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The inflamed bone marrow niche shortly after total body irradiation (TBI) is known to 
contribute to loss of hematopoietic stem cells in terms of their number and function. 
In this study, autologous bone marrow transfer (AL-BMT) was evaluated as a strat-
egy for mitigating hematopoietic form of the acute radiation syndrome by timing the 
collection phase (2 h after irradiation) and reinfusion (24 h after irradiation) using mice 
as a model system. Collection of bone marrow (BM) cells (0.5  ×  106 total marrow 
cells) 2 h after lethal TBI rescued different subclasses of hematopoietic stem and pro-
genitor cells (HSPCs) from the detrimental inflammatory and damaging milieu in vivo. 
Cryopreservation of collected graft and its reinfusion 24 h after TBI significantly rescued 
mice from lethal effects of irradiation (65% survival against 0% in TBI group on day 30th) 
and hematopoietic depression. Transient hypometabolic state (HMS) induced 2 h after 
TBI effectively preserved the functional status of HSPCs and improved hematopoietic 
recovery even when BM was collected 8 h after TBI. Homing studies suggested that 
AL-BMT yielded similar percentages for different subsets of HSPCs when compared to 
syngeneic bone marrow transfer. The results suggest that the timing of collection, and 
reinfusion of graft is crucial for the success of AL-BMT.

Keywords: autologous bone marrow transfer, hematopoietic stem cells, homing, ionizing radiation, mitigation, 
hematopoietic syndrome

inTrODUcTiOn

Matched allogenic bone marrow transfer (AG-BMT) has long been established and used for treating 
radiation-induced hematopoietic depression (1). However, the Chernobyl and other experiences 
showed its utility only for a fraction of victims exposed to radiation (2). Victims exposed to lower 
doses (<6 Gy) may not benefit from bone marrow transplantation (BMT) because at these doses, 

Abbreviations: AG-BMT, allogenic bone marrow transplantation; AL-BMT, autologous bone marrow transplantation; 
BM-MNC, bone marrow mononuclear cells; BMT, bone marrow transplantation; CFSE, carboxyfluorescein diacetate succin-
imidyl ester; CHA, 6N-cyclohexyl adenosine; hARS, hematopoietic form of the acute radiation syndrome; HMS, hypometabolic 
state; HPC, hematopoietic progenitor cell; HSC, hematopoietic stem cell; HSPCs, hematopoietic stem and progenitor cells; 
KSL, Lin−Sca1+c-kit+ cells; LT-HSCs, long-term hematopoietic stem cells; MMP, mitochondrial membrane potential; MSCs, 
mesenchymal stem cells; NHP, non-human primates; SJNP-1, code name of a small molecule with adenosine receptor agonist 
action; ST-HSCs, short-term hematopoietic stem cells; Ta, ambient temperature; TBI, total body irradiation.
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the residual hematopoietic stem cells (HSCs) would eventually 
cause donor marrow rejection (3, 4). Considering the limited use 
of AG-BMT, strategies must be developed for treating radiation-
induced bone marrow (BM) aplasia and hematopoietic form of 
the acute radiation syndrome (hARS). Previous studies on dogs, 
non-human primates (NHPs), and humans have reported that 
if a sufficient number of HSCs could be protected (by shielding 
the femur), it is possible to ameliorate the myeloablative effects 
of chemotherapy or radiation (5–7). These studies prompted 
researchers to explore the efficiency of AL-BMT in the manage-
ment of radiation-induced BM aplasia. This efficiency is based 
on the fact that quiescent HSCs survive high doses of radiation 
and is contributed by the heterogeneity of the absorbed dose 
because of the geometry of the exposure and dose attenuation 
related to the body’s thickness (8). The residual functional HSCs 
isolated soon after irradiation can be expanded and reinfused at 
later time points to achieve hematopoietic recovery. Contrary 
to AG-BMT, AL-BMT may accelerate hematopoietic recovery 
without causing graft-versus-host disease complications. In 
addition to its application in high-dose exposure patients, 
AL-BMT may be effective in enhancing hematopoietic recovery 
against moderate to sublethal radiation doses, where AG-BMT 
is not desired.

However, isolating a sufficient number of hematopoietic stem 
and progenitor cells (HSPCs) from irradiated victims remains 
an important concern for achieving successful engraftment and 
hematopoietic recovery after AL-BMT. The ex vivo expansion of 
the collected graft in the presence of antiapoptotic cytokines has 
been suggested to be critical because the reinfusion of the isolated 
BM  cells without expansion results in poor engraftment and 
limited hematopoietic recovery (9–11). However, compromised 
long-term (LT) hematopoietic potential because of residual 
DNA damage in the isolated HSPCs remains an important con-
cern related to these approaches (12). Moreover, the infusion of 
the BM several days after the radiation exposure delays effective 
hematopoietic recovery because BMT performed within 24  h 
has so far been the most effective in treating radiation-induced 
hematopoietic depression (13, 14). Moreover, studies on NHPs 
have shown that the BM collected 2 h after total body irradiation 
(TBI) is ideal for effective ex vivo expansion and engraftment 
(15). The BM collected at later time points resulted in the poor 
recovery of functional HSPCs because of a disturbed milieu 
and initiation of a large apoptotic burst (15). The requirement 
of BM collection within 2 h of radiation exposure restricts its 
use in cases of accidental or nuclear eventualities. The develop-
ment of strategies or agents effective in preventing the loss of 
HSPCs both in terms of their number and functional status well 
beyond 2  h will increase its practical applications. Numerous 
investigators have reported that shortly after irradiation (from 
few hours to first few days), free radical-mediated oxidative 
stress, inflammation, and bystander effects prolong the effects 
on hematopoietic depression by causing the loss of cells that are 
not directly affected by radiation (16–18). Keeping these results 
in mind, in this study, we applied AL-BMT in a murine model 
and determined whether transient hypometabolic state (HMS) 
induced soon after irradiation preserves the functionality of 
HSPCs until 8 h after TBI.

Non-human primate models are more relevant to humans 
in terms of stem cell biology (19); however, they extensively 
restrict the detailed analysis of different aspects of AL-BMT. 
Mice have been used to understand the different aspects of 
BMT and homing (20). However, unlike large mammals, in 
rodents, the AL-BMT process involving a surgical procedure 
and postoperative care is extremely challenging and results 
in high mortality rates (21, 22). Moreover, irradiated mice 
surgically operated for BM aspiration has a risk of combined 
radiation injuries, which is known to accelerate radiation-
induced death (23). However, in the past decade, significant 
advances have been made in the life saving and aseptic surgery 
in rodents, including mice (24). In our laboratory, we have 
standardized the surgical procedure and postoperative care for 
irradiated mice. We used mice as a model for investigating the 
radiomitigative efficacy of AL-BMT.

In this study, we revealed that BM collection within 2 h after 
TBI followed by cryopreservation for 22 h and reinfusion 24 h 
after TBI into the same mice rescues from the lethal effects of 
TBI by enhancing the hematopoietic recovery. These results 
suggest the efficiency of this approach, at least in the murine 
model, without requiring ex vivo graft expansion. Efforts to 
prolong the BM collection phase by inducing transient HMS 
(for a total of 8 h after TBI) have not been successful in terms 
of survival advantage. However, the evaluation of the BM and 
peripheral blood counts of the surviving animals suggest that 
HMS effectively preserved the functional status and number of 
HSPCs collected even 8 h after TBI.

