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Thoracic exposure to ionizing radiation can lead to delayed
injuries to the heart and lung that are serious and even life-
threatening. These injuries are difficult to predict since they
manifest over many weeks and months. To identify non-
invasive, tissue-specific biomarkers for the early detection of
late radiation injury, circulating microRNA (miRNA) levels
were measured in non-human primates (NHP, Macaca
mulatta) that received a single exposure of whole-thorax lung
irradiation (WTLI) at a dose likely to result in 20% or 75%
mortality within 180 days (9.8 or 10.7 Gy). Animals were
observed for 270 days after WTLI. Approximately 58% of 9.8
Gy WTLI animals (7 of 12) and 94% of 10.7 Gy WTLI
animals (15 out of 16) did not survive to the primary end
point. Evidence of pulmonary fibrosis/pneumonitis was
observed in all animals. Animals that received 10.7 Gy
WTLI experienced more severe and early-onset pneumonitis,
as indicated by reduced aerated lung volume, high non-
sedated respiratory rate, earlier and more frequent dexa-
methasone treatments, and evidence of onset of heart disease.
Radiation-induced changes in the circulating miRNA profile
were most prominent within the first 30 days postirradiation,
before the manifestation of symptoms, and included miRNA
sequences known to regulate pathways associated with
pulmonary fibrosis (TGF-b/SMAD signaling) and pneumoni-
tis/inflammation (p53 signaling). The abundance of several
circulating miRNA differentially expressed at day 6 or 15,
such as miR-199a-3p and miR-25-3p, correlated with
statistically significant differences in survival. This study
supports the hypothesis that it is feasible to use plasma
miRNA profiles to identify individuals at high risk of organ-
specific late radiation injury. These miRNA profiles could
improve radiation oncology clinical practice and serve as
biomarkers to predict who might develop late complications

in the aftermath of a radiological or nuclear (RAD-NUC)
incident. � 2021 by Radiation Research Society

INTRODUCTION

Triage after a mass casualty radiation event is complex
because of the diverse array of adverse responses, the non-
uniformity of absorbed dose resulting from partial-body
shielding by physical barriers and the lack of adequate
biodosimetry. Depending on the nature of the exposure,
such an incident could result in morbidity and mortality
resulting from acute radiation syndrome (ARS) associated
with the hematopoietic (H-ARS) or gastrointestinal (GI-
ARS) system, or delayed effects of acute radiation exposure
(DEARE) to the pulmonary, cardiovascular or other systems
in the body. Hematopoietic or gastrointestinal ARS results
in death within days to weeks postirradiation, and is
characterized by the loss of organ-specific stem and
progenitor cells in the bone marrow (H-ARS) and intestinal
crypt cells (GI-ARS) (1). Unlike ARS, DEARE can
manifest within weeks, months or years postirradiation
and the severity varies with the degrees of partial-body
shielding, pre-existing conditions, and a host of factors that
are typical of a mass casualty radiation event that occurs
where there is a diverse urban population (2). As a result,
while an individual may not show any symptoms of ARS
and may survive the early days from such an incident, they
may be highly vulnerable to DEARE and succumb to
injuries within months. Therefore, the ability to predict
these adverse outcomes of acute radiation exposure before
the manifestation of symptoms would allow for effective
triage, especially since early therapeutic intervention can
dramatically improve survival rates in the context of ARS
(3–8), and perhaps late disease (4). Investigators have
identified potential biomarkers of radiation exposure in
blood or plasma, including proteins (9–12), mRNAs (13–
18), non-coding RNA (19) and microRNAs (miRNAs) (20–
26). Furthermore, because circulating miRNAs are protect-
ed from degradation in extracellular vesicles or protein

Editor’s note. The online version of this article (DOI: https://doi.
org/10.1667/RADE-20-00003.1) contains supplementary information
that is available to all authorized users.

1 Address for correspondence: ChromoLogic, 1225 S Shamrock
Ave., Monrovia, CA 91016; email: nmenon@chromologic.com.

510

Downloaded From: https://complete.bioone.org/journals/Radiation-Research on 06 May 2024
Terms of Use: https://complete.bioone.org/terms-of-use



complexes that are stable at room temperature for hours to
days, they are exceptionally well suited for point-of-care
sample collection and processing with standard molecular
testing instruments (27).

