneic (FVB) (Figure 4E) ASCs were

higher in irradiated bone marrow cocultures compared to non-

irradiated bone marrow cocultures. Next, we analyzed the effect of

ASCs migration on the survival of bone marrow cells and determined

the Annexin V/PI positive percentage by gating on GFP negative cells.

Results revealed only cell debris in the irradiated bone marrow culture

without ASCs; however, upon coculture with ASCs, we observed the

majority of the irradiated bone marrow cells survived (Supplementary

F IGURE 3 (Continued)
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Figure 1). Interestingly, the percentage of irradiated bone marrow cell

survival (Annexin V/PI negative cells) correlated positively to the per-

centage of ASCs migrating through the transwell membranes

(Figure 4A,B,E,F). On the other hand, only a small number of autolo-

gous (Figure 4D) and allogeneic (Figure 4H) ASCs migrated in the non-

irradiated bone marrow cocultures. Nevertheless, they improved the

bone marrow cell survival. To analyze the possible mechanism by

which ASCs coculture reduce the apoptosis in irradiated bone marrow

cells, we cocultured irradiated bone marrow isolated from C57BL/6

mice with ASCs isolated from GFP+Luc+ mice. We sorted the GFP

negative bone marrow cells following coculture and analyzed the

expression of DNA damage repair, antioxidant, and inflammation

related genes by real-time quantitative PCR. Results showed a signifi-

cant upregulation in the expression of DNA damage repair gene

BRCA2, antioxidant gene superoxide dismutase (SOD1) and down-

regulation in NF-kB and TNF expression (Figure 4I). Our results indi-

cated that irradiated bone marrow stimulates ASCs migration, and

migrated ASCs improve the bone marrow recovery and protect them

from oxidative DNA damage-induced apoptosis.

3.6 | Contact coculture improves irradiated bone
marrow survival

As our in vivo and transwell cocultures demonstrated that ASCs

migrated to irradiated bone marrow cells, which seems to be a crucial

factor for mitigation; next, we analyzed the impact of the cell to cell

contact of ASCs to irradiated bone marrow on cell survival. For this,

bone marrow from irradiated and nonirradiated mice was cocultured

with autologous (C57BL/6) and allogeneic (FVB) ASCs for 2 weeks,

and cell death was determined in GFP negative bone marrow cells.

ASCs contact coculture improves irradiated bone marrow cells sur-

vival and cobblestone formation compared to irradiated bone marrow

cells cultured without ASCs (Figure 5A). Annexin V/PI staining of

cocultured cells revealed that ASCs protect irradiated bone marrow

cells from apoptosis, whereas irradiated bone marrow cultured with-

out ASCs showed a higher percentage of Annexin V/PI positive apo-

ptotic cells (Figure 5B,C). We further tested the capacity of growth

factors and cytokines present in the ASCs condition medium to sup-

port irradiated bone marrow survival in cell culture. Irradiated bone

F IGURE 3 (Continued)
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marrow cultured with or without condition medium for 2 weeks

showed no differences in cell survival or cobblestone formation

(Figure 5D). We conclude that cell to cell contact improves the effi-

ciency of ASCs to mitigate radiation-induced bone marrow damage.

3.7 | ASCs mitigate irradiation damage by
secreting hematopoietic cytokines

Stromal cells secreted cytokines, chemokines, and growth factors are

known to be involved in the hematopoietic stem cell maintenance and

survival, thus supporting bone marrow recovery after injury.38-41 Our allo-

geneic ASCs therapy results show the successful rescue of TBI mice miti-

gated by the migration of ASCs to bone marrow. To determine the

mitigatory factors released by ASCs upon interaction with irradiated bone

marrow cells, we performed a Luminex screen for cytokines involved in

hematopoiesis, cell survival, and chemotaxis using cell culture supernatant

collected at day 7 and day 14 from the allogeneic transwell experiments.

In support to our findings of enhanced mice survival, reduced irradiated

bone marrow cells damage, and enhanced cobblestones formation, we

observed a significant increase in the production of hematopoietic cyto-

kines GM-CSF, MIP1α, MIP1β, LIX, KC,1P-10, Rantes, IL-17, MCSF, TNFα,

Eotaxin, and IP-10 (Figure 6A-L). These cytokines were secreted at low

levels by ASCs cultured with or without nonirradiated bone marrow cells,

but significant upregulation was observed upon interaction with irradiated

bone marrow cells. Besides, we also analyzed several other cytokines

shown in the literature to be involved in hematopoiesis but observed no

notable changes in supernatant from nonirradiated or irradiated bone mar-

row cocultures with ASCs (Supplementary Figure 2). Our results suggested

that allogeneic ASCs support irradiated bone marrow survival via secreting

a set of specific hematopoietic and prosurvival cytokines shown in Supple-

mentary Table 2.