MaTerials anD MeThODs

Mouse experiments
Animal handling and experiments were conducted in accordance 
with the guidelines of the Committee on the Ethics of Animals 
Experiments, Institute of Nuclear Medicine and Allied Sciences 
(INMAS), Defence Research and Development Organization, 
Delhi, India (Institutional Ethical Committee approval number: 
INM/IAEC/2013/03/04; Protocol no.: TD-10018; GO/a/99/
CPCSEA). Inbred female mice (C57BL/6J) aged 10–12  weeks 
(weight: 25  ±  2  g) were used in this study. The animals were 
kept at the Experimental Animal Facility, INMAS, at an ambi-
ent temperature (Ta) and relative humidity of 23–25°C and 55%, 
respectively. Unlimited mouse chow (Golden Feeds, Delhi, India) 
and tap water were provided ad  libitum, and the animals were 
maintained on a 12-h light:dark cycle. All efforts were made to 
minimize animal number and suffering.

animal irradiation
Total body irradiation was performed in partially restrained 
mice by using a 60Co γ-ray irradiator (Bhabatron-II Teletherapy 
Unit, Panacea Medical Technologies, Bangalore, India). For 
radiomitigation studies, the mice were exposed to 8.5  Gy 
(LD100/30) at a dose rate of 1 Gy/min on a rotating chamber, and 
the irradiation field size was 35 cm × 35 cm. The animals were 
partially restrained to avoid cuddling and shielding while radia-
tion exposure; they were exposed in a group of 4. The exposure 
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rates in the teletherapy unit were mapped by an Atomic Energy 
Regulatory Board-authorized health physicist by using a cali-
brated RadCal 0.6-cm3 therapy grade ion chamber/electrometer 
system. All irradiations were consistently provided between 
12:00 and 01:00 p.m. to minimize chronosensitivity (25). The 
irradiated animals were monitored daily and those showing a 
combined score higher than 8 (posture, eye appearance, and 
activity scores) were humanely euthanized to minimize the pain 
and distress (26).

induction of hMs in Mice
Numerous small molecules, including adenosine receptor 
agonist-like adenosine monophosphate and 6N-cyclohexyl 
adenosine, are known to induce reversible HMS (27–29). By 
using a drug repurposing approach in conjunction with chem-
informatics, the in  silico screening of many Food and Drug 
Administration-approved small molecules and drug-like mol-
ecules [LOPAC 1280, JHCCL(v2), Enzo FDA library] yielded a 
small molecule having adenosine receptor agonist action (here-
after referred to as SJNP-1). SJNP-1, clinically used for treating 
depression, was used in this study to induce HMS. HMS was 
induced 2 h after TBI by intraperitoneally (i.p.) administering 
100  mg/kg body weight (b.w.) of SJNP-1 (Sigma–Aldrich, St. 
Louis, MO, USA) prepared in phosphate-buffered saline (PBS). 
Thereafter, the animals were kept in an incubator at 15°C (for 
maintaining HMS) for 6 h. They were then maintained at room 
temperature for recovery. The core body temperature (Tb) was 
manually measured on an hourly basis for the entire duration 
of the study (8 h) at different time points by using a rectal probe 
(RET 3, Braintree Scientific Inc., MA, USA).

BM aspiration from Femur, 
cryopreservation, and al-BMT
For AL-BMT, the BM from the right femur of live mice was 
aspirated, 2 h after TBI or 8 h after induction of HMS essentially 
by following a previously reported protocol, with a few modifica-
tions (24). Before surgical manipulation, 10- to 12-week-old mice 
were anesthetized with 80 and 10  mg/kg b.w. of ketamine and 
xylazine, respectively, and fur in the area where the incision was 
to be made was gently clipped. The entire femur and tibia were 
disinfected with povidone-iodine (Betadine) scrub. Thereafter, 
an incision was made covering the femur and tibia joint, and 
muscles were gently spread to clearly observe the condyle. The 
area was disinfected with 5% H2O2. Subsequently, by using a wet 
0.5-mL syringe fit with a 27-G needle, a hole was gently drilled 
by turning clockwise and counter clockwise while applying 
pressure. The needle was inserted into the distal femur above the 
patella through the patellar tendon, and the BM was aspirated 
(~8 μL). Consistently, the aspiration was performed only once, 
and the tendon and overlying muscles were gently positioned and 
sutured to close the incision. The mice were placed on a heating 
pad (28°C) to recover and were returned to animal housing on 
complete recovery. The collected BM was washed in PBS, and the 
pellet was resuspended in 500 µL of cryopreserving solution [90% 
fetal bovine serum (FBS) and 10% dimethyl sulfoxide (DMSO)] 
and frozen by sequentially reducing the temperature to a final 

storage temperature of −80°C. The cell count and viability were 
assessed through flow cytometry, as previously reported (30). 
For AL-BMT, which was conducted at 24-h after irradiation, the 
cryopreserved cells were washed two times with PBS to remove 
traces of DMSO and serum. The final pellet was suspended in 
150  µL (mean cell count: 0.5  ×  106 cells) of PBS and injected 
via the tail vein into the same mice. For assessing the effects of 
cryopreservation on the quality and quantity of different subsets 
of HSPCs, the BM was harvested from a separate group of 
untreated animals and either cryopreserved for 24  h at −80°C 
or freshly processed, without cryopreservation. The harvested 
BM was processed and stained with different surface markers for 
enumerating the different subsets of HSPCs. The mitochondrial 
membrane potential (MMP) and apoptosis were analyzed in dif-
ferent subsets of HSPCs.

hsPc enumeration and Flow cytometry
The collected BM was treated with ice-cold 1× ammonium chlo-
ride potassium solution for 2 min at 4°C to remove red blood cells. 
For lineage depletion (Lin−), BM mononuclear cells (MNCs) 
were incubated with biotin-conjugated antibodies against 
murine CD5, Mac-1, CD45R/B220, Ter-119, and Gr-1 (Lineage 
Cell Depletion Kit mouse, Miltenyi Biotec GmbH, Germany). 
Thereafter, mature myeloid and lymphoid cells were depleted by 
incubating the cells with antibiotin microbeads and separating 
them using MS columns and MACS separator (Miltenyi Biotec 
GmbH, Germany), following the manufacturer’s recommenda-
tions. The Lin− cell fraction was washed with PBS + 2% FBS, 
and the cell number was volumetrically determined through 
flow cytometry (30). For analyzing different HSPC popula-
tions, the Lin− fraction was preincubated with anti-CD16/32 
antibody (0.5 μL/106 cells; Biolegend, CA, USA) to block the 
Fcγ receptors and then stained with anti-Sca1-PE (1  μL/106 
cells; Biolegend), c-Kit-APC-Cy7 (0.5 μL/106 cells; Biolegend), 
and CD34-PerCP/Cyp5.5 (0.8 μL/106 cells; Biolegend) on ice, 
in dark for 1  h. The frequencies of hematopoietic progenitor 
cells (HPCs; Lin−Sca1−c-kit+ cells), KSL (Lin−Sca1+c-kit+ cells), 
short-term HSCs (ST-HSCs; Lin−Sca1+c-kit+ CD34+ cells) (31), 
and long-term HSCs (LT-HSCs; Lin−Sca1+c-kit+CD34− cells) 
(32) were analyzed using BD Accuri C6 software. Appropriate 
isotypes and single positive controls were also acquired when-
ever required for compensation, and at least 20,000 cells were 
acquired for each sample. The percentage of living and dead 
cells was determined using 7-aminoactinomycin D (7-AAD; 
Biolegend) exclusion procedures. For analyzing changes in the 
MMP in different HSPCs, after treatment with different anti-
bodies for 45  min, rhodamine 123 (10  nM; Sigma, St. Louis, 
MO, USA) was added and immediately acquired. Similarly, 
after treating the cells with antibodies for different surface 
markers, they were resuspended in binding buffer containing 
anti-annexin V–fluorescein isothiocyanate (3  μL/106 cells; 
Sigma) and further incubated for 15  min in the dark on ice. 
Thereafter, the cells were washed and acquired. The numbers 
of different HSPC populations were determined and presented 
as frequencies per million bone marrow mononuclear cells 
(BM-MNCs).
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homing studies
For carboxyfluorescein diacetate succinimidyl ester (CFSE) 
staining, total BM cells (0.5 × 106/mL) were labeled with CFSE 
(5 µM) in PBS + 2% FBS for 15 min at 37°C in the dark with 
intermittent mixing. Labeling was terminated by adding 5 mL 
of ice-cold PBS  +  2% FBS, and the samples were thoroughly 
washed to remove any unbound CFSE from the samples (33). 
The labeled cells (0.5 × 106 cells/animal) were injected via the 
tail vein, and the animals were sacrificed 24  h after infusion 
(i.e., 48 h after TBI). Total BM from both femur and tibia was 
harvested, processed, and stained for the different subsets of 
HSPCs, as described earlier. CFSE-positive cells were gated, 
and the different subsets of HSPCs within this population were 
identified for assessing homing efficiencies. To assess the effects 
of the surgical procedure on the homing of the different subsets 
of HSPCs, the BM was harvested from a group of animals and 
cryopreserved, as described earlier. At 24 h, the cryopreserved 
BM samples were labeled with CFSE and infused via the tail vein 
into a group of animals exposed to TBI (a single dose of 8.5 Gy) 
24  h earlier. The homing of the different subsets of HSPCs 
was determined by considering the number of cells infused 
(0.5  ×  106 cells) and that of cells homed onto the tibia and 
femur. For assessing the divisional status of the different subsets 
of HSPCs, the BM (0.5 × 106/mL) harvested 2 h after lethal TBI 
was labeled with CFSE (20 µM), as mentioned earlier and was 
reinfused into the same animals. The animals were sacrificed 
96 h after TBI, and the BM was harvested, depleted of RBC and 
stained for different surface antigens, as mentioned earlier. The 
samples were acquired through flow cytometry. For undiluted 
CFSE-labeled cells in  vivo, the BM harvested from untreated 
animals were labeled with CFSE and infused into the recipient 
mice. Subsequently, 2 h later, the animals were sacrificed, blood 
was collected by cardiac puncture, the total mononuclear frac-
tion was harvested, and samples were acquired through flow 
cytometry. The mean fluorescence of CFSE-positive cells was 
considered as undiluted samples.

