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Intensive research is underway to find new agents that can
successfully mitigate the acute effects of radiation exposure.
This is primarily in response to potential counterthreats of
radiological terrorism and nuclear accidents but there is
some hope that they might also be of value for cancer patients
treated with radiation therapy. Research into mitigation
countermeasures typically employs classic animal models of
acute radiation syndromes (ARS) that develop after whole-
body irradiation (WBI). While agents are available that
successfully mitigate ARS when given after radiation
exposure, their success raises questions as to whether they
simply delay lethality or unmask potentially lethal radiation
pathologies that may appear later in time. Life shortening is a
well-known consequence of WBI in humans and experimental
animals, but it is not often examined in a mitigation setting
and its causes, other than cancer, are not well-defined. This is
in large part because delayed effects of acute radiation
exposure (DEARE) do not follow the strict time–dose
phenomena associated with ARS and present as a diverse
range of symptoms and pathologies with low mortality rates
that can be evaluated only with the use of large cohorts of
subjects, as in this study. Here, we describe chronically
increased mortality rates up to 660 days in large numbers of
mice given LD70/30 doses of WBI. Systemic myeloid cell
activation after WBI persists in some mice and is associated
with late immunophenotypic changes and hematopoietic
imbalance. Histopathological changes are largely of a chronic

inflammatory nature and variable incidence, as are the
clinical symptoms, including late diarrhea that correlates
temporally with changes in the content of the microbiome.
We also describe the acute and long-term consequences of
mitigating hematopoietic ARS (H-ARS) lethality after LD70/30

doses of WBI in multiple cohorts of mice treated uniformly
with radiation mitigators that have a common 4-nitro-
phenylsulfonamide (NPS) pharmacophore. Effective NPS
mitigators dramatically decrease ARS mortality. There is
slightly increased subacute mortality, but the rate of late
mortalities is slowed, allowing some mice to live a normal life
span, which is not the case for WBI controls. The study has
broad relevance to radiation late effects and their potential
mitigation and epitomizes the complex interaction between
radiation-damaged tissues and immune homeostasis. � 2019

by Radiation Research Society

INTRODUCTION

Rarely has a threat of exposure to an agent captivated and
terrified humans like that of ionizing radiation. Considering
the current political climate, it is not surprising that the fear

of nuclear terrorism has renewed efforts to develop
countermeasures of radiation mortality and morbidity, with
some success (1–7). At the same time, enhanced survivor-
ship in patients receiving clinical radiation therapy for

cancer has increased the prevalence of late morbidities, and
it is reasonable to suggest that some of these agents might
be repurposed for such conditions.

Since the 1950s, whole-body irradiation (WBI) has been
known to precipitate late morbidity and mortality with

consequential ‘‘life shortening,’’ which is a complex
phenomenon attributed to both non-cancerous and cancer-
ous conditions (8–11). The former is at least as important as
the latter (12), but much more difficult to define. This is

because the symptoms associated with the delayed effects of
acute radiation exposure (DEARE), although dose-related,

Editor’s note. The online version of this article (DOI: 10.1667/
RR15231.1) contains supplementary information that is available to
all authorized users.
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do not follow the tight dose–time relationships that
characterize acute radiation syndromes (ARS). For ARS,
mortality increases rapidly from 0 to 100% within narrow
dose/time limits characteristic for each tissue-related
syndrome (13, 14), with age (15, 16), genetic background
(13, 17), and microbial status (18) as important variables.
For example, studies with hematopoietic ARS (H-ARS) as
an end point typically use WBI doses designed to be lethal
for 70% of mice within a time window of 10 to 30 days
(LD70/30); mitigators are typically administered at least 1 day
postirradiation.

DEARE, in contrast, present as a diverse spectrum of
symptoms and histopathological changes in mice and man
that occur over a long time period (12, 16, 19). So, human
A-bomb survivors have been reported to develop dose-
related, significant rises in thyroid and liver disease,
cataracts, glaucoma, hypertension and myocardial infarction
(20, 21), as well as having persistently altered immune and
inflammatory status (22–25). Survivors of the Tokai-mura
criticality accident succumbed to a mixture of chronic
hematological and late-onset non-hematological complica-
tions (26, 27), while exposure of workers at the Mayak
facility to waterborne uranium fission products developed a
variety of chronic diseases, including lung fibrosis (28).
Nonhuman primates have been found to develop late onset
type 2 diabetes and cardiac disease after WBI (29, 30).

Currently, it is unclear whether mitigation of H-ARS
alters DEARE incidence. In theory, mortality and morbidity
may be simply delayed by ARS mitigation, with or without
the appearance of novel symptoms. On the other hand, if
mitigation can be equated with a lowering of radiation dose,
DEARE might be lessened. It should be noted that if
mitigators change the biological end point, dose modifying
factors cannot be used for efficacy comparisons. Also,
agents that protect against ARS do not necessarily prevent
life shortening (31) and even bone marrow transplantation
appears to do little to prevent DEARE in mice (12, 19) or
humans, as survivors of childhood cancer treated with WBI
along with bone marrow transplantation have a high, but
variable, incidence of radiation pneumonitis, veno-occlusive
disease, renal hypertension, cardiac damage, neurocognitive
abnormalities, cataracts, endocrine dysfunction and hor-
monal deficits (32). A conventional theory for ARS is that
irradiated tissues fail progressively, with the time to failure
being dependent on tissue turnover. This does little to
explain the relentless progression of DEARE over time,
although their strong dose-rate dependency is consistent
with damage to tissues with slow turnover (19).

