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Abstract

Gibbs A, Gupta P, Mali B, Poirier Y, Gopalakrishnan M, Newman D, Zodda A, Down JD,
Serebrenik AA, Kaytor MD, Jackson IL, A C57L/J Mouse Model of the Delayed Effects of
Acute Radiation Exposure in the Context of Evolving Multi-Organ Dysfunction and Failure after
Total-Body Irradiation with 2.5% Bone Marrow Sparing. Radiat Res. 199, 319-335 (2023).

The objective of the current study was to establish a mouse model of acute radiation syndrome
(ARS) after total-body irradiation with 2.5% bone marrow sparing (TBI/BMZ2.5) that progressed
to the delayed effects of acute radiation exposure, specifically pneumonitis and/or pulmonary
fibrosis (DEARE-Iung), in animals surviving longer than 60 days. Two hundred age and sex
matched C57L/J mice were assigned to one of six arms to receive a dose of 9.5 to 13.25 Gy of
320 kV X-ray TBI/BM2.5. A sham-irradiated cohort was included as an age- and sex-matched
control. Blood was sampled from the facial vein prior to irradiation and on days 5, 10, 15,

20, 25, and 30 postirradiation for hematology. Respiratory function was monitored at regular
intervals throughout the in-life phase. Animals with respiratory dysfunction were administered a
single 12-day tapered regimen of dexamethasone, allometrically scaled from a similar regimen
in the non-human primate. All animals were monitored daily for up to 224 days postirradiation
for signs of organ dysfunction and morbidity/mortality. At euthanasia due to criteria or at the
study endpoint, wet lung weights were recorded, and blood sampled for hematology and serum
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chemistry. The left lung, heart, spleen, small and large intestine, and kidneys were processed for
histopathology. A dose-response curve with the estimated lethal dose for 10-99% of animals with
95% confidence intervals was established. The median survival time was significantly prolonged
in males as compared to females across the 10.25 to 12.5 Gy dose range. Animal sex played

a significant role in overall survival, with males 50% less likely to expire prior to the study
endpoint compared to females. All animals developed pancytopenia within the first one- to two-
weeks after TBI/BM2.5 followed by a progressive recovery through day 30. Fourteen percent

of animals expired during the first 30-days postirradiation due to ARS (e.g., myelosuppression,
gastrointestinal tissue abnormalities), with most deaths occurring prior to day 15. Microscopic
findings show the presence of radiation pneumonitis as early as day 57. At time points later

than day 70, pneumonitis was consistently present in the lungs of mice and the severity was
comparable across radiation dose arms. Pulmonary fibrosis was first noted at day 64 but was

not consistently present and stable in severity until after day 70. Fibrosis was comparable across
radiation dose arms. In conclusion, this study established a multiple organ injury mouse model
that progresses through the ARS phase to DEARE-lung, characterized by respiratory dysfunction,
and microscopic abnormalities consistent with radiation pneumonitis/fibrosis. The model provides
a platform for future development of medical countermeasures for approval and licensure by the
U.S. Food and Drug Administration under the animal rule regulatory pathway.

INTRODUCTION

Nonclinical development of medical countermeasures (MCM) for mitigation and/or
treatment of life-threatening illness after acute exposure to ionizing radiation at doses of 2
Gy or above requires animal models that mirror the clinical disease in humans (1). The signs
and symptoms of acute radiation syndrome (ARS) manifest within the first days to weeks
after exposure to high doses of radiation to all or most of the body (2). Individuals who
survive the ARS are at risk for developing the delayed effects of acute radiation exposure
(DEARE) over the weeks to months that follow. ARS and DEARE are characterized by

a constellation of syndromes associated with multiorgan dysfunction and failure (3). The
clinical syndromes reflect not only the radiosensitivity of the progenitor and stem cell
compartments (e.g., bone marrow, gastrointestinal tract, lung), but also the pathobiological
complexity of the disease (e.g., endotheliopathy, coagulopathy, inflammation, fibrosis) (4,
5).