miRNAs are small (19–22 nt), non-coding nucleotides that
post-transcriptionally regulate protein expression (28). Ap-
proximately 1–2% of all genes in mammals encode for
miRNAs. miRNAs can be released into extracellular
biofluids, such as plasma, and may participate in cell-cell
and tissue-tissue communication (29). Changes in the
circulating miRNA profile have been observed in pathophys-
iological conditions, such as cancer (30, 31), and after
exposure to radiation (20–26). Since miRNAs can be tissue-
specific (32, 33), the circulating miRNA profile may reflect
what tissues are injured (34–37). While this field is still in its
infancy, we and others have shown that total-body irradiation
(TBI) drives significant alterations in circulating hematopoi-
etic miRNA biomarkers, such as miR-150-5p, and the extent
of dysregulation correlates well with the later onset of
neutropenia and lymphopenia in an individual animal (21–
23). We have also shown that in mice that received whole-
thorax lung irradiation (WTLI) for late radiation injury to the
heart and lung with shielding to prevent ARS mortality,
survival of a strain susceptible to developing radiation-
induced pneumonitis (C3H) (38) was associated with changes
in miRNA expression associated with pro-inflammatory NF-
kB-mediated signaling pathways (miR-34a-5p, -100-5p and
-150-5p) and survival of a strain that tends to develop
radiation-induced fibrosis (C57Bl/6) (39) was associated with
changes in expression of miRNAs associated with TGF-b/
SMAD signaling (miR-34b-3p, -96-5p and -802-5p) (40).

Here, we used a WTLI model of non-human primates
(NHP; M. mulatta) to induce late radiation injury to the heart
and lung without ARS. NHPs received a single fraction of
either 9.8 or 10.7 Gy WTLI and were observed for 270 days
postirradiation for moderate and severe radiation-induced
injuries, respectively. Changes in circulating miRNA were
assessed longitudinally after WTLI. Local and systemic
radiation damage was also monitored by changes in body
weight, respiratory rates, hematology, computed tomography
(CT) and histology. We observed major radiation-induced
changes in systemic circulating miRNA profiles and found
that miRNA that correlated with survival were associated
with the well-known pathogenesis of late lung injury
(pneumonitis and fibrosis) and cardiac fibrosis. Our results
indicate that miRNA profiling may be used to predict late
organ injury long before the manifestation of symptoms.

MATERIALS AND METHODS

Animals

For this study, l4 male (3.93 6 0.18 kg body weight, 3–4 years old)
and 14 female (4.05 6 0.26 kg body weight, 3–4 years old) rhesus
macaques (Macaca mulatta; Chinese origin) were used. All animals
underwent routine quarantine and health checks before inclusion into
the study as described elsewhere (41, 42). Animal housing and care
was compliant with the Animal Welfare Act and recommendations set

forth in the Guide for the Care and Use of Laboratory Animals
(National Research Council, 2011). All procedures were carried out in
compliance with institutional policies on the Humane Care and Use of
Laboratory Animals and were approved by the Institutional Animal
Care and Use Committee (IACUC). Prior to inclusion into the study,
all animals were acclimated to the facility for 14 days. Animals found
to have abnormal baseline complete blood count (CBC), evidence of
lung disease, injury or poor heath were excluded from the study.
During the acclimation period, baseline ungated thoracic CT scan was
acquired per CT scan acquisition procedure.

Group Assignments and Irradiation

Animals were randomly assigned to receive 9.8 Gy (LD20/180; 6
males, 6 females) or 10.7 Gy (LD75/180; 8 males, 8 females) WTLI at a
dose rate of 0.60 6 0.10 Gy min–1. Prior to WTLI, animals were
administered antiemetic (ondansetron HCL, 1.9 mg kg–1) and
anesthetized with Ketamine/Xylazine. Sedated animals were restrained
on the linear accelerator (LINAC) couch. Radiation was delivered
using a 6-MV photon source LINAC (Varian CLINAC 21EX; Varian
Medical Systems Inc., Palo Alto, CA) in an anterior-posterior (AP)
and posterior-anterior (PA) technique with approximately 50% dose
contribution from both the AP and PA beams (41, 43).

Clinical Observations

After irradiation, cage-side clinical observations were performed
twice daily. Observations included non-sedated respiratory rate
(NSRR), activity, stool consistency, vomiting and posture. In addition
to clinical observations, each animal was weighed twice during the
acclimation period and weekly postirradiation. Rectal pulse oximetry
was performed twice weekly postirradiation on non-sedated animals.
Blood samples for hematology and serum chemistry were collected by
venipuncture in EDTA-containing tubes at day –2, and every 3 days
postirradiation through days 30, 40, 50 and 60, and then every 30 6 3
days thereafter. Blood samples for miRNA analysis were collected
before irradiation, and at days 6, 12, 15, 30, 60 and 90 postirradiation.