The complexity and diversity inherent in DEARE
inevitably dictates a necessity for large cohorts of subjects.
In the course of our high-throughput screening of large
chemical libraries for radiation mitigators, we discovered
efficacy associated with a group of chemicals that have a 4-
nitrophenylsulfonamide (NPS) pharmacophore in common
(33). This allowed us to use, as a platform for examining
DEARE, data from more than 600 mice largely of one strain,

one gender, one microbiome, one WBI dose (LD70/30), and
one type of drug and route of administration over a 3-year
period, with findings from other conditions added for broader
applicability. Our findings are consistent with previously
published studies of late effects of WBI in mice and man
variably described as premature aging (18, 34, 35) or
increased frailty (36). Most notably, we describe the variable
occurrence of a persistent myeloid shift in WBI mice that was
associated with imbalance in the immunohematopoietic
system and that appears to have multiple long-term
consequences. A role for the microbiome in late diarrhea is
also suggested, which may have broader relevance. The
findings support the contention that chronic inflammatory
reactions are the thread that links early damage to the various
manifestations of DEARE. The fact that multiple organs are
involved supports our argument that DEARE has similarities
to multiple organ disease (37). In this study, radiation-
induced cancer incidence was low and, importantly, acute
mitigator treatment allowed approximately one half of the
animals to live a normal life span, compared to no animals
without mitigation.

MATERIALS AND METHODS

Animals and Irradiation

Gnotobiotic, defined-flora, male C3Hf/Sed//Kam or C57Bl/6 mice
were used to minimize the influence of different microbiomes on
outcomes. They were bred in our AAALAC-accredited Radiation
Oncology facility and entered into experiments at approximately 28 g
body weight (with 1 SD , 1 g; 9–12 weeks of age). Nonanesthetized
mice were whole-body irradiated using an AEC Gammacellt 40
cesium source (Cs-137) at a dose rate of approximately 60 cGy/min.
C3H/Sed mice received 7.725 Gy and C57BL/6 mice 8.509 Gy, which
are institutional LD70/30 estimates derived from prior probit analyses of
H-ARS mortality. In reality, the average group survival for diluent-
treated WBI C3H male mice from 50 different experiments averaged
26.5% 6 3.74 [1 standard error of the mean (SEM)] and both male
and female C3H and C57BL/6 mice were similarly close to the
expected 30%. For dosimetry, a Capintec ionization chamber
calibrated to NIST standards was used, with Gafchromice EBT2
film (International Specialty Products, Wayne, NJ), to confirm that
dose and field uniformity were within 5%. NIH guidelines and
IACUC-approved protocols with defined criteria for premature
euthanasia were closely followed. Animals were observed daily
throughout the course of experiments, and at least twice a day during
the peak period of H-ARS lethality (days 10–24).

Mitigation

The 4-nitrophenyl sulfonamide (NPS) or nitrophenylpiperazine
(NPSP) compounds (Supplementary Fig. S1; http://dx.doi.org/10.
1667/RR15231.1.S1) have been described elsewhere (33) and the
reader is referred to this publication for a detailed background. In
brief, the drugs came from a high-throughput screen for drugs able to
mitigate radiation-induced lymphocytic apoptosis in vitro and H-ARS
in vivo. They were purchased from ChemBridgee Corp. (San Diego,
CA) or synthesized in-house with purity and stability confirmed by
nuclear magnetic resonance (NMR). All, including no drug controls,
were resuspended in the same diluent (1% Cremophor) to minimize
differences in solubility. We have shown independently that the
diluent does not alter survival after WBI. Doses of drugs between 1
and 75 mg/kg, or diluent, were injected subcutaneously (s.c.) daily for
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5 days starting at day þ1 after WBI. A minority of mice were
administered these drugs (or the diluent) either p.o. or with single s.c.
doses. Since the findings are literally indistinguishable from those
obtained by the s.c. injections, the data are included in the final
analysis.

Echocardiography

Transthoracic echocardiograms were performed at monthly inter-
vals, starting at 1 month, up to 1 year on individually marked mice that
survived LD70/30 WBI doses alongside age-matched nonirradiated
controls. A Vevo 770 ultrasound system (VisualSonics Inc., Toronto,
Canada) was used in the UCLA physiology core facility and operated
by a single operator blind to the treatment. Inhaled isoflurane
(induction 1.25% and maintenance 1%) maintains adequate sedation
at a heart rate above 450 beats per min. A parasternal long-axis B-
mode image was obtained. Fine adjustments were made to position the
long axis of the left ventricular (LV) perpendicular to the ultrasound
beam and to identify the maximal LV long- and short-axis. A 908
rotation at the papillary muscle level obtains a parasternal short-axis
view of the LV. An M-mode image was captured to document LV
dimensions and a semi-apical long-axis view of the LV. Pulse wave
Doppler measurements data were used to determine LV ejection time,
mitral flow E and A wave velocities, and quantitative measures
obtained using the Vevo 770 cardiac analysis package.