radiomitigation—30-Day survival assay
After performing AL-BMT, the animals were housed and main-
tained at the experimental animal facility. All animals received 
ciprofloxacin (45 mg/kg b.w./day; i.p.) for three consecutive days 
after bone marrow transfer. The kinetics of the overall survival, 
defined as the time from the date of irradiation to the date of 
death of the examined mice, was analyzed using the (two-tailed) 
log-rank test. The 30-day survival rate was compared between 
the autologous transfer and radiation-only control groups.

cytological and histological  
evaluation of BM
To determine the effects of AL-BMT on recovery from hemat-
opoietic depression, BM cellularity was evaluated in BM smears 
of the surviving animals. For the irradiation alone group, BM 
smears were prepared from the animals having a combined 
distress score of more than 8 (the dying animals; on the 13th 
day). These smears were prepared using a paint brush and stained 
with May–Grünwald–Giemsa stain. For histology, femurs from 

different groups of animals were dehydrated and processed fol-
lowing routine procedures and stained with hematoxylin and 
eosin (H&E). Hematological profiling was performed within 1 h 
of collection of blood by using an automatic hematology analyzer 
(Celltac α, Nihon Kohden, Japan).

resUlTs

rescuing self: BM aspirated from lethally 
irradiated animals within 2 h and 
readministered after 24 h can rescue 
animals from irradiation-induced lethality
Total body irradiation (8.5 Gy; dose rate: 1.0 Gy/min) resulted 
in 100% lethality in 30  days (mean survival time: 12  days; 
Figures 1A,C). The surgical procedure performed on irradiation 
control mice, to assess the effects of irradiation on survival, did 
not result in any changes in radiation-induced mortality (data not 
shown). The mice that received the cryopreserved unprocessed 
total BM (0.5 × 106 nucleated cells/mice), 24 h after TBI, showed 
65% survival advantage after 30 days compared to 0 survival in 
the 8.5  Gy irradiation and surgically manipulated group (BM 
aspiration procedure; hereafter referred as TBI + Surg), which 
received a vehicle. To assess the efficiency of transient HMS on 
extending the duration before the BM collection phase, the effect 
of SJNP-1 was investigated (Figures 1B,C). The administration 
of a single dose of SJNP-1 (100 mg/kg b.w.) 2 h after TBI followed 
by placing them at a Ta of 15°C resulted in a gradual reduction 
in Tb gradually and nadir (~32°C) reached 2  h after adminis-
tration (Figure S1 in Supplementary Material). The reduced 
Tb remained consistent throughout the experiment (6  h). The 
Tb of the animals quickly returned to normal levels within 2 h 
of shifting from 15°C to room temperature. Furthermore, the 
induction of HMS 2 h after TBI followed by BM aspiration after 
8 h under general anesthesia did not induce any immediate death 
and showed a mortality trend similar to that observed in the TBI 
alone or TBI + Surg group. However, the AL-BMT of aspirated 
BM (collected 8 h after HMS) reinfused 24 h after TBI resulted 
in a survival advantage (16%) in comparison to the 0 survival 
observed in the TBI + HMS + Surg group (Figure 2). Thereafter, 
to determine the optimal time point, AL-BMT experiments were 
performed using the BM collected at different time points after 
TBI (Figure 2). The results indicated that the AL-BMT of BM 
grafts collected at different “delayed” time points after TBI (6, 12, 
or 24 h after TBI) did not exhibit any mitigative effects, and all 
animals succumbed to TBI-induced lethality (Figure 2B).

al-BMT ameliorates irradiation-induced 
leukocytopenia, erythropenia, and 
Thrombocytopenia
After demonstrating the radiomitigative potential, we determined 
the effects of AL-BMT on recovery from radiation-induced leu-
kocytopenia, erythropenia, and thrombocytopenia (Figure  3). 
TBI caused a significant loss (93 compared with 0% loss in the 
untreated control group) of white blood cells (WBCs) on day 13. 
However, AL-BMT significantly mitigated radiation-induced loss 
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FigUre 2 | Effect of bone marrow collection time on radiomitigative effect of 
AL-BMT. (a) Schema of autologous bone marrow transplantation. Bone 
marrow was collected at indicated time points after total body irradiation (TBI) 
(8.5 Gy), cryopreserved and reinfused at 24 h after TBI. (B). Kaplan–Meier 
plot showing survival rates of mice with different treatments.

FigUre 1 | Bone marrow collected within 2 h after total body irradiation (TBI) rescues mice from lethal effects when reinfused 24 h later. (a) Schema of autologous 
bone marrow transplantation setup. Bone marrow was collected 2 h after TBI (8.5 Gy), cryopreserved for 22 h, and reinfused 24 h after TBI. (B). 2 h after TBI, 
SJNP-1 was administered through i.p. route, and mice were kept at an ambient temperature (Ta) of 15°C for 6 h. Thereafter the mice were shifted to Ta (25°C) for 
recovery and 2 h later [that is, 8 h after hypometabolic state (HMS)] bone marrow was collected, cryopreserved, and reinfused 24 h after TBI. (c). Kaplan–Meier  
plot showing survival rates of mice with different treatments.
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of WBC (25%; Figure 3A). The TBI + HMS + Surg group showed 
a similar trend of leukocytopenia and erythropenia and a decline 
in thrombocytes, as also shown by the TBI + Surg and TBI alone 
groups (data not included). We consistently observed mice death 
during the night, which complicated blood collection from a large 
number of samples. Similarly, the surviving animals (16%), which 
received the BM collected 8  h after HMS induction, showed 
effective recovery compared with those in the TBI + Surg group, 
which received a vehicle, at 24 h, in place of BM (Figure 3A).

We evaluated two major subsets of WBCs, which play a 
significant role in establishing a competent immune status and 

facilitating recovery from hARS: lymphocytes and granulocytes 
(Figures  3B,C). In the untreated control group, lymphocytes 
and granulocytes accounted for 78 and 22% of total WBCs, 
respectively. The TBI + Surg group revealed a significant loss of 
both lymphocytes and granulocytes compared with the vehicle-
treated un-irradiation control group (Figures 3B,C). Moreover, a 
slight myeloid bias (M-bias) with WBCs constituting 60 and 40% 
of lymphocytes and granulocytes, respectively, was evident. The 
animals that underwent AL-BMT also showed a slight M-bias 
with the lymphoid (57%) to myeloid (42%) ratio. However, the 
surviving animals (16%) that received the BM collected at 8 h 
after HMS induction showed a strong myeloid shift with WBCs 
comprising 16 and 84% of lymphocytes and granulocytes, 
respectively. As was observed with WBC, the RBCs and the 
total hemoglobin content have also exhibited a similar trend 
(Figures 3D,E). Similarly, the TBI + Surg group showed a sig-
nificantly reduced (90 ± 1.5% loss) platelet count compared with 
the vehicle-treated un-irradiation control group (Figure  3F). 
AL-BMT effectively recovered the platelet count (10% loss com-
pared with 90% loss in the IR group) on day 30 as compared with 
the count in the vehicle-treated un-irradiation control group. 
Similar to WBCs, the animals that received AL-BMT by using 
the BM collected hours after HMS induction, showed complete 
recovery; the number of platelets was found similar in this group 
and the untreated control group (Figure 3F).