Dexamethasone Supportive Therapy for Tachypnea/Pneumonitis

Animals that developed tachypnea and respiratory distress indicative
of pneumonitis, defined as NSRR .80 breaths/min, received medical
supportive therapy (dexamethasone) following a scheduled taper
described below (41, 44). In the schedule, the first course of treatment
was administered intramuscularly (IM) using the following regimen: 1.0
mg kg–1 twice daily (BID) on the first day of treatment; 0.5 mg kg–1 BID
for 3 days; 0.5 mg kg–1 once daily (SID) for 3 days; 0.5 mg kg–1 every
other day for three doses. For animals that developed respiratory distress
within 7 days of stopping the first course of treatment, the second course
of treatment was as follows: 1.0 mg kg–1 SID on the first day of
treatment; 0.5 mg kg–1 SID for 4 days; 0.5 mg kg–1 every other day for
10 doses. For animals that developed respiratory distress outside 7 days
of stopping the first course of treatment, the second course of treatment
was as follows: 1.0 mg kg–1 BID on the first day of treatment; 0.5 mg
kg–1 BID for 3 days; 0.5 mg kg–1 SID for 3 days; 0.5 mg kg–1 every
other day for 10 doses. For animals that completed two courses of
dexamethasone treatment and required additional medical supports, a
veterinary consultation was obtained and treatment with dexamethasone
was conducted by veterinary recommendation. Animals with repeated
episodes of respiratory distress and non-responsive to treatment met
criteria for euthanasia. Onset of radiation-induced pneumonitis was
measured by the timing to first dexamethasone administration,
displayed as mean 6 standard error of the mean.

Euthanasia

Euthanasia criteria included any of the single criterion or two or
more of the combination criteria. Single criterion included observation
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of: 1. respiratory distress (e.g., open mouth breathing, cyanotic
appearance, labored breathing, respiratory rate �80 breaths/min) and
non-responsive to dexamethasone treatment; 2. inactivity (e.g.,
recumbent in the cage for at least 15 min, or non-responsive to
touch); 3. uncontrolled hemorrhage from any orifice; 4. unrelieved
pain or distress after administration of two consecutive increased
doses of buprenorphine (0.02 mg/kg IM BID); or 5. severe
dehydration. Combination criterion included two or more observations
of: 1. hyperthermia (rectal temperature �418C); 2. hypothermia (rectal
temperature �358C); 3. weight loss (�25% of baseline) for two
consecutive days; 4. severe injury or condition (e.g., minor bone
fracture, progressive tissue necrosis, non-healing wound); 5. complete
anorexia for 48 h. Surviving animals were euthanized at day 270
postirradiation. Animals that met the criteria for euthanasia were
sedated and blood was collected for hematology, serum chemistry and
biomarker discovery. If possible, CT scan was acquired prior to blood
collection. At euthanasia, animals were weighed and euthanized by
intravenous injection of a pentobarbital overdose, followed by
necropsy.

Computed Tomography Scans and Image Analysis

To evaluate the severity of the radiation-induced lung injury, serial
CT scans were acquired every 30 6 3 days postirradiation until end
point (day 270) or until IACUC criteria for euthanasia were met. Non-
contrast CT scans were acquired with the animal sedated and
positioned supine, head-first into the scanner, arms overhead and
restrained on the table. A spiral CT scan (SOMATOM Scope, Siemens
Medical Solutions USA, Inc., Malvern, PA) with slice thickness of 1.5
mm was acquired with a lung window reconstruction using 80-kV
potential, 111 mAs, 1.0 rotation time, 0.4 pitch level and B70s kernel.
CT scans were read and analyzed by an experienced veterinarian
radiologist on the ClearCanvas Workstation (version 2.0.12729.37986
SP1; Synaptive Medical, Toronto, Canada). To calculate lung volumes
and quantify extent of lung injury, the radiologist performed a three-
dimensional (3D) volumetric reconstruction of the thoracis CT radio-
graphs with 3D Slicer (version 4.7.0-2017-08-12 r26243; http://www.
slicer.org) using a semiautomated radiodensity (Hounsfield units,
HUs) thresholding (41, 43): aerated lung volume (�880 to �220);
active pneumonitis and fibrosis (�300 to þ88). Portions of lung
boundaries that were falsely included in the initial lung boundaries
were manually excluded and portions of the lung boundaries that were
falsely excluded were manually included. Pleural effusions and
atelectasis were separately identified manually. Data are presented
as aerated lung volumes, excluding normal soft tissue, vasculature and
areas of pneumonitis/fibrosis from the volume calculation.