Blood and Tissue Analysis

Blood was drawn from the retroorbital plexus in lightly anesthetized
(isoflurane; Novaplust Pharmaceuticals, Irving, TX) anesthetized
mice using heparinized capillaries (Fisher Scientifice, Pittsburg, PA)
and differential blood counts performed on a Hemavet HV950 (Drew
Scientific Inc., Miami Lakes, FL).

Cohorts of additional mice were euthanized at indicated times after
WBI, autopsied, and tissues were paraffin embedded and processed by
the Translational Pathology Core at UCLA. Histopathological changes
were examined by an expert animal pathologist (GL) on hematoxylin
and eosin 0and picrosirius red collagen stained sections.

Immune subsets in bone marrow, blood, spleen and collagen/
dispase-digested lung tissues were assessed after staining with
antibody cocktails for the following markers: CD3, CD4, CD8,
CD25, FoxP3, CD19, B220, CD11b, CD11c, Ly6G, Ly6C, F4/80,
CD86, MHCII, lineage cocktail, c-kit, Sca-1, CD150, CD41 and
CD48. Multi-color flow cytometry was performed on 100,000
collected events (LSRFortessae; BD Biosciences, San Jose, CA)
with FlowJo analysis (Ashland, OR).

The immune polarity of splenic lymphocytes was examined 48 h
after in vitro stimulation with plate-bound anti-CD3 (BioCoate; BD
Biosciences) and soluble anti-CD28 (2 lg/ml) at 1 3 106 cells/well in
X-VIVOe 10 (Lonzae, Portsmouth, NH). Supernatants were stored
at –808C until cytokine antibody array assay (RayBiotech, Norcross,
GA). Indirect enzyme-linked immuno-spot (ELISPOT) assay was also
used for cells producing interferon-c (IFN-c) and IL-4 (BD
Pharmingene, Franklin Lakes, NJ) using MultiScreent-HA plates
(EMD Millipore, Billerica, MA) with cells reincubated for another 24
h and detection by biotinylated anti-mouse IFN-c (BD Pharmingen),
horseradish peroxidase avidin D (1:200 dilution; Vectort Laborato-
ries, Burlingame, CA) and 0.4 mg/ml 3-amino-9-ethyla-carbazole as
substrate (AEC; Sigma-Aldricht LLC, St. Louis, MO). Spots were
counted using the ImmunoSpott Image Analyzer (Cellular Technol-
ogy Ltd., Cleveland, OH).

Fecal Microbiome Analysis

Fecal pellets were collected from individual mice, into sterile 1.5-ml
microcentrifuge tubes, snap frozen in liquid nitrogen and stored at –
808C. DNA was isolated using the QIAampt DNA stool kit
(QIAGENt, Valencia, CA), according to the manufacturer’s instruc-

tions. Bacterial DNA was amplified by a two-step PCR enrichment of
the 16S rDNA (V4 region) encoding sequences with primers 515F and
806R modified by addition of barcodes for multiplexing. DNA was
subsequently sequenced using the Personal Genome Machine
(PGMe) System (Thermo Scientifice, Rockford, IL). Following
quality filtering, the sequences were demultiplexed and trimmed
before performing sequence alignments, identification of operational
taxonomic units (OTU), clustering and phylogenetic analysis using
QIIME open-source software (http://qiime.org).

Statistics

Kaplan-Meier plot with log-rank statistics was used to test for
significance in survival differences. Multiple comparisons procedures
were based on Sidak modified test. On data with insufficient
homogeneity of variance, analyses of variance used the Brown-
Forsythe test and the Kruskal-Wallis non-parametric test with less
stringent assumptions for some cases. The differences in fecal
microbiota between treatment groups were analyzed by non-
parametric Kruskal-Wallis test (Dunn’s multiple comparison test)
and parametric t test with Welch correction. Significance was assessed
at the 5% level using SPSSt version 20 software (Armonk, NY).

RESULTS

Changes in Patterns of Mortality during and after H-ARS
Mitigation

Mortality data were compiled on groups of 613 male C3H
mice with and without mitigator treatment that were derived
from 16 independent experiments and followed for 660 days
after 7.725 Gy WBI (LD70/30). We have already reported on
the efficacy of the six closely related NPS or NPSP
compounds in mitigating H-ARS and that were used in this
study (Supplementary Fig. S1; http://dx.doi.org/10.1667/
RR15231.1.S1) (33). All six were tested using at least three
different s.c. doses between 5 and 75 mg/kg, and up to five
doses of 1, 2, 5, 25 and 75 mg/kg in the case of 1-[(4-
nitrobenzene)sulfonyl]-4-phenylpiperazine (5355512), the
lead compound. All groups had 8 mice. Not all drug doses
were effective; to address this, we pooled groups of mice
that did (P , 0.05) or did not (P . 0.05) have significantly
increased survival over their respective diluent-only con-
trols, which averaged at 33% survival. In general, active
mitigators increased 30-day survival by more than 30%, and
we ended up with three cohorts of ‘‘active’’ mitigators (N¼
197 mice), ‘‘less active’’ mitigators (N¼ 276) and diluent-
only controls (N ¼ 140).