Recovery from radiation-induced hARS depends on the 
number of surviving and functional HSCs in the BM, which 
undergoes division and forms multilineage progenitors that 
further differentiate into varied lineages. After demonstrating 
the improved recovery of the different subsets of hematopoietic 
cells in peripheral blood, the cellular status of the BM was 
assessed (Figures S3A–L in Supplementary Material). The BM 
smears prepared on days 30 and 14 from the mice that received 
AL-BMT 24 h after TBI or those that received a vehicle (24 h 
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FigUre 3 | Hematopoietic parameters of recipient mice transplanted with autologous bone marrow collected 2 h after lethal irradiation or 8 h after induction  
of hypometabolic state (HMS). Changes in the number of white blood cell (WBC) (a), lymphocytes (B), granulocytes (c), RBC (D), hemoglobin (e), and platelets  
(F) measured on 30th postirradiation day. Each value is a mean ± SEM (n = 4–6 animals/group), and comparisons were done as indicated using unpaired t-test 
(*p < 0.05, **p < 0.01, ***p < 0.001, ns, not significant).
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after TBI + Surg) respectively, were examined. In corroboration 
with the decreased peripheral blood cell count, TBI induced a 
significant loss of BM cellularity with sparse pockets of nucle-
ated hematopoietic cells (Figures S3C,D in Supplementary 
Material). However, the animals that received AL-BMT showed 
significant recovery with apparently higher numbers of nucle-
ated hematopoietic cells with active trilineage hematopoiesis 
compared with that of the TBI + Surg mice, albeit less than that 
of the untreated control mice (Figures S3E,F in Supplementary 
Material). As observed with peripheral blood counts, the 
surviving animals (16%) that received the BM collected 8  h 
after HMS induction revealed BM  cellularity almost equal to 
that in the normal untreated control group (Figures S3G,H in 
Supplementary Material).

The evaluation of histopathological changes in longitudinally 
sectioned and H&E-stained femurs in the vehicle-treated mice 
showed that TBI caused aplasia in the surviving animals with a 
few islands of nucleated hematopoietic cells and massive deposi-
tion of adipose cells on day 14 (Figure S3J in Supplementary 
Material). The animals that received the BM collected 2 h after 
TBI showed significant recovery and increased cellularity (Figure 
S3K in Supplementary Material). While the animals that received 
BM grafts collected 8 h after HMS induction revealed the highest 

recovery from irradiation-induced aplasia and adipogenesis 
(Figure S3L in Supplementary Material).

isolation and cryopreservation effectively 
Preserves Different subsets of hsPcs
The number of functional HSPCs in the aspirated BM samples is 
critical for achieving successful engraftment and hematopoietic 
recovery; hence, this number in aspirated grafts was determined. 
The procedure involved the collection of BM cells followed by 
cryopreservation for 22 h before reinfusion. Therefore, assessing 
the effects of the procedure on the viability and number of the 
different subsets of HSPCs was important. The freezing method 
used in this study resulted in a significant loss of viability (91% of 
cells were viable, as determined using the 7-AAD uptake assay) 
in BM-MNCs compared with freshly processed BM samples 
(97% viable) (Figure S2 in Supplementary Material). However, 
TBI did not aggravate the effects of cryopreservation and did 
not result in any further increase in the number of dead cells 
when harvested 2 h after TBI (90% of cells were viable compared 
with 91% for the BM aspirated from the un-irradiation control 
animals and processed similarly). Subsequently, the effects 
of cryopreservation on the loss of different subsets of HSPC 

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive


7

Ghosh et al. Radiomitigation by Autologous Bone Marrow Transplantation

Frontiers in Immunology | www.frontiersin.org September 2017 | Volume 8 | Article 1180

were evaluated (Figure S4 in Supplementary Material). The 
cryopreservation of the BM aspirated from the vehicle-treated 
un-irradiated animals for 22  h resulted in a significant loss of 
HPCs and LT-HSCs compared with that of freshly processed BM 
samples obtained from vehicle-treated un-irradiated animals 
(Figures S4B,E in Supplementary Material). However, both KSL 
and ST-HSC populations remained unaffected (Figures S4C,D 
in Supplementary Material). TBI resulted in a significant loss of 
HPCs and LT-HSCs, whereas KSL and ST-HSCs were not signifi-
cantly affected as compared to the BM of the vehicle-treated un-
irradiated animals collected and processed immediately without 
cryopreservation (Figures S4B–E in Supplementary Material). 
The BM samples harvested 2 h after TBI did not exhibit any sig-
nificant changes in the number of different subsets of HSPCs and 
yielded results similar to those obtained in the vehicle-treated 
un-irradiated group (data not shown).

Dimethyl sulfoxide and cryopreservation result in a signifi-
cant loss of the clonogenicity of HSPCs (34, 35). To assess the 
functional integrity of the surviving HSPCs, changes in the 
MMP and apoptosis were evaluated in the different subsets of 
HSPCs (Figures S5 and S6 in Supplementary Material). The 
BM of the vehicle-treated un-irradiated animals harvested and 
processed immediately revealed that 59, 55, 58, or 48% of HPCs, 
KSL cells, ST-HSCs, and LT-HSCs possessed highly polarized 
mitochondria (high rhodamine 123 intensity; Figures S5B–E 
in Supplementary Material). The cryopreservation procedure 
used in this study did not affect the percentage of different 
HSPCs with highly polarized mitochondria compared with 
the BM of the vehicle-treated un-irradiated animals harvested 
and processed immediately (Figures S5B–E in Supplementary 
Material). Moreover, TBI did not influence the MMP of different 
HSPCs when compared with their corresponding cryopreserved 
HSPCs from the vehicle-treated un-irradiated animals (Figures 
S5B–E in Supplementary Material). However, LT-HSCs were an 
exception, and TBI significantly reduced the fraction of LT-HSCs 
with highly polarized mitochondria (14%) compared with both 
freshly processed and cryopreserved BM samples harvested 
from the vehicle-treated un-irradiated animals (Figure S5E in 
Supplementary Material). In comparison with the freshly pro-
cessed HSPCs obtained from the vehicle-treated un-irradiated 
animals, TBI reduced the frequency of cells with highly polar-
ized mitochondria in different HSPCs, except in HPCs (Figures 
S5B–E in Supplementary Material).

Previously, studies have investigated the effects of cryo-
preservation, a known inducer of apoptosis, in various cell 
types (36–38). In concordance with the previous reports, cryo-
preservation induced significant increases in apoptosis levels in 
different subsets of HSPCs (Figures S6B–D in Supplementary 
Material). However, LT-HSCs exhibited almost complete resist-
ance to cryopreservation-induced apoptosis (Figure S6E in 
Supplementary Material). Moreover, the cryopreservation of the 
BM samples collected 2 h after TBI exhibited an increase in the 
apoptotic fraction in the different subsets of HSPCs compared 
with freshly processed BM samples from the vehicle-treated un-
irradiated animals (Figures S6B–E in Supplementary Material). 
However, the changes were not significant compared to the 
BM harvested from the vehicle-treated un-irradiated animals 

and then cryopreserved (Figures S6B–E in Supplementary 
Material).

To ascertain that the timely removal of BM cells circumvents 
the excessive loss of HSPCs because of a disturbed BM milieu, 
the number of surviving and functional HSPCs in aspirated and 
cryopreserved BM samples vis-à-vis that of different HSPCs 
present 24 h after irradiation in vivo was determined. The aspira-
tion of BM samples 2 h after TBI followed by cryopreservation 
resulted in a statistically significant preservation of the different 
subsets of HSPCs compared with the number of HSPCs present 
24  h later in the BM of TBI-exposed animals (Figures  4A,B). 
However, compared with freshly processed BM harvested from 
the vehicle-treated un-irradiation control animals, the number of 
different HSPCs were significantly low (Figure 4B).

surgical stress reduces the homing of 
Different subsets of hsPcs both in  
al-BMT and sg-BMT setups
Successful engraftment depends on the number of HSPCs 
homed in the BM niche, and the performance of small grafts 
can be improved by enhancing their homing potential (39, 40). 
A study suggested that AG-BMT and SG-BMT have a similar 
homing potential (41). After demonstrating the survival advan-
tage of AL-BMT in mice, the homing potential of different 
subsets of HSPCs was evaluated in a similar setup. Numerous 
factors, including stress, influence the homing of stem cells 
and successful outcomes of bone marrow transfer (42, 43). 
Therefore, the effects of the surgical procedure under anesthe-
sia on the homing of HSPCs were investigated (Figure  5A). 
Surgical stress affected the homing of CFSE-labeled BM-MNCs, 
the Lin− fraction, and the different subsets of HSPCs in the tibia 
and femur at 24 h after BM transfer compared with syngeneic 
transplantation performed without surgical manipulations 
(Figures  5B–G). Moreover, the transfer of autologous CFSE-
labeled BM  cells revealed reduced homing in the tibia and 
femur compared with SG transfer performed without surgery 
(Figures 5B–G). SG-BMT involving a surgical procedure and 
AL-BMT revealed similar homing potential (Figures  5B–G). 
Consistent with these homing results, evaluation of radiomiti-
gative action of using survival as an end point revealed that 
both SG-BMT (with surgery) and AL-BMT groups have shown 
similar radiomitigative action (Figure S8 in Supplementary 
Material). While, SG-BMT done in a setup without the involve-
ment of surgical procedure resulted in an increased survival 
clearly suggesting the negative impact of surgical procedure 
(Figure S8 in Supplementary Material).