Histopathology

To assess the degree of tissue damage, lung and heart tissues were
collected, trimmed, formalin-fixed, paraffin-embedded, sectioned, and
stained with hematoxylin and eosin (H&E) or Masson’s Trichome
(MT). Sections of the right and left cranial and caudal lung lobes, the
right medial lung lobe, and longitudinal sections of the right and left
ventricle and atria and the septum of the heart, through the middle of
these structures, were taken. Slides were then microscopically
examined and scored by an experienced board-certified veterinarian
pathologist for inflammatory cell infiltrates and collagen deposition in
irradiated tissue. For each histological alteration, a severity score from
0 to 4 was assigned, corresponding to undiscernible, minimal, mild,
moderate and marked, respectively (45).

miRNA Analysis by Next-Generation Sequencing

Plasma was checked for excess hemolysis using UV-vis spectros-
copy, and samples with an absorbance value greater than 1.2
absorbance units at 415 nm, corresponding to 0.3% hemolysis (46),
were excluded from the study. Circulating plasma miRNA was

isolated from 100 ml of plasma using the miRNEasy Serum/Plasma
Advanced Kit (QIAGENt, Valencia, CA). Libraries for sequencing
were prepared using the QIAseq miRNA Library Kit (QIAGEN), with
5.8 ml of miRNA extracts as input, a 1:10 dilution of the 30-adaptor, a
1:5 dilution of the 50-adaptor, a 1:10 dilution of the RT primer and 22
amplification cycles. The concentrations of the prepared libraries were
determined via Bioanalyzer analysis (2100 Electrophoresis Bioana-
lyzer; Agilent Technologies Inc., Santa Clara, CA). Libraries with an
adaptor dimer peak (;160 nt) at least five times greater than the
library peak (;180 nt) were not sequenced. miRNA counts for 2-nM
samples were determined via next-generation sequencing (NextSeq
550; Illuminat, San Diego, CA) using 76 read cycles. Demultiplexing,
trimming (read lengths between 18–40 bp, 50-end base quality �30,
read score �20, and 30-end adaptor sequence to trim of AACTG-
TAGGCACCATCAAT), and miRNA alignment (using ‘‘Homo
sapiens/hg19’’ as the species) was performed using BaseSpace
(Illumina), using the Small RNA v1.0.1, FASTQ Toolkit version
2.2.0, and FASTQ Generation version 1.0.0. Sequencing runs with
less than 100,000 miRNA reads were rejected.

Data Analysis

Raw sequencing counts were normalized by total library size to
obtain the reads for a given sequence-per-million total reads (RPM),
then by quantile normalization of the log2 RPM. Differential
expression analysis was performed in R version 3.4.3 using
normalized counts, using the limma and voom software packages
(version 3.28.10) (47). KEGG pathways associated with differentially
expressed miRNA were identified using mirPath version 3 software
(48). Kaplan-Meier survival curves were compared using the log-rank
test (Mantel-Cox) (49), and uncertainties (95% confidence intervals)
estimated according to Greenwood (50). Blood count data were
compared over time using an analysis of variance (ANOVA) model,
and P values were obtained by comparing postirradiation values to
preirradiation values using Dunnett’s method. Statistical differences
between prevalence score distributions were quantified using the
Mann-Whitney U test.

RESULTS

Hematology and Mortality after WTLI

NHPs experienced a drop in total WBC (1.5-fold, P ,

0.001) and lymphocyte (2-fold, P , 0.002) counts within
the first few days after WTLI (Fig. 1). Total WBC and
lymphocyte counts returned to preirradiation levels one
month after WTLI. Neutrophil counts increased starting at
one month after WTLI and remained elevated until at least
month 4 (2–4-fold, P , 0.0005). Animals that received 10.7
Gy WTLI showed a sharper increase in neutrophil counts
than animals that received 9.8 Gy in one and two months
after irradiation (1.3–2.4-fold, P , 0.005). Platelet counts
remained stable at preirradiation levels in animals receiving
9.8 or 10.7 Gy WTLI.

Approximately 58% of 9.8 Gy WTLI animals (7 of 12)
and 94% of 10.7 Gy WTLI animals (15 of 16) died due to
late radiation injury. Overall survival rates differed for
animals that received 9.8 or 10.7 Gy (log-rank P¼ 0.0001).
Fifty percent of the 9.8 Gy WTLI animals survived 120–180
days, with no significant differences between genders (Fig.
2A). Animals that received 10.7 Gy had higher rates of
mortality (log-rank P ¼ 0.0001), with 50% of the animals
surviving 60–100 days and males having reduced survival
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compared to females (log-rank P ¼ 0.009; Fig. S1; https://
doi.org/10.1667/RADE-20-00031.1.S1).