As expected, H-ARS lethality for all groups occurred
between 10 and 30 days. For the ‘‘active’’ drug cohort, H-
ARS survival at day 30 was 84.1% compared to 32.9% for
the diluent cohort (Fig. 1A; P , 0.0001 Kaplan-Meier) and
59.4% for the ‘‘less active’’ cohort (not shown). As would
be expected, ‘‘active’’ mitigators extended the median
survival time (MST) during H-ARS from 17 days to 18.5
days (P ¼ 0.02 log-rank test). This is consistent with the
MST being inversely related to dose for any given ARS (13,
14, 38) and, since the probit dose-survival curves are
parallel (33), mitigation of H-ARS can be regarded as quasi-
dose-modifying.
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Over the ensuing year, mortality rates ebbed and flowed

relentlessly with a small number of deaths per month, but

with some obvious nadirs at approximately 100, 250 and

340 days (Fig. 1B). A similar pattern of delayed mortality

has been reported after WBI in mice receiving bone marrow

rescue (19). For convenience, we consider there to be acute

(,30 days), subacute (30–100 days), delayed (100–360

days) and late (.360 days) phases of mortality. It is
important to distinguish the late phase, because it coincides
with when C3H mice normally die from natural causes,
which begins at approximately 500 days of age and results

in a median lifespan of approximately 2 years of age (i.e.,
equivalent to 430 and 660 days after WBI, respectively);
this is consistent with the published literature for this strain
(39), which is known to be relatively short compared to
other strains.

In the diluent controls, only one mouse died between 30

and 100 days (Fig. 1B). In contrast, there was 10%
mortality in the active and less active mitigator cohorts
combined (of 338 at risk; average survival 62 days; P ,

0.05). In spite of this low-level subacute lethality and
continuing attrition over the entire time period, some mice

receiving active mitigation survived a normal life span,
whereas none of the diluent controls did, and only a few in
the less active mitigator cohort (Fig. 1B). This was
because the rate of mortality was slower in those receiving
active mitigation (Fig. 1C), being 3.9% per month

compared to 6.1% per month for controls. As a result, at
1 year after WBI, survival was 50.3%, 38.8% and 11% in
the active, less active and control cohorts, respectively,
but only mice in the active mitigator cohort (21.3%)
survived up to day 660 after WBI (N¼ 42). Although this
is less than the 50% expected without WBI, clearly

successful H-ARS mitigation translated into a long-term
survival benefit.

Additional data were obtained in C57Bl/6 male mice
(N ¼ 136) with two of the NPSP mitigators: 1-[(4-
nitrobenzene)sulfonyl]-4-phenylpiperazine (5355512)
and 1-(3-chlorophenyl)-4-[(4-nitrobenzene)sulfonyl]pi-

perazine (5346360) (33). This strain is more resistant
to H-ARS and their LD70/30 dose is higher at 8.509 Gy;
otherwise the protocols were identical. As for C3H mice,
the MST for H-ARS was slightly delayed by mitigation
(21.25–22.9 days) and survival from H-ARS was

increased from 29.2% to 73.2% (not shown). Subacute
mortality patterns for C57BL/6 mice were very similar to
C3H mice with no mice dying in the diluent cohort up to
day 100 and 19% in the mitigated cohort (Supplementary
Fig. S2; http://dx.doi.org/10.1667/RR15231.1.S1).

Thereafter, the mortality patterns are less reliable
because of small numbers of survivors, but at 1 year
43.8% were alive in the mitigated cohort compared to
20.8% of controls and only 2 control WBI C57BL/6
mice (8.3%) survived until day 430, compared to 34.8%

in the mitigated cohort. The conclusions are therefore
essentially the same in the two strains of mice, being that
mitigation translates into long-term benefits for some,
but not all, animals. We found no evidence of
differences between female and male mice in their
response to NPSP/NPS mitigators (33) or in their late

mortalities, although the numbers were small (not
shown).

FIG. 1. Radiation mitigation of H-ARS alters mortality kinetics.
Male C3H mice were whole-body irradiated with 7.725 Gy (LD70/30),
which induced H-ARS, and mice were followed for 660 days
thereafter. Panel A: Kaplan-Meier plots show effective radiation
mitigation of H-ARS with NPS or NPSP containing compounds that
increased survival from 32.9% (diluent) to 84.1% (P , 0.0001) and
resulted in 21% survival at day 660. Panel B: Waves of death recur in
distinct phases that fit into an acute, subacute, delayed and late
pattern. Mortality is shown as a percentage of animals at risk at any
given point in time after statistically significant active mitigation, less
active mitigation and diluent controls. Panel C: Kaplan-Meier plots
for H-ARS 30-day survivors show temporary increased mortality
during the subacute phase in the mitigated group but an overall slower
rate of mortality and increased long-term survival in mitigated
animals that survived H-ARS. Data are total remaining survivors
starting at end of H-ARS, i.e., at 30 days after WBI at any given point
in time thereafter.
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Clinical and Pathological Changes after the H-ARS Period

Multiple, very complex histopathological changes have
been reported in murine survivors of WBI (8, 12, 15, 16, 18,
19, 40), but their sporadic and diverse nature and low
incidence over time makes it very difficult to attribute
mortality to cause. Between 4 and 9 months after WBI, very
close observation of cohorts of 100 mice showed that death
was rapid, making necropsy practically impossible, with the
only clinical symptoms being mild diarrhea that peaked
transiently at 6–7 months (18%), occasional rectal prolapses
(6%) and anemia (5%). Diarrhea was the only finding more
frequent than death (8%) (Supplementary Table S1; http://
dx.doi.org/10.1667/RR15231.1.S1). No tumors were found
up to 9 months after WBI.