MCMs for ARS and/or DEARE are developed for approval and licensure under the U.S.
Food and Drug Administration (FDA) Animal Rule, a non-traditional regulatory pathway
that relies on demonstrated therapeutic efficacy in well-powered, well-controlled studies
conducted in one or more well-characterized animal models as a surrogate for clinical trials
in humans (6). In addition to efficacy, a robust safety profile, known mechanism of action
targeting key biological pathways underlying disease development, and adequate assurances
of therapeutic dosing in humans based on the drug pharmacodynamic (PD)/pharmacokinetic
(PK) profile are prerequisites for MCM approval. To date, four MCMs have been

approved for label expansion under the Animal Rule based on demonstrated efficacy in
mouse and non-human primate models of total-body irradiation (TBI) for the treatment

of myelosuppression associated with ARS based on the ability to accelerate recovery
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from neutropenia (i.e., filgrastim, peg-filgrastim, sargramostim) and thrombocytopenia (i.e.,
romiplostim) leading to an improvement in overall survival (7-12). As animal models serve
as a surrogate due to ethical and feasibility considerations, the bar for efficacy is purposely
set high to provide reasonable assurance that the results will translate to improved outcomes
in humans. The validity of animal models relies on their ability to recapitulate the signs and
symptoms of the disease in humans, reflect the underlying biological mechanism of disease
progression, and predict clinical outcomes in humans (13).

The mouse (and to a lesser extent the rat) has been extensively used in preclinical research to
model TBI-induced ARS and organ-specific sequelae after localized irradiation to inform on
the biological mechanisms of disease and perform early MCM efficacy screens to elucidate
the best dose, route, and schedule of administration. The mouse is an ideal species for
modeling normal tissue response to radiation due to a deep literature database with well-
characterized molecular, cellular, and immune responses, genetic diversity including in-bred
and outbred strains, and availability of genetically modified animals (1, 14, 15).

The objective of the current study was to develop a C57L/J mouse model of DEARE,
specifically radiation pneumonitis and pulmonary fibrosis (DEARE-lung), in the context of
evolving multiorgan injury associated with ARS after TBI with 2.5% bone marrow sparing
(TBI/BM2.5). The C57L/J mouse strain was selected as lung injury is well characterized

in this model after whole thorax lung irradiation (WTLI) and after TBI with bone marrow
transplant (BMT), and the phenotype of radiation-induced lung injury in this strain mirrors
the anticipated disease in humans (15-18).

WTLI and TBI with “top off” doses have been traditionally used to evaluate MCM

efficacy against DEARE-lung in other mouse strains of higher radiation resistance (19).
However, current studies were designed based on expected outcome in humans and feedback
received from the FDA during a pre-investigational new drug meeting regarding the

drug development plan for BIO 300 (Humanetics Corporation, Minneapolis, MN) as a
MCM for DEARE-lung. Given the likelihood of hematologic acute radiation syndrome
(H-ARS) developing together with gastrointestinal (GI) ARS among individuals exposed to
supratherapeutic radiation doses in a nuclear disaster, and the subsequent development of
late normal tissue responses in individuals surviving through ARS, the FDA recommended
an animal model that will assess the efficacy of BIO 300 within the setting of multiorgan
injury and failure rather than localized exposures (20). To this end, hematology parameters,
body weight, respiratory function and other signs of disease onset, progression, and
resolution or failure were monitored during the in-life phase to establish the profile

of disease progression. Serum chemistry, gross exam, organ weights, and post-mortem
microscopic exam of vital tissues at necropsy provided a comprehensive overview of the
disease pathology for comparison with the reported pathogenesis in the NHP and human.
The result was the development of a product-independent animal model platform for MCM
development including pharmacokinetics/pharmacodynamics, dose-schedule optimization,
and pivotal efficacy studies to bring new and repurposed pharmacological interventions to
approval under the FDA Animal Rule regulatory pathway.
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MATERIALS AND METHODS

Animals

Two hundred age and sex matched C57L/J mice (females: 17.0-22.7 g, males: 24.1-32.6

g, The Jackson Laboratory, Bar Harbor, ME), aged 10-12 weeks on the day of irradiation,
were included on this study. Animals were housed, five per cage, in microisolater cages
containing certified direct contact bedding [Harlan Teklad (Envigo, Frederick, MD) soft cob
bedding, 1/4°” corn cob with enrichment]. Room temperatures were maintained at 23 + 3°C
(68—79°F) with 30 to 70% relative humidity. A 12-hour light/dark cycle was maintained by
Veterinary Resources. Due to the potential incidence of incisor abnormalities and loss when
the head is in the radiation field (21, 22), animals were provided DietGel® Recovery (Clear
H20, Westbrook, ME) ad libitum in addition to the standard food [2018 Teklad Global 18%
Protein diet (Envigo, Frederick, MD)] and chlorinated water (7-9 ppm) in a Hydropact®,
manufactured by the University of Maryland, Baltimore, throughout the study.