Respiratory Rate and Time of Onset of Clinical Pneumonitis

All animals exhibited a gradual increase in respiratory
rate, beginning 40–45 days postirradiation. On average, the

respiratory rate was significantly increased over preirradia-
tion levels by 40 days after 10.7 Gy WTLI (1.4-fold, P ,

10–7) and by 80 days after 9.8 Gy WTLI (1.3-fold, P ,

0.002; Fig. 3D). Furthermore, the average respiratory rate
exceeded 80 breaths/min–1 by 70 days after 10.7 Gy WTLI,

compared to 120 days after 9.8 Gy WTLI (Fig. 3D).
Interestingly, the average respiratory rate of 9.8 Gy WTLI
animals began to decrease after peaking between days 130–

140 postirradiation but did not recover to preirradiation
levels (60 vs. 45 breaths/min–1; P , 10–5).

Overall, the onset of tachypnea and respiratory distress

indicative of pneumonitis (NSRR . 80 breaths/min–1)
occurred earlier in 10.7 Gy WTLI animals than in 9.8 Gy

animals (mean time to initial dexamethasone treatment of 55
days vs. 91 days; log-rank P¼ 0.001; Fig. 2B and Table 1).
The onset of these symptoms, as measured by the date of

first dexamethasone treatment, affected all animals and
strongly correlated with survival (correlation coefficient ¼
0.88; Fig. 2C).

Radiologic Evidence of Fibrosis/pneumonitis

CT radiographs revealed dose-dependent increase in

radiodensity, indicative of radiation-induced lung injury
starting at day 60 after WTLI (Fig. 3A). At day 60
postirradiation, 10.7 Gy WTLI animals exhibited a

significant decrease in aerated lung volume from preirra-
diation volume (29% decrease, 108 6 33 ml vs. 151 6 24

ml; P , 0.0005, Fig. 3B), compared to 9.8 Gy WTLI

animals (9% decrease, 149 6 26 ml vs. 163 6 26 ml, P¼
0.18). By day 90 postirradiation, both the 9.8 Gy and 10.7

Gy WTLI groups exhibited significant decrease in aerated
lung volume from preirradiation (33% decrease, 101 6 26

ml vs. 151 6 24 ml, P , 0.005; 17% decrease, 136 6 19
ml vs. 163 6 26 ml, P , 0.01, respectively).

Histological Evidence of Radiation-induced Lung and
Cardiac Injury

Evidence of radiation-induced lung and heart injury was
also characterized by histology, performed at the time of

death. Histological evidence of heart injury included
infiltration of mononuclear cells, myocardium degeneration

and interstitial fibrosis. These effects were more prevalent in
animals receiving 10.7 Gy WTLI (Mann-Whitney U test P
, 0.05; Fig. 4). Evidence of prevalent lung injury was more
frequently observed. Infiltration of macrophages and

neutrophils, as well as fibrin deposits, was observed in the
alveolar space. Interstitial fibrosis and mononuclear cell

invasion were also observed (Fig. 4C). A statistical
difference was observed between the prevalence distribu-

tions of the infiltration of neutrophils into the alveolar space
and interstitial invasion of mononuclear cells (Mann-

Whitney U test P , 0.05).

Differential Expression of Circulating miRNA

Differential expression analysis of next-generation miRNA

sequencing data of circulating miRNA from plasma
revealed that WTLI affects the expression of a number of

sequences (Fig. 5). At 6, 15, 24 days and 1, 2 and 3 months
after WTLI, the circulating miRNA profile was compared to

the preirradiation profile for NHPs that received 9.8 or 10.7
Gy WTLI. For both doses, differentially expressed miRNAs

(fold change . 2.25 and P , 0.05) were observed at all

 
FIG. 1. Blood cell counts for NHPs receiving 9.8 or 10.7 Gy whole-thorax lung irradiation (WTLI). WTLI

resulted in an early drop in white blood cells (WBC) and lymphocytes that recovered by month 1 and became
slightly elevated by month 2, with some dose-dependent differences. Platelets were not significantly changed.
Neutrophil counts were elevated by month 1, but were more persistently elevated in animals that received 10.7
Gy WTLI. Statistically significant changes in counts compared to preirradiation levels or between the dose
cohorts. *P , 0.001, Dunnett’s test.

TABLE 1

Dose/gender

Average first day of dexamethasone administration for all treatment courses

1st 2nd 3rd 4th 5th 6th

9.8 Gy 91 6 3 110 6 4 136 6 7 163 6 11 196 6 35 209 6 48
Females 94 6 4 115 6 6 143 6 9 168 6 16 204 6 59 161a

Males 87 6 5 105 6 5 127 6 8 156 6 20 180a 256a

10.7 Gy 55 6 5 83 6 9 108 6 16 153a 174a -
Females 63 6 8 88 6 10 122 6 14 153a 174a -
Males 46 6 3 56a - - - -

Notes. Data presented as mean 6 standard error of the mean.
a Single animal.
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time points. Strong differential expression was observed for
the first 24 days after WTLI, which slowly reduced from
month 1 to 3 (Fig. 5).