To determine whether the transplanted autologous BM con-
tributed to the overall postirradiation hematopoietic recovery, 
the dilution of CFSE fluorescence, indicating the divisional 
history of cells, was assessed 24 h after transfer (Figure 6). The 
CFSE dilution assay clearly indicated that among the different 
HSPCs analyzed in this study, all HPCs underwent division, as 
evident from the single peak without any shoulder (Figure 6A). 
Similarly, KSL, ST-HSC, and LT-HSC populations revealed 
significantly diluted CFSE fluorescence (a shift toward the left), 
but a significant shoulder was evident, indicating heterogeneity in 
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FigUre 5 | Homing of different hematopoietic stem and progenitor cells (HSPCs) in autologous and syngeneic BMT setup. (a) Schema of experimental setup for 
evaluating homing of different HSPCs in case of AL-BMT (i), SG-BMT with surgery (ii), and SG-BMT without surgery (iii) setup. (B–g) Number of different subsets  
of HSPCs homed into femur 24 h after transplantation of indicated grafts with or without surgical manipulations. Each value is a mean ± SEM (n = 4 animals/group), 
and comparisons, as indicated, were done for statistical significance using unpaired Student’s t-test (n = 4; *p < 0.05, **p < 0.01). Surg, surgery.

FigUre 4 | Cryopreservation procedure preserves different hematopoietic stem and progenitor cells (HSPCs) better than in irradiated animals in vivo. (a) Schema  
of experimental setup. (B) Bone marrow was aspirated 2 h after lethal total body irradiation (TBI), cryopreserved for 22 h followed by processing and enumeration of 
different subsets of HSPCs. Bone marrow collected 24 h after TBI or from vehicle-treated un-irradiated animals were used for comparison. The fractions of different 
HSPCs that are annexin V positive were deducted from their total number and used for comparisons. Each value is a mean ± SEM (n = 4–6 animals/group), and 
comparisons, as indicated, were done for statistical significance using unpaired t-test. *p < 0.05, **p < 0.01, ***p < 0.001.
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the number of divisions of the cells (Figure 6A). The enumera-
tion of the CFSE-positive HSPCs in the BM harvested 72 h after 
AL-BMT (96 h after TBI) indicated that the number of HPCs, 

KSL cells, ST-HSCs, and LT-HSCs significantly increased com-
pared with that of the corresponding subsets harvested at 24 h 
after BM transfer (Figure 6B).
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FigUre 6 | The proliferation status of transplanted bone marrow cells that have homed into bone marrow. (a) Representative example of carboxyfluorescein 
diacetate succinimidyl ester (CFSE) dilution assay. Bone marrow was harvested 72 h after transplantation, and CFSE+ cells were gated and mean fluorescence  
of the population was analyzed for CFSE dilution. Undivided bone marrow cells (red), hematopoietic progenitor cells (HPCs) (black), KSL (green), short-term 
hematopoietic stem cells (ST-HSCs) (gray), and long-term hematopoietic stem cells (LT-HSCs) (blue) (n = 4). (B) Enumeration of different subsets of CFSE+ 
hematopoietic stem and progenitor cells (HSPCs) in bone marrow harvested 72 h after AL-BMT. Each value is a mean ± SEM (n = 4 animals/group), and 
comparisons, as indicated, were done for statistical significance using unpaired Student’s t-test (n = 4; *p < 0.05, **p < 0.01).
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DiscUssiOn

AL-BMT, despite its limitations, merits attention as an effective 
option for managing hARS in patients overexposed to radiation. 
Considering the relevance of AL-BMT, several researchers have 
proposed preserving the BM of nuclear power plant workers 
and first responders who are at the highest risk of radiation 
overexposure (44). However, any such efforts would rarely be 
cost-effective and may not be a feasible option for underdevel-
oped and developing countries. Advancements made in the past 
decade in the field of BM collection (45) and cryopreservation 
have warranted investigating AL-BMT as an effective strategy 
for managing hARS. The radiomitigative action of AL-BMT, 
demonstrated in this study, can be attributed to the transient 
isolation of residual HSC (which survived from radiation 
effects) from inflamed BM environment and protracted oxida-
tive stress until the BM niche becomes conducive for engrafting 
and reconstitution. We supported this assumption by demon-
strating that the isolation and cryopreservation of BM grafts 
more efficiently preserves different HSPCs than those of the BM 
of an irradiated animal, at least during the first 24 h after lethal 
TBI. This result is in concordance with a recent report by Ishida 
et al (32) who showed that elevated tumor necrosis factor alpha 
(TNF-α) levels in inflamed BM contribute to the compromised 
reconstitution of donor BM. However, such a direct comparison 
between in vivo and a vial containing BM frozen to −80°C is 
complex considering the number of influencing variables 

involved. The results could be skewed because of the mobiliza-
tion of the residual HSPCs to extramedullary hematopoietic 
sites, which led to a reduced number of critical HSPCs in the 
BM collected 24 h after irradiation (46). The time point selected 
for reinfusing the cryopreserved BM was based on a time course 
study of radiation-induced proinflammatory cytokines, includ-
ing TNF-α, which peaked after 2–4 h and became normal by 
24  h (47–49). Notably, the reconstituted hematopoiesis post 
AL-BMT showed a shift toward the myeloid lineage, and the 
M-bias was strongly evident in the mice that received the BM 
collected 8 h after the induction of hypometabolism. A recent 
study suggested that the transfer of LT-HSCs pretreated with 
an antioxidant, N-acetyl cysteine, led to myeloid reconstitu-
tion (32). The M-bias observed in this study could partially 
be explained by considering that SJNP-1, which was used for 
inducing HMS, is an effective free radical scavenger and anti-
oxidant. It must be validated whether the treatment of HSCs 
with antioxidants leads to a selective protection or proliferation 
of the M-bias HSPCs. In this study, ciprofloxacin was admin-
istered as a part of supportive care after surgical manipulation. 
Antibiotics are typically known to offer radioprotection, raising 
question about their contribution to overall radiomitigative 
action (50). However, the contribution of three suboptimal 
doses of ciprofloxacin can be ruled out because it was reported 
to be an ineffective mitigator (50).

In this study, we used a clinically established approach, 
reversible hypothermia or HMS, for preserving the BM in vivo 
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and as a possible strategy for extending the collection phase 
after TBI. The induction of the HMS state, followed by the col-
lection of grafts under general anesthesia resulted in reduced 
survival advantage, which could be attributed to the inability 
of the rodent model to survive the prolonged period of stress. 
This assumption is in accordance with previous reports that the 
prolonged maintenance of animals in HMS increases mortality 
(27). However, considering the efficient hematopoietic recovery 
observed in the residual animals, validating the usefulness of 
reversible HMS in larger mammals is important. In this study, 
we observed a significant survival advantage with 0.43% 
(5  ×  105 cells) of the BM grafts (assuming tibia and femurs 
constitute 25% of total BM in C57 Bl/6J mice) (51) collected 
and reinfused without further refinement. This result is in 
agreement with previous reports showing that 2.5  ×  105 BM 
nucleated cells per mice can render protection against lethal 
doses of ionizing radiation (52, 53). However, because cryo-
preservation significantly induced early apoptotic events (posi-
tive for annexin V staining) and by assuming that the apoptotic 
fraction will be eventually eliminated in vivo, on an average the 
mice have received ~830, 110, 80, and 25 HPC, KSL, ST-HSC, 
and LT-HSC, respectively, which in an ideal scenario should 
be able to reconstitute hematopoiesis and radioprotect mice 
(31). However, they rarely engraft with absolute efficiencies, 
and typically, a much higher number of KSL cells (2,000 cells) 
or LT-HSCs (50 KSL CD34− cells) in isolation are required for 
achieving radioprotection (54). Moreover, we showed that the 
surgical procedure significantly reduced the homing of different 
HSPCs, further complicating the situation. The protective effect 
observed in this study could be attributed to the use of total 
BM containing different committed progenitors and the most 
primitive HSCs. The committed progenitors (ST-HSCs and 
HPCs) facilitate the initial engraftment and LT-HSCs ensure 
durable engraftment.