Identification, Allocation and Randomization

Animals were identified by a unique tag applied to the pinna of the mouse ear by research
staff no earlier than 48 h after on-site receipt from the vendor. If during the study the ear
tag was damaged or inadvertently removed, the animal was re-tagged, and all prior ear tag
numbers were recorded for traceability. Animals were randomly assigned to radiation dose
arms based on cage number.

Total-Body Irradiation with 2.5% Bone Marrow Sparing

Unanesthetized animals were restrained in a hexagonal jig and exposed to a single uniform
total-body irradiation from a 320 kV Orthovoltage X-ray radiation source (320 kVp, HVL =
1 mm Cu, dose rate 1.662 + 0.03 Gy/min, X-Rad 320, Precision X-ray, North Branford, CT)
with lead shielding of the tibiae (2.5% BM) (Flg. 1). The hexagonal jig remains stationary
during animal irradiation. The radiation doses were 9.5, 10.25, 11, 11.75, 12.5 and 13.25
Gy (n =15 males and 15 females per dose). Sham-irradiated controls (n = 10 males and

9 females) were treated in the same way except the source was not turned on. Radiation
exposure (including sham irradiation) is performed between 9 am and 1 pm to reduce
chronoradiosensitivity as a biological variable (23). Two animals were excluded prior to
study initiation due to not meeting the criteria for inclusion. Therefore, exceptions to the
final enrollment numbers were 9 females in the sham arm (i.e., n = 19 total) and 14 males in
the 10.25 Gy arm (i.e., 29 total).

The X-ray irradiator absolute dose was calibrated in accordance with the American
Association of Physicists in Medicine TG-61 protocol with a National Institutes of
Standards and Technology (NIST)-traceable Farmer type ionization chamber: TN30013,

SN 009805 (PTW, Freiburg, Germany) and electrometer: UNIDOS E TN10010, SN

001106 (PTW, Freiburg, Germany) calibrated biannually by K & S Associates, Inc.
(Nashville, TN) to ensure accuracy in dose delivery. The absorbed dose rate under animal
irradiation conditions was measured in a mouse-mimicking polystyrene phantom using a
pinpoint ionization chamber: CC04, SN 11324 (IBS Dosimetry, Bartlett, TN) that was cross-
calibrated with NIST-traceable Farmer chamber. Measurements were performed in all 6
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possible positions to ensure animals receive the same dose (within £0.5%) at each position.
The TG61 calibration was verified annually by a recognized third-party dosimetry service
(Radiation Dosimetry Services, MD Anderson, Houston, TX). The radiation exposure times
were calculated using the dose rate measured in the mouse mimicking phantom. Prior to any
animal irradiation, output measurements were performed daily using a cross-calibrated ion
chamber corrected for daily pressure and temperature.

Frequency and Schedule of Observations

Animals were observed in their home cage once per day, at a minimum, seven days per
week to monitor signs of morbidity and mortality. Animals were observed for posture, gait,
coat, activity, malocclusions, behavior, and dermatitis. Animal body weight was collected
pre-irradiation and, at a minimum, every 5 * 2 days postirradiation (e.g., 10% or greater
body weight loss or other indications of distress are observed). Rodent incisors were
evaluated at least once per week during the clinical exam throughout the in-life phase of
the study due to tooth loss after irradiation when the head is in-field.

Blood Sampling and Hematology

Blood samples were collected from the facial vein prior to irradiation (between days —14
and -5) and on days 5, 10, 15, 20, 25 and 30 after TBI/BM2.5 or sham irradiation,

where day 0 = irradiation day. Blood was also collected from the inferior vena cava at the
time of scheduled or unscheduled euthanasia immediately following administration sodium
pentobarbital (100 mg/kg, IP) for hematology. Samples were analyzed for complete blood
count by automated analysis using a Beckman Coulter Ac.T diff™ (Beckman Coulter, Inc.,
Miami, FL) followed by a 5-part manual differential and evaluation of cellular abnormalities
on peripheral blood smears.