4 | DISCUSSION

ARS is radiation poisoning caused by TBI during radiation accidents.

Radiation exposure causes damage to the hematopoietic, gastrointes-

tinal, and nervous systems. High doses of radiation can cause irrepara-

ble damage to the bone marrow, affecting the immune system and

potentially causing inflammation and infection. Currently, there are no

effective therapies available, and there is an urgent need to add effec-

tive therapies in the national stockpile.

We investigated an allogeneic cell therapy approach, and our

results show that intraperitoneally injected allogeneic ASCs migrate to

the irradiated bone marrow and mitigate ARS by extending the sur-

vival of TBI mice. Similarly, in our transwell assays, we observed that

irradiated bone marrow promoted ASCs migration which improved

bone marrow survival ex vivo. We used 9.25 Gy for C57BL/6 and

8.75 Gy irradiation dose for FVB mice for the TBI model. The

F IGURE 3 (Continued)
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hematopoietic system is sensitive to ionizing radiation, which causes

irreversible damage to the bone marrow. Therefore, regeneration of

damaged bone marrow using allogeneic ASCs may increase the sur-

vival rate of ARS victims.

Bone marrow serves as a pool for the blood-forming hematopoi-

etic stem cells, which are supported by other nonhematopoietic cells

in the bone marrow niche, mainly mesenchymal stem cells, endothelial

cells, pericytes, and stromal cells. Secretory factors such as cytokines

and growth factors from the cellular compartment of the bone mar-

row niche are known to regulate hematopoietic stem cell proliferation

and differentiation.42,43 It is well established that bone marrow

populations are vulnerable to radiation exposure resulting in extreme

impairment to bone marrow populations. Still, the severity of even

sublethal doses can lead to irreversible tissue damage of the bone

marrow microenvironment.44,45 Hence, bone marrow retrieval might

be crucial to repair an injury from ARS. Several studies have proposed

that using cytokines, growth factors, drugs, and stem cells can miti-

gate the damage caused to bone marrow.10 Still, the clinical use of the

above therapies for mass applications finds limitations.

Previous studies have shown that ASCs support hematopoietic

stem cell expansion and maintenance.30,46 Yet, the mechanism of

action of ASCs' therapeutic effect is unknown. Therefore, in our cur-

rent study, we explored whether treatment with ASCs could mitigate

radiation-induced bone marrow failure and the mechanisms associ-

ated with the rescue of damaged bone marrow.

Various publications demonstrated that mesenchymal stem cells

derived from bone marrow, Wharton jelly, and placenta are effective

in mitigating ARS.10,13-15 Still, the problems associated with tissue

availability, cell harvesting, and propagation limit mass applications.