No diarrhea was detected in mice dying between 9 and 17
months after WBI, which encompasses the time when
normal mice start to succumb to old age, but other clinical
symptoms appeared, including progressive loss in body
weight, a higher incidence of rectal prolapse (12%) and
occasional tumors with incidence (10%) that was fairly low
and late (Supplementary Table S1), perhaps diminished by
death due to non-cancerous mortalities that precede cancer
(18).

Because of the sporadic nature of clinical symptoms and
deaths, cohorts of C3H mice with and without treatment
with one highly effective NPSP mitigator (5355512; 5 mg/
kg) were prospectively euthanized at 4 and 6 months after
WBI to explore underlying pathologies in a defined setting.

A spectrum of diverse lesions was observed in the lung,
heart, liver and kidney of some, but not all animals (Fig. 2),
as well as occasional splenic hyperplasia (not shown).
Overall, approximately 60% of mice had some histopath-
ological changes, with 33% having lesions involving more
than one organ. Interestingly, lung lesions had a spectrum of
histopathologies, including interstitial multifocal pneumo-
nitis, mild interstitial immune infiltrates, perivascular
lymphoid hyperplasia, occasional focal scarring and fibrosis
(Fig. 2F–H). The diversity of the lesions was unexpected,
since the C3H strain normally develops radiation pneumo-
nitis after local thoracic irradiation, but very similar
observations have been made late in Balb/c mice after
WBI with bone marrow rescue (19). Liver lesions showed
unusual mitotic cells and nodular hyperplasia with hepatic
cell degeneration and disorganization (Fig. 2L). Changes in
the kidney were generally diffuse tubular degeneration,
sometimes with an inflammatory infiltrate (Fig. 2J). Cardiac
lesions included mild fibrosis, mineralization of interven-
tricular septa and the ventricular free walls and occasional
necrosis (Fig. 2B–D). Only minimal changes were found in
the gastrointestinal tract (not shown). The inter-mouse and
intra-mouse variation greatly hindered more quantitative
comparisons.

Immunological and Hematological Imbalances

The histopathology at 4 and 6 months clearly suggested
chronic, but variable, immune or inflammatory cell

FIG. 2. Whole-body irradiation causes diverse, multi-organ pathologies that persist even after successful H-
ARS mitigation. At 6 months after irradiation, heart (panels A–D), lung (panels E–H), kidney (panels I–J) and
liver (panels K–L) were taken from cohorts of male C3H mice (most animals received 5 mg/kg 535512 H-ARS
mitigation). Immunohistochemistry analysis on picrosirius red collagen-stained sections revealed occasional
cardiac necrosis and mild fibrosis (panel B), mineralization of interventricular septa and the ventricular free walls
(panel D), interstitial multifocal pneumonitis (panel G) and immune infiltrates with consolidation in lungs and
some occasional focal scarring, and fibrosis (panel H), diffuse tubular degeneration sometimes with an
inflammatory infiltrate with fibrosis and necrosis in kidney (panel J) and nodular hyperplasia with hepatic cell
degeneration and disorganization in the liver (panel L). Control¼ aged-matched, nonirradiated mice (panels A,
E, I and K).
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involvement in the delayed phase after WBI. A series of

experiments were therefore initiated using the NPSP

mitigator 535512 to assess changes in immune status at 4

months. Splenocytes were harvested from groups of WBI

mice with and without mitigator treatment and activated in
vitro with anti-CD3 plus anti-CD28 to determine immune

T-cell polarity and function. ELISPOT assays revealed that,

irrespective of mitigator treatment, WBI increased the

number of cells producing the pro-inflammatory Th1-type

cytokine IFN-c, while Th2-type IL-4-producing cells

decreased, though these changes did not reach statistical

significance (Fig. 3A). The proclivity was however

confirmed by ELISA of cytokines released into the

supernatant from stimulated splenocytes (Fig. 3B), which

showed markedly increased production of IFN-c, IL-2, IL-
6, IL-9 and IL-17, as well as the hematopoietic cytokines
GM-CSF and IL-3, but not G-CSF, thrombopoietin, SCF or
Th2-type cytokines. The increases were more marked in the
mitigator group, which was not the case for ELISPOT (Fig.
3A). Since ELISA reports on released cytokines (at equal
plated cell numbers) rather than the number of activated
cells, the data suggest increased production of pro-
inflammatory cytokines on a per cell basis after mitigation.
Note that normal C3H mice tend to be biased towards the
Th1 rather than Th2 axis (P , 0.0001), and WBI
accentuates rather than changes this polarity.

Analysis of circulating blood cell counts at 4 months after
WBI indicated full immunohematopoietic recovery in WBI
mice with no effect of mitigation (Fig. 4A). However,
compared to controls, white cell counts were higher and this
appeared to be due to a lymphoid-to-myeloid shift. More
detailed flow cytometric analysis of cellular phenotypes in
the spleen showed a similar occasional shift towards
myeloid lineages with increases in both classical macro-
phages and Gr1þ myeloid cells (Fig. 4B). Since mitigation
had no influence here, or in Fig. 4A, the WBI data were
combined. The myeloid shift was accompanied by a
decrease in CD8þ T-cell populations and increases in
CD4þ T cells, in particular T-regulatory cells.