Respiratory Function

Respiratory function was assessed during the in-life phase using unrestrained, non-invasive
whole-body plethysmograph (WBP, Buxco Research System, Wilmington, NC). Pulmonary
function was assessed at baseline (pre-irradiation) and weeks 2, 4, 6, 8, and 10. After

week 10, pulmonary function was assessed twice per week until the pre-determined study
endpoint (220 days). Briefly, mice were allowed to acclimate in a barometric chamber for at
least 5 minutes, and the recording of the breathing pattern was performed for 10 min. Every
30 s during the recording session, respiratory rate (bpm), tidal volume (mL), minute volume
(mL/min), enhanced pause (Penh, index of constriction), pause (index of constriction), Rpef
(ratio of Te->PEF: Total Te), compliance (unitless), estimated peak inspiratory flow (mL/s),
estimated peak expiratory flow (mL/s), inspiratory time (s), expiratory time (s), expiratory
flow at 50% expired volume (mL/s), end inspiratory pause (ms), end expiratory pause (ms),
and relaxation time (Tr), was determined by the Buxco software (Buxco Research System,
Wilmington, NC).

Dexamethasone

Same sex animals were administered dexamethasone in a tapered regimen when animals of
the same sex within a radiation group exhibited a mean twofold increase in Penh. Penh was
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recorded twice per week during the period when animals were at risk of pulmonary injury
(i.e., days 70 through 220). Animals who relapsed were not treated with any additional
dexamethasone. The regimen was allometrically scaled from the non-human primate (24).
Briefly, animals were treated with dexamethasone at a dose of 5.8 mg/kg (IP) twice per
day on day 1, 2.9 mg/kg (IP) twice per day on days 2-4, 2.9 mg/kg (IP) once per day on
days 5-7, and 2.9 mg/kg (IP) every other day on days 8, 10, and 12, relative to the day of
treatment initiation (i.e., day 1).

Euthanasia Criteria and Necropsy

To determine if the condition of a moribund animal qualifies it for euthanasia, the animal
was evaluated using the criteria summarized as follows: a single criteria of anorexia (=30%
body weight loss between day 1-45; >20% body weight loss between day 46 and 220) -or-
moribund and exhibiting no movement even when stimulated; or a combination criterion
of at least three of the four following criteria met on the same day: 1. >25% body weight
loss (between days 0 and 45), >15% body weight loss (between days 46 and 220), 2.
inactivity, defined as no movement unless actively stimulated, 3. lack of grooming that
worsens after 24 h, 4. abnormal appearance, e.g., persistent hunched posture, piloerection,
and/or hypothermia (i.e., cold to the touch). The body weight criteria for the ARS versus
the DEARE-phase were established based on differences in the manifestation of illness
phase where weight loss occurs due to gastrointestinal damage within the first two-weeks
postirradiation and full recovery has been empirically observed at up to 25-28% loss.

Animals designated for necropsy (either by criteria above, or by having survived to the
planned end of the study) were euthanized by sodium pentobarbital (100 mg/kg, IP).

After blood collection from the inferior vena cava, a bilateral thoracotomy was performed.
Detailed gross necropsies were performed and consisted of a complete external and internal
examination.

Pleural fluid was measured, if observed, and the lungs and heart were removed. Lungs were
separated (left vs. right); weights were individually collected and recorded. The three right
lung lobes were separated and snap frozen in liquid nitrogen for tissue cytokine analysis

or hydroxyproline measurements. The heart weight was collected and recorded. The left
lung lobe (inflated ex vivo through the bronchi with 10% neutral buffered formalin), heart,
spleen, and gastrointestinal tract (e.g., jejunum, duodenum, ileum, and colon), and kidneys
were fixed in 10% neutral buffered formalin for histopathology.

Histopathology

Tissues were shipped in formalin to Histo-Scientific Research Laboratories (HSRL, Inc., Mt.
Jackson, VA), a StageBio Company, for histology and pathology evaluation and reporting.
Slides were evaluated by a board-certified veterinary pathologist. Fibrosis was scored using
a modified fibrosis scoring system (MFSS) based on the Ashcroft scale with a range of

0-8 (25). For example, Grade 0 fibrosis was defined as no fibrotic burden of the alveolar
septa and normal lung structure. Grade 3 fibrosis was defined as contiguous fibrotic walls

of the alveolar septa (i.e., septum >3x thicker than normal) predominantly in the whole
microscopic field and partly enlarged alveoli and rarefied, but no fibrotic masses. Grade 5
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was defined as severely damaged, but still preserved lung structure with confluent fibrotic
masses (10-50% of the microscopic field). Grade 8 fibrosis was defined as non-existent
alveolar septa with complete fibrotic obliteration of the lung structure.