Moreover, autologous stromal vascular fraction from adipose tissue

was shown to reconstitute the bone marrow in TBI mice, but this

approach has limitations due to the autologous nature of the cells,

which is not feasible in accidental exposure scenarios.35 In this con-

text, we found that allogeneic ASCs protected the mice and improved

the survival percentage from ARS similar to autologous ASCs. Our

studies suggest that the easily accessible and abundant source of sub-

cutaneous derived ASCs is an attractive candidate for allogeneic

transplantation. They find attraction because of their numerous char-

acteristic features, including being easy to harvest, high in vitro expan-

sion, ease of maintenance, no or low immunogenicity, and higher

differentiation potential.22

Migration and homing of transplanted cells to the site of injury

are vital for tissue regeneration. Most of the cell therapies failed due

to impairment in their movement and homing abilities. Besides,

unfavorable conditions such as oxidative stress, hypoxia, and inflam-

mation show adverse effects on survival. Moreover, the efficacy and

functionality of transplanted cells depend on the method of injection

and the way it is administered. Previous reports demonstrated that

intravenous infusion of stem cells led to their entrapment in other tis-

sues, mainly in the lungs, resulted in a poor outcome.35,47,48 Intraperi-

toneal injected allogeneic ASCs migrated to the irradiated bone

marrow, improving the mice's survival from radiation damage. Our

result suggested that immune-modulatory, anti-inflammatory, and

antioxidant properties of allogeneic ASCs can overcome unfavorable

conditions. Consistent with our studies, earlier reports also found that

the migration of transplanted cells increased the functionality of dam-

aged bone marrow.49,50

Bone marrow exposed to radiation induces expression of

proinflammatory molecules TNF-α, growth factors EGF, pro-apoptotic

markers, and free radicals.51,52 Inflammatory molecules serve as a

chemoattractant and enhance the migration of hematopoietic and

mesenchymal stem cells to the injury site for regeneration.53,54 Our

data also show that ASCs were attracted and migrated to the irradi-

ated bone marrow through transwell inserts. In contrast, few ASCs

got relocated to the nonirradiated bone marrow. Besides, we

observed that migrated ASCs promoted the survival of irradiated bone

marrow cells. Our results indicate that ASCs could act as an anti-

apoptotic agent, downregulate the expression levels of proapoptotic

molecules, and prevent cell death. Cell to cell interaction is vital for

the maintenance of the hematopoietic system in the bone marrow

niche. ASCs have been shown to protect bone marrow cells from radi-

ation damage and support the hematopoietic activity in vitro and

in vivo.46 Similarly, our studies demonstrated cobblestone formation

and improved survival of radiation-exposed cells during contact

coculture and robust transmigration.

The bone marrow niche represents a complex microenvironment.

Cellular and noncellular compartments control the self-renewal and

differentiation of hematopoietic stem cells. Soluble factors such as

cytokines, growth factors, and chemokines regulate stem cell behavior

through an autocrine, paracrine, and juxtacrine signaling mechanism.

Soluble factors act as a messenger and are essential for the establish-

ment of a communicational network between the cells.55 Our

transwell experiments have shown that activation of ASCs with the

inflammatory environment from irradiated bone marrow significantly

increased the secretion of prohematopoiesis and prosurvival cyto-

kines. They include GM-CSF, MIP1α, MIP1β, LIX, KC, 1P-10, Rantes,

IL-17, MCSF, TNFα, Eotaxin, and IP-10 which supported the cobble-

stone formation and improved the survival of bone marrow cells from

F IGURE 4 Allogeneic adipose-derived stem cells (ASCs) migrate through the transwell and protect irradiated bone marrow from apoptosis. A,

C, Migration of C57BL/6 ASCs across the transwell membrane toward irradiated bone marrow (A) and nonirradiated bone marrow (C) was
analyzed by FACS. The percentage of GFP negative (bone marrow cells) and GFP positive (ASCs) as determined. B,D, Apoptosis of cocultured
irradiated (B) and nonirradiated (D) bone marrow cells was analyzed by Annexin V and PI staining by FACS. E,G, Migration of FVB ASCs across
the transwell membrane toward irradiated bone marrow (E) and nonirradiated bone marrow (G) was analyzed by FACS. The percentage of GFP
negative (bone marrow cells) and GFP positive (ASCs) was determined. F,H, Apoptosis of cocultured irradiated (F) and nonirradiated (H) bone
marrow cells was analyzed by Annexin V and PI staining by FACS. I, Real-time quantitative gene expression analysis of sorted cocultured
irradiated bone marrow cells. The results are presented as mean ± SD; **P < .01, *P < .05
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F IGURE 5 The contact coculture of allogeneic adipose-derived stem cells (ASCs) improves the survival of the irradiated bone marrow. A, Morphology
of cocultured irradiated bone marrow with or without ASCs. Scale bars = 100 μm. Magnification 10x. B, Irradiated bone marrow cocultured with or
without ASCs were stained with Annexin-V-APC/Propidium iodide and analyzed by FACS. Flow cytometry histograms of non-GFP positive gated bone
marrow cells apoptosis. C, The percentage of apoptosis during contact coculture. The results are presented as mean ± SD; **P < .01. D, Phase-contrast
images of irradiated and nonirradiated bone marrow cultured in ASCs conditioned media or fresh media. Scale bars = 50 μm. Magnification 10x
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F IGURE 6 Allogeneic adipose-derived stem cells (ASCs) secrete prohematopoietic factors to support the recovery of damaged bone marrow
cells. A-L, Luminex assay readout of the factors released by monoculture and cocultured irradiated and nonirradiated bone marrow cells with
ASCs (n = 3). The results are presented as mean ± SD; *P < .05
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radiation damage. Similarly, more recently, it was reported that ARS-