To identify differentially expressed miRNA that may play
a role in survival, we grouped animals into two cohorts,
based on the expression of a given miRNA at a given time
point (day 6 or 15) above or below the median abundance.
miRNA with statistically significant differences (log-rank
test P , 0.05) between the survival curves were examined.
Using this miRNA abundance threshold, several sequences
were identified that correlated with early death (,175 days)
(Fig. 6A). For example, animals that expressed miR-26b-5p
or -496 above the median abundance at day 6 after WTLI
had reduced survival and 100% death before 175 days
compared to animals that expressed those miRNAs at or
below the median abundance (log-rank P ¼ 0.003 and
0.025, respectively). Similarly, expression at or below the
median abundance at day 6 of miR-33a-5p and -199a-3p
was also associated with reduced survival and 100% death
before 175 days. At day 15, expression of miR-496, -181a-
5p, -185-5p, -191-3p, -200c-3p, -301a-5p, -340-3p and
-433-3p above the median abundance and miR-29c-3p, -206
and -320d at or below the median abundance was associated
with reduced survival (log-rank P , 0.05) and 100% death
before day 175.

We also identified other miRNAs with statistically
significant differences in survival of cohorts of animals
that expressed a given miRNA above or below the median
abundance, but where neither cohort experienced 100%
death before the study end point (Fig. 6B). For example,
expression above the median abundance of let-7g-5p, miR-
28-3p, -32-5p, -197-3p, 301a-3p, -376a-3p and -1271-5p or
expression at or below the median abundance of miR-15b-
3p, -17-3p, -25-3p and -378i at 15 days after WTLI showed
reduced survival (log-rank P , 0.05).

These survival profiles suggest that certain groups of
miRNAs may be associated with different pathological
mechanisms leading to radiation-induced death before the
onset of symptoms. We identified the KEGG pathways
associated with miR-26b-5p, -33a-5p, 199a-3p and -496
(associated with reduced survival and early death based on
day 6 expression levels), miR-496, -29c-3p, 181a-5p, 185-
5p, -191-3p, -200c-3p, -206, -301a-5p, -320d, -340-3p and
-433-3p (associated with reduced survival and early death
based on day 15 expression levels), and let-7g-5p, miR-15b-
3p, -17-3p, -25-3p, -28-3p, -32-5p, -197-3p, -301a-3p,
-376a-3p, -378i and -1271-5p (associated with reduced
survival but not early death per se based on day 15
expression levels) (48). We found the miRNAs associated
with early death at both day 6 and 15 interacted with genes
involved in p53 signaling (Fig. 7A), whereas miRNAs that
were associated with reduced survival, but not early death,
interacted with genes involved in TGF-b/SMAD signaling
(Fig. 7B). While different miRNAs were associated with
early death based on day 6 and 15 abundance levels, both
sets of miRNAs interacted with the same genes, including

FIG. 2. Survival probability after WTLI. Panel A: Approximately
58% of 9.8 Gy WTLI animals (7 out of 12) and 94% of 10.7 Gy WTLI
animals (15 of 16) died due to late radiation injury. The difference in
survival rates between animals that received 9.8 or 10.7 Gy WTLI were
statistically significant (log-rank P¼ 0.0001). Panel B: Similarly, event-
free survival, using the date of the first dexamethasone intervention as a
proxy for clinical pneumonitis, of 10.7 Gy WTLI NHPs was
significantly reduced (log-rank P ¼ 0.001) compared to 9.8 Gy WTLI
animals. All animals received at least one dexamethasone treatment.
Panel C: For all animals, the time to first dexamethasone treatment
correlated strongly with survival (coefficient of correlation¼ 0.88).
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the highly conserved cyclin family members (CCNE1,
CCNB1, CCND1 and CCND2), CDK kinases (CDK2 and
CDK6), and caspase family members (CASP8 and CASP9).
These genes regulate essential cellular processes including
cell cycle progression and apoptosis.

The miRNAs associated with reduced survival, but not
early death, interact with TGF-b (TGFB2), its cell-surface
receptor (TGFBR1, TGFBR2), SMAD family members
(SMAD2, SMAD3, SMAD4, SMAD5, SMAD7), the
SMAD-regulating SMURF family members (SMURF1,
SMURF2), and BMP family members (BMP2, BMP4,
BMP6, BMP7). These genes have been linked to the
initiation and progression of fibrosis.