During these experiments, splenomegaly was noted in
some mice, consistent with the splenic myeloid hyperplasia
found by histopathology. The number of mice with
splenomegaly varied by experiment, but with groups of
20 mice, the incidence of splenomegaly was 39% after WBI
alone and 15% in mitigator-treated mice, contrasting with
zero in controls. While these differences were not
statistically significant, they alerted us to the possibility
that systemic myeloid activation might explain some intra-
experimental variability. Indeed, comparison of mice with
and without splenomegaly (Fig. 4C) showed that spleno-
megaly accounted for almost all of the immunophenotypic
changes. The myeloid shift was seen in all immune organs
including bone marrow (not shown), which prompted us to
examine its effect on hematopoietic stem cells. Indeed, mice
with myeloid hyperplasia had increased cKitþSca-1þLin–

(KSL) hematopoietic stem/progenitor bone marrow cells
(HSPCs), but marked decreases in the long-term HSC
SLAMþ subset (CD150þCD48–), while both lineage-
negative common lymphoid and myeloid progenitors were
increased (Fig. 4D).

FIG. 3. C3H mice are naturally inclined towards a pro-
inflammatory TH1 response, which is further polarized after
irradiation. Splenocytes taken at 4 months after WBI with or without
the NPSP mitigator 5355512 were in vitro stimulated with plate-bound
anti-CD3 plus soluble anti-CD28 and assayed for T-cell polarity by
IFN-c and IL-4 ELISPOT after 48 h (panel A) and cytokine array after
24 h (panel B). Data are mean 6 SEM of N¼ 4 mice/group with each
N¼3 repeats (panel A) and N¼4 pooled spleen (panel B). *P , 0.05;
**P , 0.01; ***P , 0.001.

!
FIG. 4. Whole-body irradiation drives persistent immunohematopoietic imbalances with preferential myeloid skewing.
Blood, spleen and bone marrow where taken from male C3H mice (8 per group) at 4 months after WBI (with or without the
NPSP mitigator 5355512) and analyzed for their immune cell composition. Panel A: Differential blood counts read on
Hemavet. Panel B: Immune cell profiles in the spleen assessed by flow cytometry. Panel C: Splenic immunophenotypes
according to presence/absence of splenomegaly. Panel D: Hematopoietic stem/progenitor cell analysis by flow cytometry in
the bone marrow. Data are mean 6 SEM of N ¼ 8.
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Cardiac Complications

As mentioned earlier, cardiac inflammation and fibrosis

was seen in some mice at 4 and 6 months after WBI,

accompanied by accumulation of iron-coated macrophages

in the pericardium (Fig. 5A). In our mice, the most obvious

change detected by echocardiography was an increase in the

early:atrial (E/A) wave ratio, which is generally indicative

of hypertension, left ventricular hypertrophy or diastolic

dysfunction (Fig. 5B). Plasma levels of NT-proB-type

natriuretic peptide (NT-proBNP) were increased to a similar

extent in both mitigated and control mice, indicating heart

damage even at 6 months after WBI (Fig. 5C).

Changes in Intestinal Microbiota Composition

As mentioned in the subsection, Clinical and Pathological

Changes after the H-ARS Period, mild diarrhea was found

in 18% of mice 6–7 months after WBI (Supplementary

Table S1; http://dx.doi.org/10.1667/RR15231.1.S1), and

therefore we made preliminary efforts, using fecal samples

from some of these mice, to investigate if the endogenous

FIG. 5. Early mitigation of H-ARS does not prevent late radiation-induced cardiac damage and dysfunction.
Panel A, left side: Picrosirius red collagen staining on heart sections at 4 months after WBI plus NPSP mitigator
5355512 (X50) showing cardiac fibrosis and necrosis. Panel A, right side: Heart sections stained for non-heme
iron with enhanced Perl’s Prussian blue stain. Panel B: Echocardiography on mice 100 days after WBI with
mitigator 5355512 and aged-matched controls. Panel C: Circulating levels of NT-proB-type natriuretic peptide
(NT-proBNP) measured by plasma ELISA at 6 months postirradiation. Data are mean of N¼ 6 6 SEM. FS¼
fractional shortening, EF ¼ ejection fraction, MV ¼ mitral valve.
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intestinal microbiota was altered late after WBI. We
collected fecal samples from individual mice sequentially
on days 162, 214 and 442 after WBI plus mitigator
treatment. The mitigator was 535512, as before, but in this
case was administered with plerixafor (3.5 mg/kg, q.o.d. 3

6); this treatment had no influence on mitigation or WBI-
induced diarrhea. Phylogenetic analysis of 16S rDNA for
OTU showed that the two major bacterial phyla in control
nonirradiated mice were Bacteroidetes and Firmicutes, in
agreement with previously published findings (41). We
found no significant variation in fecal microbial composi-
tion as mice aged (Bacteroidetes, P¼ 0.4886; Firmicutes, P
¼ 0.4821; N ¼ 12) (Fig. 6). In contrast, on day 214 after
WBI with mitigation, which was the peak time for diarrhea,
the intestinal microbial community had altered significantly,
most notably with a decrease in Bacteroidetes abundance (P
¼ 0.0315; N¼ 8) (Fig. 6) and an increase in Firmicutes (P¼
0.0311). Actinobacteria were relatively rare within the gut
microbiota of nonirradiated control mice, independent of
age, but fluctuated in WBI survivors, rising significantly on
day 214 (P ¼ 0.0166 compared to control).