The CFSE dilution assay, an effective method for investigating 
the division of the transplanted cells, clearly suggested that the 
transplanted BM cells are functional and dividing, which must 
have contributed to the hematopoietic recovery. This is consist-
ent with previous observations that 2 × 105 of total BM [consid-
ering that KSL cells account for 0.1% (nearly 200 KSL cells) of 
BM nucleated cells] can protect mice from radiation-induced 
mortality (53). However, the duration of this study enabled the 
assessment of ST reconstitution only, and the effect of AL-BMT 
on LT reconstitution must be investigated. Moreover, a relatively 
lower radiation dose was used in this study, which probably 
requires a lesser number of HSPCs compared with 2,000 KSL 
cells or 2 × 105 BM cells containing 200 KSL cells for conferring 
protection against supralethal doses (9.8  Gy). Notably, unlike 
anti-apoptotic cytokine-treated BM, which raises concerns 
about the persisting mutations and compromised LT repopula-
tion (12), the untreated BM used in this study can be expected 
to effectively perform LT repopulation. However, assessing the 
persisting DNA damage by using markers, such as gamma-
H2AX, or chromosomal aberrations in transplanted cells can 
be informative.

Bone marrow mononuclear cells are established as a source 
of mesenchymal stem cells (MSCs) and when cotransplanted, 
they enhance the engraftment of HSPCs (55–57). In this study, 
we used total BM without further processing, and enumera-
tion studies revealed 0.3% of MSCs in the samples (data not 
shown). Although the number of MSCs was much lower 
than the minimum threshold (58) and MSCs were unlikely 
to affect the hematopoietic recovery solely by themselves, 
their contribution to HSPC engraftment cannot be ruled out. 
Studies conducted using a baboon model have reported that 
the cografting of MSCs improves the hematopoietic potential 
of small grafts (9).

In conclusion, this study proposes that AL-BMT is a viable 
strategy and that the timing of collection and reinfusion can 
alleviate the requirement of ex vivo expansion. The efficiency of 
AL-BMT in cases of radiation overexposure must be assessed. 
However, we suggest that people with early symptoms of large 
total absorbed doses (exposures of more than 4  Gy) typically 
present with vomiting within 1  h (59) and may be triaged to 
undergo BM collection and cryopreservation. Studies must 
validate reversible HMS as a strategy for prolonging the BM col-
lection phase, which would markedly improve the clinical utility 
of AL-BMT.

eThics sTaTeMenT

Animal handling and experiments with mice were carried out in 
accordance with the approval from, the Committee on the Ethics 
of Animals Experiments, Institute of Nuclear Medicine and 
Allied Sciences (INMAS), Defence Research and Development 
Organization (DRDO), Delhi, India (Institutional Ethical com-
mittee number under which this study has been approved is INM/
IAEC/2013/03/; Protocol no.: TD-10018; GO/a/99/CPCSEA). All 
experiments were performed following the protocols approved  
by the Committee on the Ethics of Animal Experiments of 
INMAS, Delhi, India.

aUThOr cOnTriBUTiOns

PI, SG, and NI conceived and designed the experiments; ana-
lyzed the data; and wrote the main manuscript. SG, NI, and 
JJ performed the experiments. All the authors reviewed the 
manuscript.

acKnOWleDgMenTs

This study was supported by research funding from Defence 
Research and Development Organization, Delhi, India to PI.

sUPPleMenTarY MaTerial

The Supplementary Material for this article can be found 
online at http://journal.frontiersin.org/article/10.3389/fimmu. 
2017.01180/full#supplementary-material.

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
http://journal.frontiersin.org/article/10.3389/fimmu.2017.01180/full#supplementary-material
http://journal.frontiersin.org/article/10.3389/fimmu.2017.01180/full#supplementary-material


11

Ghosh et al. Radiomitigation by Autologous Bone Marrow Transplantation

Frontiers in Immunology | www.frontiersin.org September 2017 | Volume 8 | Article 1180

reFerences

1. Baranov A, Gale RP, Guskova A, Piatkin E, Selidovkin G, Muravyova L,  
et  al. Bone marrow transplantation after the Chernobyl nuclear accident.  
N Engl J Med (1989) 321:205–12. doi:10.1056/NEJM198907273210401 

2. Champlin R. The role of bone marrow transplantation for nuclear accidents: 
implications of the Chernobyl disaster. Semin Hematol (1987) 24:1–4. 

3. Densow D, Kindler H, Baranov AE, Tibken B, Hofer EP, Fliedner TM.  
Criteria for the selection of radiation accident victims for stem cell transplan-
tation. Stem Cells (1997) 15(2):287–97. doi:10.1002/stem.5530150738 

4. Nagayama H, Misawa K, Tanaka H, Ooi J, Iseki T, Tojo A, et  al.  
Transient hematopoietic stem cell rescue using umbilical cord blood for 
a lethally irradiated nuclear accident victim. Bone Marrow Transpl (2002) 
29:197–204. doi:10.1038/sj/bmt/1703356 

5. Norol F, Drouet M, Mathieu J, Debili N, Jouault H, Grenier N, et  al.  
Ex vivo expanded mobilized peripheral blood CD34+ cells accelerate hae-
matological recovery in a baboon model of autologous transplantation. Brit 
J Hematol (2000) 109:162–72. doi:10.1046/j.1365-2141.2000.01995.x 

6. Bertho JM, Frick J, Demarquay C, Lauby A, Mathieu E, Dudoignon N,  
et  al. Reinjection of ex vivo-expanded primate bone marrow mononuclear 
cells strongly reduces radiation-induced aplasia. J Hematol Stem Cell Res 
(2002) 11:549–64. doi:10.1089/15258160260091013 

7. Reiffers J, Cailliot C, Dazey B, Attal M, Caraux J, Boiron JM. Abrogation of 
post-myeloablative chemotherapy neutropenia by ex-vivo expanded autol-
ogous CD34-positive cells. Lancet (1999) 354:1092–3. doi:10.1016/S0140- 
6736(99)03113-X 

8. Cole LJ, Haire HM, Alpen LE. Partial shielding of dogs: effectiveness of  
small external epicondylar lead cuffs against lethal irradiation. Radiat Res 
(1967) 32:54–63. doi:10.2307/3572306 

9. Drouet M, Mourcin F, Grenier N, Delaunay C, Mayol JF, Lataillade JJ,  
et  al. Mesenchymal stem cells rescue CD34+ cells from radiation-induced 
apoptosis and sustain hematopoietic reconstitution after coculture and 
cografting in lethally irradiated baboons: is autologous stem cell therapy 
in nuclear accident settings hype or reality? Bone Marrow Transpl (2005) 
35:1201–9. doi:10.1038/sj.bmt.1704970 

10. Bertho JM, Mathieu E, Lauby A, Frick J, Demarquay C, Gourmelon P,  
et  al. Feasibility and limits of bone marrow mononuclear cell expansion 
following irradiation. Int J Radiat Biol (2004) 80:73–81. doi:10.1080/095530
00310001642894 

11. Bertho JM, Mathieu E, Lauby A, Frick J, Demarquay C, Gourmelon P,  
et  al. Application of autologous hematopoietic cell therapy to a nonhuman 
primate model of heterogeneous high-dose irradiation. Radiat Res (2005) 
163:557–70. 

12. Cronkite EP, Inoue T, Hirabayashi Y, Bullis J. Are stem cells exposed to 
ionizing radiation in vivo as effective as nonirradiated transfused stem cells  
in restoring hematopoiesis? Exp Hematol (1993) 21:823–5. 

13. Unsagaard B. Optimal time for marrow injection in mice after total body 
irradiation. Acta Radiol (1961) 56:296–304. doi:10.3109/00016926109172824 

14. Chute JP, Fung J, Muramoto G, Erwin R. Ex vivo culture rescues hemato-
poietic stem cells with long-term repopulating capacity following harvest 
from lethally irradiated mice. Exp Hematol (2004) 32:308–17. doi:10.1016/ 
j.exphem.2003.12.002 

15. Ziegler BL, Sandor PS, Plappert U, Thoma S, Miller R, Bock T, et al. Short- 
term effects of early acting and multilineage hematopoietic growth factors 
on the repair and proliferation of irradiated pure cord blood CD34+ hema-
topoietic progenitor cells. Int J Radiat Oncol Biol Phys (1998) 40:1193–203. 
doi:10.1016/S0360-3016(97)00945-0 

16. Drouet M, Mathieu J, Grenier N, Multon E, Sotto JJ, Herodin F.  
The reduction of in vitro radiation-induced Fas-related apoptosis in CD34+ 
progenitor cells by SCF, FLT-3 ligand, TPO, and IL-3 in combination resulted 
in CD34+ cell proliferation and differentiation. Stem Cells (1999) 17:273–85. 
doi:10.1002/stem.170273 