DISCUSSION

The radiation hematologic toxicity outcomes observed
here are consistent with previously published findings in
WTLI and PBI/BM5 models in NHPs (1, 51) and mice (40).
Decrease in blood cells after partial-body irradiation is
generally due to radiation-induced cell death as the blood
recirculates rapidly through the irradiated field. Without
significant exposure to bone marrow, neutropenia was not
observed within the first month of exposure, but instead a
compensatory increase in neutrophil counts was seen
approximately two months postirradiation. This corresponds
to the expected pattern of radiation-induced pneumonitis,
and the effect was larger in the animals that received a
higher radiation dose and succumbed to pneumonitis.
Evidence of neutrophil infiltration in the lungs was also
observed histologically.

As expected, based on previously published NHP studies
(41, 44), the radiation-induced lung injuries observed in this
study show dose-dependent development of pneumonitis
and pulmonary fibrosis after acute WTLI. We found that
animals that received high-dose irradiation experienced
more severe and early onset of radiation-induced pneumo-
nitis followed by development of pulmonary fibrosis.
Pneumonitis was evidenced by the increase in the non-
sedated respiratory rate, more frequent and early adminis-
tration of dexamethasone treatment, and decreased aerated
lung volume on CT radiographs. Furthermore, we found

 
FIG. 3. WTLI resulted in reduced aerated lung volume and

increased respiratory rates. Panel A: Representative CT scan
radiographs at preirradiation time point and at day 60 after WTLI
for the two dose cohorts. The red contour lines indicate boundary areas
of lung injury (pneumonitis/fibrosis) using the HU range of –300 to
þ80. The green contour lines indicate areas of normal lung. Panel B:
Aerated lung volume after WTLI was reduced for both dose cohorts,
with 10.7 Gy WTLI animals presenting a statistically significant loss
in aerated lung volume at day 60 (0.7-fold-change, P ¼ 0.0004),
compared to day 90 for 9.8 Gy WTLI animals (0.8-fold-change, P ¼
0.009). Panel C: Aerated lung volume correlated with the non-sedated
respiratory rate (NSRR) at day 60 after WTLI (coefficient of
correlation¼ –0.71). Panel D: Mean NSRR increased over time after
WTLI for both dose cohorts, with statistically significant (*P , 0.05)
differences between the cohorts between 40–90 days.
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FIG. 4. Histopathology indicates significant pulmonary fibrosis in both dose cohorts. Panels A and B: H&E
and MT staining of lung and heart tissue extracted after animal death. MT staining showed significant fibrosis in
the lungs of both animals and in the heart tissue of 10.7 Gy WTLI animals. Panel C: Quantification of the
prevalence of the indicated markers of heart and lung tissue from both dose cohorts, where 0 indicates that the
marker was not present and 5 indicates that the marker was ubiquitous. In the heart, infiltration of mononuclear
cells, myocardium degeneration and interstitial fibrosis were more prevalent in animals receiving 10.7 Gy WTLI
(P , 0.05, Mann-Whitney U test). In the lung, statistical differences were observed between the prevalence
distributions of the infiltration of neutrophils into the alveolar space and interstitial invasion of mononuclear
cells (P , 0.05, Mann-Whitney U test).
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FIG. 5. WTLI induces major changes in the circulating miRNA profile. Volcano plots showing the log2 fold
change versus –log10 P value for each circulating miRNA expressed above 5 RPM at the indicated time after
WTLI for both dose cohorts. The expression of some miRNA in 9.8 Gy WTLI animals at 3 months, and 10.7 Gy
WTLI animals and 2 and 3 months postirradiation may have been affected by dexamethasone treatment.
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that animals with early mortality (,175 days postirradia-
tion) experienced respiratory failure from pneumonitis
while animals that survived past 175 days showed persistent
lung injury on CT scan and substantial fibroplasia on end
point lung histology sections consistent with pulmonary
fibrosis. Because the study end point went beyond the 180
days that is frequently used (44, 52, 53), we were able to
observe both the recovery of radiation-induced pneumonitis
and the time course for the development of pulmonary
fibrosis. Histopathological analysis of heart tissue in the
irradiated animals showed evidence of cardiac injury,
particularly in 10.7 Gy WTLI animals. However, clinical
signs of heart injury, such as elevated heart rate or cardiac
failure, were not observed during the study.