related stress signals activated placental stem cells, and the secretome

of activated placental cells rescue the mice from ARS.56

Our data strongly supported several documented reports and

relate to the functional role of soluble factors in various stages of

blood cell development by a direct or indirect mechanism. GM-CSF is

F IGURE 6 (Continued)
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an FDA-approved cytokine regime for blood cell development and

immunomodulation. Apart from its role in the stimulation of granulo-

cyte and macrophage differentiation, it also acts as a radioprotector

and reduces the damage caused by radiation.57 MIP-1α increases the

production of peripheral blood by inhibiting proliferation and pro-

motes the differentiation of hematopoietic stem cells. Moreover,

MIP-1α acts as an anti-inflammatory agent to reduce inflammation.58

LIX is a chemokine essential for the maintenance of long-term cul-

tures. It preserves the quiescent state of hematopoietic stem cells and

maintains stem cell-enriched populations in the bone marrow.40 LIX

also supports the angiogenesis by neovascularization.59 Interleukin-10

(IL-10) is an immunosuppressive cytokine and regulates the self-

renewal capacity of hematopoietic stem cells.60 Apart from

maintaining long term cultures of hematopoietic stem cells, 1L-10 also

acts as an anti-inflammatory cytokine and resolves tissue from inflam-

mation.61 Interleukin 17 is a proinflammatory cytokine and supports

the regeneration of hematopoietic progenitor cells and improves the

survival of radiation damage.62,63 Also, it promotes angiogenesis for

neovascularization for injured tissue.64 Interleukin 1α regulates the

proliferation of hematopoietic stem cells and stimulates the growth

factors required for hematopoiesis.65,66 Moreover, IL-1 acts as a

radioprotective agent and restores the function of bone marrow from

radiation damage.67 MCSF is an inflammatory cytokine and inhibitor

of stem cells and promotes maturation of hematopoietic progenitor

cells. MCSF expresses high levels and stimulates the expression of

other inflammatory molecules during stress or inflammation.68 Angio-

genesis is essential for blood circulation and communication between

tissues and cells. Exotoxin is a hematopoietic stem cell-derived

proangiogenic factor necessary for neovascularization and reduces

the inflammation.69,70

ASCs conditioned media has been used in various therapeutic

applications such as wound healing, aging, inflammation, and regener-

ation.71-74 ASCs secrete several paracrine factors such as VEGF, G-

CSF, GM-CSF, TGF-β, MIP1α, MIP1β, MCP2, and Eotaxin. Although

conditioned medium from bone marrow-derived mesenchymal stem

cells and ASCs treated various degenerative diseases, the therapeutic

application for ARS is limited due to lower factors concentrations,

which results in a poor outcome. Recent study has shown successful

mitigation of TBI mice using purified extracellular vesicles (EVs)

derived from MSCs.75 ASCs are well known to secrete EVs having

regenerative potential.76 The most likely reason that conditioned

media failed to mitigate in our study is due to the lower concentration

of growth factors and EVs in culture media.

Cellular therapies have the potential to mitigate both acute and

late complications from radiation exposure.77 Critical challenges for

adapting cellular therapies for mass population applications in real-life

scenarios include mass production of cellular product, quality control,

storage, stability, logistics, and injection to affected individuals. Adi-

pose tissue is a readily available source in bulk quantities and ASCs

show robust expansion capabilities in cell culture that enables mass

production of these cells. The in vitro assays for characterization of

these cells based on phenotype marker expression are very well

established. Previous studies have shown feasibility of storing these

cells up to 10 years in liquid nitrogen without loss of functionality.78

Adaptation of cell therapies as a radiation countermeasure require

development of bomb and radiation proof cell banks in different parts

of the country that enables transportation of stored cells in dry ice to

the site of accident within 10 to 15 hours and delivery to affected

individuals within 24 hours of the exposure. Further studies investi-

gating different cell numbers, frequency of injection, and anatomical

sites will guide real-world adaptation.

In conclusion, our study demonstrated a proof-of-concept allo-

geneic stem cell therapy and the mitigation mechanism of ARS using

ASCs, which are readily available in abundance and can be easily

propagated to sufficient quantities for national stockpile storage.

We show that the mitigation is dependent on ASCs migration to

damaged bone marrow and is positively correlated to the survival of

damaged cells. The migration of ASCs is dependent on signals gener-

ated from damaged bone marrow cells. Mechanistically, ASCs

secrete hematopoietic and prosurvival factors that rescue irradiated

damaged bone marrow cells.
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