DISCUSSION

Life shortening is a long-known consequence of WBI in
experimental animals and humans, with cancer as the most
frequently recognized cause. The gnotobiotic mice used in
this study generally have a low cancer incidence, even in
genetically susceptible strains, and overt infection after WBI
is not seen until the mice are terminally ill. However,
microbial products may still positively (57) or negatively
(41, 67) influence long-term genotoxicity (42), inflamma-
tion (43) and stem cell niche function (44, 45), especially
after WBI. In any event, we were unable to detect any
cancers before mice entered old age, and even then only at
approximately 10% incidence. Earlier non-cancerous deaths
were the major cause of DEARE, which is in agreement
with other published studies (12).

Ascribing cause to DEARE lethalities is difficult because
of their low incidence rates even with high animal numbers.
ARS can be ascribed to tissue-specific functional failure that
occurs within a narrow dose-time window when small
increases in dose rapidly increase lethality (37). We are
therefore able to say with a high certainty that our ‘‘active’’
NSP mitigators increased the percentage of mice surviving
H-ARS from 33% to 84%. This compares favorably with
our experience with monovalent G-CSF (filgrastim 50–150
lg/kg, q.d. or q.o.d. 3 9 or 3 16) under identical conditions
(85% 30-day survival; N¼ 40) or bivalent Fc-GCSF (73%
30-day survival, 50 lg/kg, q.o.d. 3 9; N ¼ 56).

Importantly, mortality rates for H-ARS-mitigated survi-
vors were decreased compared to diluent controls and 25%
lived for the expected median life span of normal mice of
the same strain, while none of the unmitigated controls did,
despite the higher mortality from 1–3 months after mitigated
WBI. Our experience with long-term survival of H-ARS,
resulting from mono- or di-valent G-CSF treatment, is
numerically limited, but very few survived to a full life
span, suggesting a need for additional mitigation for late
effects after G-CSF. The cause of subacute deaths 1–3
months after WBI in the mitigated groups requires further
investigation. Subacute failure in a specific hematopoietic
compartment that is more radioresistant than that causing H-
ARS, as has been noted in mini-pig H-ARS (46), seems
unlikely, since the two systems are not actually comparable.
Mortality in the subacute phase has been associated with
erythroid failure by others (40), but we found no evidence
of this by blood analyses (not shown).

DEARE lethality primarily involves multiple slowly-
proliferating organ systems, such as the lung, heart, kidney
and liver (47), that respond late to radiation. The diarrhea
that was observed at 6 months after WBI may be an
exception, as the epithelium proliferates rapidly; however,
damage in this case may have been consequential to acute
damage (although histopathological evidence was lacking),
or due to changes in the microbiome. Our observation that
the gut microbiome alters in favor of Firmicutes and
Actinobacteria and away from Bacteroidetes at the time of

FIG. 6. Whole-body irradiation causes dynamic changes in the
intestinal microbiome that relate to late morbidities even in the context
of early H-ARS mitigation. Phylogenetic analysis of colonic
microbiota in control and age-matched WBI mice treated with
plerixafor plus NPSP 5355512. Fecal samples were collected from
mice on day 162, 214 and 442 after irradiation (or control) and
analyzed for the colonic microbiota by 16S rDNA enrichment and
sequencing. Data are average relative abundance of each bacterial
phylum. Control mice: N¼ 3 (day 162), N¼ 2 (day 214), N¼ 7 (day
442); WBI plus mitigator-treated mice: N ¼ 3 (day 162), N¼ 3 (day
214), N¼ 2 (day 442).
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peak diarrhea is not too dissimilar to the microbiome shifts
that have been observed in patients with intestinal and oral
cancer during radiotherapy (48, 49) and may serve as a
DEARE biomarker (50). Such dynamic changes at the host-
microbiome interface may ultimately affect the manifesta-
tion of tissue toxicity as seen in mucositis (51), chemother-
apy-induced gastrointestinal toxicity (52) and gut dysbiosis
(41) and may, at least in part, account for the sporadic
nature of DEARE, a variability that is perhaps its most
confusing aspect.

Pulmonary damage may not be surprising as the lung is
generally accepted as the dose-limiting tissue after WBI
(19). However, models of local radiation-induced lung
damage use higher doses and show a limited histopathol-
ogy, unlike the great variability that we and others see after
WBI (19). In fact, multiple organs show a spectrum of
changes that vary among different animals after WBI. The
heart damage we have seen in our mice also develops in
humans (53) and in NHPs after WBI (30). Indeed, radiation-
induced cardiac disease at relatively low doses is of growing
interest as a potential clinical complication (54). The most
common radiation change is left ventricular dysfunction, as
shown here, but cardiovascular radiation disease can be
more complex. Radiotherapy involving the mediastinum
causes linear increases in the rates of myocardial infarction,
coronary revascularization or death from ischemic heart
disease by 7.4% per Gy within a few years (53), with
pathologies that can include microvascular loss or arterial
lesions, fibrosis of the pericardium and myocardium and
pericardial adhesions. In the studies of C57BL/6 mice, using
heart-only irradiation, Seemann et al. (55) noted modest
decreases in end diastolic and systolic volumes and
increased ejection fraction 20 and 40 weeks after 2, 8 and
16 Gy irradiation, with inflammatory changes and micro-
vascular loss at 20 weeks after 8 Gy, although these did not
deteriorate despite progressive structural and microvascular
damage. The same has been observed after non-fatal WBI
(47). The extent to which cardiac damage contributes to
lethality, with or without mitigation, is therefore still
uncertain.