17. Gorbunov NV, Pogue-Geile KL, Epperly MW, Bigbee WL, Draviam R,  
Day BW, et  al. Activation of the nitric oxide synthase 2 pathway in the 
response of bone marrow stromal cells to high doses of ionizing radiation. 
Radiat Res (2000) 154(1):73–86. doi:10.1667/0033-7587(2000)154[0073: 
AOTNOS]2.0.CO;2 

18. Kovtonyuk LV, Fritsch K, Feng X, Manz MG, Takizawa H. Inflamm-
aging of hematopoiesis, hematopoietic stem cells, and the bone marrow 

microenvironment. Front Immunol (2016) 7:502. doi:10.3389/fimmu.2016. 
00502 

19. Norol F, Merlet P, Isnard R, Sebillon P, Bonnet N, Cailliot C, et  al.  
Influence of mobilized stem cells on myocardial infarct repair in a nonhuman 
primate model. Blood (2003) 102:4361–8. doi:10.1182/blood-2003-03-0685 

20. Heazlewood SY, Oteiza A, Cao H, Nilsson SK. Analyzing hematopoietic 
stem cell homing, lodgment, and engraftment to better understand the 
bone marrow niche. Ann N Y Acad Sci (2014) 1310:119–28. doi:10.1111/ 
nyas.12329 

21. Hoogstraten-Miller SL, Brown PA. Techniques in aseptic rodent surgery. 
Curr Protoc Immunol (2008) 1:1.12–4. doi:10.1002/0471142735.im0112s82 

22. Duran-Struuck R, Dysko RC. Principles of bone marrow transplantation 
(BMT): providing optimal veterinary and husbandry care to irradiated mice 
in BMT studies. J Am Assoc Lab Anim Sci (2009) 48(1):11–22. 

23. Palmer JL, Deburghgraeve CR, Bird MD, Hauer-Jensen M, Kovacs EJ.  
Development of a combined radiation and burn injury model. J Burn Care  
Res (2011) 32:317–23. doi:10.1097/BCR.0b013e31820aafa9 

24. Chung YR, Kim E, Abdel-Wahab O. Femoral bone marrow aspiration in live 
mice. J Vis Exp (2014) 89:3791/51660. doi:10.3791/51660 

25. Plett PA, Sampson CH, Chua HL, Joshi M, Booth C, Gough A, et  al.  
Establishing a murine model of the hematopoietic syndrome of the 
acute radiation syndrome. Health Phys (2012) 103:343–55. doi:10.1097/
HP.0b013e3182667309 

26. Nunamaker EA, Artwohl JE, Anderson RJ, Fortman JD. Endpoint refinement 
for total body irradiation of C57BL/6 mice. Comp Med (2013) 63:22–8. 

27. Daniels IS, Zhang J, O’Brien WG, Tao Z, Miki T, Zhao Z, et  al. A role of 
erythrocytes in adenosine monophosphate initiation of hypometabolism 
in mammals. J Biol Chem (2010) 285:20716–23. doi:10.1074/jbc.M109. 
090845 

28. Bouma HR, Dugbartey GJ, Boerema AS, Talaei F, Herwig A, Goris M,  
et al. Reduction of body temperature governs neutrophil retention in hiber-
nating and nonhibernating animals by margination. J Leukoc Biol (2013) 
94:431–7. doi:10.1189/jlb.0611298 

29. Jinka TR, Combs VM, Drew KL. Translating drug-induced hibernation to 
therapeutic hypothermia. ACS Chem Neurosci (2015) 6:899–904. doi:10.1021/
acschemneuro.5b00056 

30. Mariani M, Colombo F, Assennato SM, Frugoni C, Cattaneo A, Trombetta E, 
et  al. Evaluation of an easy and affordable flow cytometer for volumetric 
haematopoietic stem cell counting. Blood Transfus (2014) 12:416–20. 
doi:10.2450/2014.0198-13 

31. Osawa M, Hanada K, Hamada H, Nakauchi H. Long-term lymphohemato-
poietic reconstitution by a single CD34-low/negative hematopoietic stem cell. 
Science (1996) 273:242–5. doi:10.1126/science.273.5272.242 

32. Ishida T, Suzuki S, Lai CY, Yamazaki S, Kakuta S, Iwakura Y. Pre-transplantation 
blockade of TNF-alpha-mediated oxygen species accumulation protects 
hematopoietic stem cells. Stem Cells (2016) 35:989–1002. doi:10.1002/
stem.2524 

33. Quah BJ, Warren HS, Parish CR. Monitoring lymphocyte proliferation 
in vitro and in vivo with the intracellular fluorescent dye carboxyfluorescein 
diacetate succinimidyl ester. Nat Protoc (2007) 2:2049–56. doi:10.1038/nprot. 
2007.296 

34. Ketheesan N, Whiteman C, Malczewski AB, Hirst RG, La Brooy JT. Effect 
of cryopreservation on the immunogenicity of umbilical cord blood cells. 
Transfus Apher Sci (2004) 30:47–54. doi:10.1016/j.transci.2003.05.002 

35. Berz D, McCormack EM, Winer ES, Colvin GA, Quesenberry PJ. 
Cryopreservation of hematopoietic stem cells. Am J Hematol (2007) 82(6): 
463–72. doi:10.1002/ajh.20707 

36. Xu X, Cowley S, Flaim CJ, James W, Seymour L, Cui Z. The roles of apoptotic 
pathways in the low recovery rate after cryopreservation of dissociated 
human embryonic stem cells. Biotechnol Prog (2010) 26:827–37. doi:10.1002/ 
btpr.368 

37. Bai L, Peters L, Xia W, Best G, Wong K, Ward C, et al. Assessing pilot vial 
material as a surrogate for functional and phenotypic stem cell markers in 
cryopreserved haematopoietic stem cell product. Bone Marrow Transplant 
(2016) 51:1631–2. doi:10.1038/bmt.2016.236 

38. Castelhano MV, Reis-Alves SC, Vigorito AC, Rocha FF, Pereira-Cunha FG, 
De Souza CA, et al. Quantifying loss of CD34+ cells collected by apheresis 
after processing for freezing and post-thaw. Transfus Apher Sci (2013)  
48:241–6. doi:10.1016/j.transci.2013.01.017 

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1056/NEJM198907273210401
https://doi.org/10.1002/stem.5530150738
https://doi.org/10.1038/sj/bmt/1703356
https://doi.org/10.1046/j.1365-2141.2000.01995.x
https://doi.org/10.1089/15258160260091013
https://doi.org/10.1016/S0140-
6736(99)03113-X
https://doi.org/10.1016/S0140-
6736(99)03113-X
https://doi.org/10.2307/3572306
https://doi.org/10.1038/sj.bmt.1704970
https://doi.org/10.1080/09553000310001642894
https://doi.org/10.1080/09553000310001642894
https://doi.org/10.3109/00016926109172824
https://doi.org/10.1016/j.exphem.2003.12.002
https://doi.org/10.1016/j.exphem.2003.12.002
https://doi.org/10.1016/S0360-3016(97)00945-0
https://doi.org/10.1002/stem.170273
https://doi.org/10.1667/0033-7587(2000)154[0073:
AOTNOS]2.0.CO;2
https://doi.org/10.1667/0033-7587(2000)154[0073:
AOTNOS]2.0.CO;2
https://doi.org/10.3389/fimmu.2016.
00502
https://doi.org/10.3389/fimmu.2016.
00502
https://doi.org/10.1182/blood-2003-03-0685
https://doi.org/10.1111/nyas.12329
https://doi.org/10.1111/nyas.12329
https://doi.org/10.1002/0471142735.im0112s82
https://doi.org/10.1097/BCR.0b013e31820aafa9
https://doi.org/10.3791/51660
https://doi.org/10.1097/HP.0b013e3182667309
https://doi.org/10.1097/HP.0b013e3182667309
https://doi.org/10.1074/jbc.M109.
090845
https://doi.org/10.1074/jbc.M109.
090845
https://doi.org/10.1189/jlb.0611298
https://doi.org/10.1021/acschemneuro.5b00056
https://doi.org/10.1021/acschemneuro.5b00056
https://doi.org/10.2450/2014.0198-13
https://doi.org/10.1126/science.273.5272.242
https://doi.org/10.1002/stem.2524
https://doi.org/10.1002/stem.2524
https://doi.org/10.1038/nprot.
2007.296
https://doi.org/10.1038/nprot.
2007.296
https://doi.org/10.1016/j.transci.2003.05.002
https://doi.org/10.1002/ajh.20707
https://doi.org/10.1002/btpr.368
https://doi.org/10.1002/btpr.368
https://doi.org/10.1038/bmt.2016.236
https://doi.org/10.1016/j.transci.2013.01.017