We examined the changes in the circulating miRNA
expression in the first few weeks after acute irradiation to
identify markers that could pre-symptomatically predict the
onset of DEARE. Radiation-induced differential expression
of circulating miRNA was consistent with the response
observed in mice after WTLI, with expression affected in
the earliest time points and continuing levels of dysregu-
lation that begin to return to preirradiation levels one to two
months after WTLI (40). Dexamethasone intervention may
have affected miRNA expression at 3 months postirradia-

tion for 9.8 Gy WTLI animals and at 2 and 3 months
postirradiation for 10.7 Gy WTLI animals. Several
miRNAs, including miR-34a-5p, -100-5p, -106a-5p, -107,
-369-3p and -431-5p, were differentially expressed in both
species prior to dexamethasone intervention. Some of these
markers, including upregulation of miR-34a-5p, and
downregulation of miR-100-5p, were observed to change
in similar directions after TBI in NHPs (22, 26). This
suggests that there may be an evolutionarily conserved
molecular response to radiation injury that manifests itself
as a characteristic systemic miRNA signature. Many of the
differentially expressed miRNAs are predicted to affect
diverse cellular processes, including fatty acid metabolism,
the cell cycle, transcriptional regulation, and growth factor-
and cytokine-mediated signaling pathways, which are
consistent with the well-documented biological response
to radiation injury.

Many of the differentially expressed miRNAs exhibited
similar changes in abundance independent of dose (Fig.
6B), despite the differences in survival and other phenotypic
outcomes. To identify miRNAs associated with adverse
outcomes, we compared survival for animals expressing
certain miRNAs above or below the median abundance at 6
or 15 days after WTLI. We identified a number of miRNAs

FIG. 6. The relative abundance of certain circulating miRNA was associated with reduced survival. For a
given miRNA, NHPs were divided into two cohorts based on expression above (blue) or below (orange) the
median abundance. For the indicated miRNA, the difference in survival between these two cohorts was
statistically significant (P , 0.05, log-rank test), suggesting a role for these miRNAs as potential biomarkers for
early identification of late organ injury after irradiation. Some miRNAs, based on the expression on day 6, day 6
and 15, or day 15, were associated with early death (100% death in one cohort within , 175 days (panel A), and
other miRNAs, based on the expression on day 15 after WTLI were associated with reduced survival, but not
early death per se (panel B).
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that not only appeared to be associated with a statistically
significant difference in survival, but also seem to predict
early death (Fig. 6A). The fact that these miRNAs are
associated with p53 signaling (Fig. 7A) is consistent with
findings in humans that dysregulation of p53 signaling due
to P53 and ATM polymorphisms is associated with
radiation-induced pneumonitis in lung cancer patients
treated with radiotherapy (54). The role of p53 signaling
in the destruction of lung tissue in response to immune or
oxidative stress has been established in the context of other
diseases (55–58), and is consistent with the radiation-
induced lung damage observed in this study.

Another set of miRNAs was identified that appeared to be
associated with statistically significant differences in
survival, but not early death (,175 days) per se, and are
functionally linked to TGF-b/SMAD signaling. For exam-
ple, our findings suggest that reduced expression of miR-

25-5p was associated with early death. This is consistent
with previously published studies in mice and cell lines,
which showed that decreased miR-25-5p production was
associated with an increase in pro-fibrotic markers (e.g.,
collagen) and processes (e.g., epithelial-to-mesenchymal
transition), and increased miR-25-5p production had the
opposite effect (59–62). Since dysregulation of TGF-b/
SMAD signaling is known to play a major role in the
development and progression of fibrosis (63, 64), observed
in most of the irradiated animals that did not succumb to
pneumonitis, our findings suggest it may be possible to
predict outcomes of WTLI pre-symptomatically using the
day 15 circulating miRNA profile. Collectively, these
results suggest that: 1. Changes in systemic miRNA
expression within the first two weeks after WTLI can be
used to asymptomatically predict negative health outcomes
that do not begin to manifest until months later; 2. The

FIG. 7. Circulating miRNAs that correlate with reduced survival are associated with p53 and TGF-b
signaling. Panel A: The circulating miRNA associated with reduced survival and 100% death before 175 days
after WTLI are linked to p53 signaling genes. miRNA (small circles) have experimentally confirmed
associations (Tarbase) with genes (large circles) in the p53 signaling pathway (65). Panel B: Circulating
miRNAs associated with reduced survival, but not early death per se, are linked to genes in the TGF-b/SMAD
signaling pathway. miRNA/genes are colored based on the time point they were observed/implicated (blue ¼
only on day 6, orange ¼ only on day 15, white ¼ on both day 6 and 15).
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initial transient differences in the circulating miRNA profile
after radiation injury potentially have functional conse-
quences for the animal; and 3. Analysis of the circulating
miRNA profile may provide the ability to distinguish lethal
pneumonitis from fibrosis.

SUPPLEMENTARY INFORMATION

Table S1. Supporting information detailing gender
differences in survival, initial dexamethasone administra-
tion, and changes in aerated lung volume after WTLI.
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