The histopathology after WBI seen in this study is similar
to reports after WBI with bone marrow rescue (19) or after
partial-body shielding (57). The oscillating waves of
premature mortalities that we observed can also occur after
local irradiation, for example of the thorax (56). These
cyclical patterns are reminiscent of the waves of inflamma-
tory cytokines we have seen after irradiation of various
tissues (57–60). The general paradigm that emerges is one
where ARS survivors come out of a limited dose–time
mortality window only to experience recurring and
persistent crises, each with an elevated probability of
premature death. The simplest hypothesis may be that the
driver of these responses is radiation-induced cell death
associated with turnover of lethally damaged cells or
senescence occurring in different organs at different times,
leading to loss of stem/progenitor cells. However, a more

comprehensive hypothesis would be that recognition of
micronuclei (61, 62), microbes or damage-associated
immune responses (63, 64) trigger further late damage
expression through generating chronic inflammation.

This raises the important question of whether any
mitigator is truly ‘‘dose modifying’’ for all tissues and
how it affects these complex processes. Our lead compound
mitigates not only H-ARS, but also intestinal ARS and
radiation pneumonitis and lung fibrosis (33), in keeping
with a systemic influence; and our studies point to myeloid
hyperplasia and associated functional changes in the
immunohematopoietic system (33) as playing a major role
in DEARE, and in its individual variability. Part of the
response to radiation involves rapid mobilization of bone
marrow-derived myeloid cells that act as first responders to
danger (13, 33). This triggers downstream common myeloid
progenitors to replenish cells of the myeloid and erythroid
system that ‘‘die in action’’ (62), that decrease GI-ARS (14,
65, 66) by forming stem cell niches (61) and that heal
radiation-induced wound-healing defects (67). Perhaps
chronic late life-shortening is the price that must be paid
for acute life-saving myelopoiesis.

We hypothesize that this myeloid skewing persists in
some mice, as is seen in splenomegaly and increased
myeloid cell representation in various organs, and this
promotes DEARE through the drivers mentioned above.
Our mitigators appear to limit myeloid skewing, although
further work is needed to confirm this. Similar myeloid
skewing in humans and mice has been associated with
aging, chronic inflammation and autoimmunity (44, 68, 69),
indicating common immune-based mechanisms. The im-
portance of the myeloid system is further appreciated by the
fact that myeloid skewing comes at the expense not only of
CD8þ lymphocytes but also the most primitive long-term
repopulating KSL cells, shifting the hematopoietic balance
towards more differentiated progenitors (45).

Perhaps the most striking observation of this study is that
animals of the same age, strain and gender receiving the
same dose of WBI can have very different long-term
outcomes. We hypothesize that this is due to the stochastic
nature of chronic inflammatory myeloid skewing that has
systemic effects, including imbalance of homeostasis in the
immunohematopoietic system, with inflammatory and
metabolic consequences. In any event, we hypothesize that
the shifts in myeloid cells and in the microbiome might be
good biomarkers of DEARE and targets for further
therapeutic intervention. This concept of the importance of
systemic and persistent activation of cells after WBI is not
new. Mole reached a similar conclusion in 1953, suggesting
that WBI interferes with the interdependence between cells
and tissues to cause abscopal effects, resulting in damage
beyond what was expected (70). This interdependence may
be affected by radiation damage to tissues additional to
those investigated here, e.g., endocrine systems; however,
the myeloid activation still appears to be a driver and
obvious and ever-present component of DEARE.
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SUPPLEMENTARY INFORMATION

Table S1. Frequency of common morbidities and
mortalities in a cohort of 100 male C3H mice up to 17
months after whole-body irradiation.

Fig. S1. Chemical structures of the six related 4-
(nitrophenylsulfonyl)piperazines (NPSP) and 4-nitrophenyl-
sulfonamides (NPS) compounds that were tested for their
ability to mitigate H-ARS and extend long-term survival in
whole-body irradiated mice. A total of 613 male C3H mice
in 61 experimental groups were treated in this study.

Fig. S2. Successful mitigation of H-ARS in irradiated
C57Bl/6 mice also changes mortality kinetics long-term. An
increase in MST and survival during H-ARS are the
hallmark signs for successful H-ARS mitigation, as is
improved long-term survival. Whole-body irradiation of
male C57Bl/6 mice (N ¼ 136) with 8.509 Gy (LD70/30)
causes H-ARS and rapid death within the 30-day window.
Effective radiation mitigation using the NPS-containing
compounds 5355512 and 5346360 given for the first 5 days
postirradiation (N¼ 112) allowed survival to increase from
29.2% (N¼ 7, diluent) to 73.2% (N¼ 82, mitigator) during
the acute phase and from 8.3% (N¼ 2, diluent) to 34.8% (N
¼ 39, mitigator) overall (430 days).
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