12

Ghosh et al. Radiomitigation by Autologous Bone Marrow Transplantation

Frontiers in Immunology | www.frontiersin.org September 2017 | Volume 8 | Article 1180

39. Ratajczak MZ, Suszynska M. Emerging strategies to enhance homing and 
engraftment of hematopoietic stem cells. Stem Cell Rev (2016) 12:121–8. 
doi:10.1007/s12015-015-9625-5 

40. Rak J, Foster K, Potrzebowska K, Talkhoncheh MS, Miharada N,  
Komorowska K, et  al. Cytohesin 1 regulates homing and engraftment of 
human hematopoietic stem and progenitor cells. Blood (2017) 129:950–8. 
doi:10.1182/blood-2016-06-720649 

41. Colvin GA, Lambert JF, Dooner MS, Cerny J, Quesenberry PJ. Murine 
allogeneic in  vivo stem cell homing. J Cell Physiol (2007) 211:386–91. 
doi:10.1002/jcp.20945 

42. Rolls A, Pang WW, Ibarra I, Colas D, Bonnavion P, Korin B, et  al. Sleep  
disruption impairs haematopoietic stem cell transplantation in mice. Nat 
Commun (2015) 6:8516. doi:10.1038/ncomms9516 

43. Lapidot T, Dar A, Kollet O. How do stem cells find their way home?  
Blood (2005) 106:1901–10. doi:10.1182/blood-2005-04-1417 

44. Tanimoto T, Uchida N, Kodama Y, Teshima T, Taniguchi S. Safety of  
workers at the Fukushima Daiichi nuclear power plant. Lancet (2011) 
377:1489–90. doi:10.1016/S0140-6736(11)60519-9 

45. Styczynski J, Balduzzi A, Gil L, Labopin M, Hamladji RM, Marktel S, et al.  
Risk of complications during hematopoietic stem cell collection in pediatric 
sibling donors: a prospective European Group for Blood and Marrow 
Transplantation Pediatric Diseases Working Party study. Blood (2012) 
119:2935–42. doi:10.1182/blood-2011-04-349688 

46. Fliedner TM, Graessle D, Paulsen C, Reimers K. Structure and function of 
bone marrow hemopoiesis: mechanisms of response to ionizing radiation 
exposure. Cancer Biother Radiopharm (2002) 17(4):405–26. doi:10.1089/ 
108497802760363204 

47. Di Maggio FM, Minafra L, Forte GI, Cammarata FP, Lio D, Messa C,  
et  al. Portrait of inflammatory response to ionizing radiation treatment. 
J Inflamm (2015) 12:14. doi:10.1186/s12950-015-0058-3 

48. Krivokrysenko VI, Shakhov AN, Singh VK, Bone F, Kononov Y,  
Shyshynova I, et al. Identification of granulocyte colony-stimulating factor and 
interleukin-6 as candidate biomarkers of CBLB502 efficacy as a medical radia-
tion countermeasure. J Pharmacol Exp Ther (2012) 343:497–508. doi:10.1124/ 
jpet.112.196071 

49. Zhang M, Yin L, Zhang K, Sun W, Yang S, Zhang B, et al. Response patterns  
of cytokines/chemokines in two murine strains after irradiation. Cytokine 
(2012) 58:169–77. doi:10.1016/j.cyto.2011.12.023 

50. Kim K, Pollard JM, Norris AJ, McDonald JT, Sun Y, Micewicz E, et al. High-
throughput screening identifies two classes of antibiotics as radioprotectors: 

tetracyclines and fluoroquinolones. Clin Cancer Res (2009) 15:7238–45. 
doi:10.1158/1078-0432.CCR-09-1964 

51. Boggs DR. The total marrow mass of the mouse: a simplified method of 
measurement. Am J Hematol (1984) 16:277–86. doi:10.1002/ajh.2830160309 

52. Ishida T, Takahashi S, Lai CY, Nojima M, Yamamoto R, Takeuchi E, 
et  al. Multiple allogeneic progenitors in combination function as a unit to 
support early transient hematopoiesis in transplantation. J Exp Med (2016) 
213:1865–80. doi:10.1084/jem.20151493 

53. Frasca D, Guidi F, Arbitrio M, Pioli C, Poccia F, Cicconi R, et  al.  
Hematopoietic reconstitution after lethal irradiation and bone marrow 
transplantation: effects of different hematopoietic cytokines on the recovery 
of thymus, spleen and blood cells. Bone Marrow Transplant (2000) 25:427–33. 
doi:10.1038/sj.bmt.1702169 

54. Camargo FD, Chambers SM, Drew E, McNagny KM, Goodell MA. 
Hematopoietic stem cells do not engraft with absolute efficiencies. Blood 
(2006) 107:501–7. doi:10.1182/blood-2005-02-0655 

55. Kiang JG. Adult mesenchymal stem cells and radiation injury. Health Phys 
(2016) 111(2):198–203. doi:10.1097/HP.0000000000000459 

56. Fukumoto R. Mesenchymal stem cell therapy for acute radiation syndrome. 
Mil Med Res (2016) 3:17. doi:10.1186/s40779-016-0086-1 

57. Fernandez-Garcia M, Yanez RM, Dominguez RS, Rodriguez MH, Barba MP, 
Herrera G, et  al. Mesenchymal stromal cells enhance the engraftment of 
hematopoietic stem cells in an autologous mouse transplantation model. Stem 
Cell Res Ther (2015) 6:165. doi:10.1186/s13287-015-0155-5 

58. To LB, Haylock DN, Simmons PJ, Juttner CA. The biology and clinical uses of 
blood stem cells. Blood (1997) 89:2233–58. 

59. Flynn DF, Goans RE. Nuclear terrorism: triage and medical management 
of radiation and combined injury casualties. Surg Clin North Am (2006) 
86:601–36. doi:10.1016/j.suc.2006.03.005 

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be 
construed as a potential conflict of interest.

Copyright © 2017 Ghosh, Indracanti, Joshi and Indraganti. This is an open-access 
article distributed under the terms of the Creative Commons Attribution License 
(CC BY). The use, distribution or reproduction in other forums is permitted, provided 
the original author(s) or licensor are credited and that the original publication in this 
journal is cited, in accordance with accepted academic practice. No use, distribution 
or reproduction is permitted which does not comply with these terms.

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1007/s12015-015-9625-5
https://doi.org/10.1182/blood-2016-06-720649
https://doi.org/10.1002/jcp.20945
https://doi.org/10.1038/ncomms9516
https://doi.org/10.1182/blood-2005-04-1417
https://doi.org/10.1016/S0140-6736(11)60519-9
https://doi.org/10.1182/blood-2011-04-349688
https://doi.org/10.1089/
108497802760363204
https://doi.org/10.1089/
108497802760363204
https://doi.org/10.1186/s12950-015-0058-3
https://doi.org/10.1124/
jpet.112.196071
https://doi.org/10.1124/
jpet.112.196071
https://doi.org/10.1016/j.cyto.2011.12.023
https://doi.org/10.1158/1078-0432.CCR-09-1964
https://doi.org/10.1002/ajh.2830160309
https://doi.org/10.1084/jem.20151493
https://doi.org/10.1038/sj.bmt.1702169
https://doi.org/10.1182/blood-2005-02-0655
https://doi.org/10.1097/HP.0000000000000459
https://doi.org/10.1186/s40779-016-0086-1
https://doi.org/10.1186/s13287-015-0155-5
https://doi.org/10.1016/j.suc.2006.03.005
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Rescuing Self: Transient Isolation and Autologous Transplantation 
of Bone Marrow Mitigates 
Radiation-Induced Hematopoietic Syndrome and Mortality in Mice
	Introduction
	Materials and Methods
	Mouse Experiments
	Animal Irradiation
	Induction of HMS in Mice
	BM Aspiration from Femur, Cryopreservation, and AL-BMT
	HSPC Enumeration and Flow Cytometry
	Homing Studies
	Radiomitigation—30-Day Survival Assay
	Cytological and Histological 
Evaluation of BM

	Results
	Rescuing Self: BM Aspirated from Lethally Irradiated Animals within 2 h and Readministered after 24 h Can Rescue Animals from Irradiation-Induced Lethality
	AL-BMT Ameliorates Irradiation-Induced Leukocytopenia, Erythropenia, and Thrombocytopenia
	Isolation and Cryopreservation Effectively Preserves Different Subsets of HSPCs
	Surgical Stress Reduces the Homing of Different Subsets of HSPCs both in 
AL-BMT and SG-BMT Setups

	Discussion
	Ethics Statement
	Author Contributions
	Acknowledgments
	Supplementary Material
	References