Data Analysis

The proportion of animals that survived for 220 days and the median survival times (length
of time corresponding to a survival probability of 50%) were computed for each of the
radiation dose groups and by sex. Kaplan-Meier plots were used to visualize survival curves
for the different radiation dose groups overall and by sex. The radiation dose-response curve
was estimated by performing a probit regression on the binary response variable (survival) as
a function of the logarithm of the radiation dose.

The standard error for the LDyy 220 estimate was determined by the delta method and was
used to obtain the asymptotic 95% confidence intervals. The mean (£SE) plots were used

to explore the differences in the longitudinal trends of respiratory, hematological parameters
between the different irradiation groups. All analyses and were performed using R version
4.0.2 (2020-06-22) (R Foundation for Statistical Computing, Vienna, Austria) running under
the RStudio interface (Free Software Foundation, Inc., Boston, MA).

RESULTS
Overall Survival after TBI/BM2.5 in 10-12 Week of Age Male and Female C57L/J Mice

Early mortality was observed in the first 30-days postirradiation, with most events occurring
in the first 15-days postirradiation. None of the animals in the sham-irradiated cohort
expired during the first 30 days. The highest mortality during the ARS phase was observed
in the 11-13.25 Gy arms with 13% mortality in the 11 Gy arm, 20% in the 11.75 Gy

arm, 13% in the 12.5 Gy arm, and 23% in the 13.25 Gy arm. Bone marrow failure and
gastrointestinal abnormalities consistent with ARS were common findings.

The onset of major morbidity/mortality associated with DEARE was inversely correlated to
radiation dose and occurred between days 59 to 164 after TBI/BM2.5. The latency period
for male C57L/J mice was longer than that observed in female mice across all radiation
arms, except 13.25 Gy, as shown by the median survival time (Table 1). Kaplan-Meier
curves for 220-day survival for male and female C57L/J mice exposed to 9.5 to 13.25 Gy of
TBI/BM2.5 with 320 kV X rays are shown in Fig. 2A and B, respectively.

Based on the temporal incidence of DEARE-lung and the plateau in major morbidity/
mortality beyond study day 180, probit-estimated lethality was determined at 180-day for
the purposes of dose selection for future studies. Probit curves for 180-day survival with
95% confidence interval for male and female mice are shown in Fig. 2C and 2D. The Probit-
estimated lethal dose for 10-99% of animals within 180-days after TBI/BM2.5 is shown

in Table 2. Probit-estimated lethality profiles were also generated for 150-day and 220-day
survival (Supplementary 2 Fig. S1A and B; https://doi.org/10.1667/RADE-22-00178.1.S1).

2Editor’s note. The online version of this article (DOI: https://doi.org/10.1667/RADE-22-00178.1) contains supplementary
information that is available to all authorized users.
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Significant Difference in Overall Survival between Male and Female C57L/J mice after TBI/
BM2.5 at Doses between 9.5 to 13.25 Gy

The difference in survival between male and female C57L/J mice was statistically
significant. The dose modifying factor (DMF) for male C57L/J mice with respect to female
C57L/J mice on 220-day survival was 1.05. The DMF for male sex on both 150- and 180-
day survival was 1.04. Based on cox-proportional hazards regression analysis, the hazard
ratio for 220-day survival in male mice compared to female mice was 0.51 (95% confidence
interval (CI): 0.37, 0.70). This suggests there was a significant difference in 220-day survival
between male and female mice (P < 0.0001), i.e., the hazard of death for male C57L/J mice
was approximately 50% lower than female mice. Further, the analysis showed that, for a
given sex of the animal, the hazard of death is increased two-fold (hazard ratio — 1.96; 95%
Cl: 1.70, 2.25) for each incremental increase (i.e., 75 cGy) in radiation dose.

Pancytopenia Associated with ARS during the First 30-Days after TBI/BM2.5

Animals developed pancytopenia associated acute radiation sickness during the first 30-
days postirradiation. Longitudinal changes in the absolute lymphocyte count (ALC) (Fig.
3A), absolute neutrophil count (ANC) (Fig. 3B), platelet count (Fig. 3C), red blood cell
count (Fig. 3D), and hemoglobin (Fig. 3E) show a similar declining trend in the mean

(£SE) between baseline (pre-irradiation) and day 5 for ANC or day 10 for platelet count,
hemoglobin, and red blood cell counts. Hematology parameters began to recovery between
days 15-20. The longitudinal mean of cell counts (e.g., neutrophils, platelets, and red blood
cells) and hemoglobin over the first 30-days after TBI/BM2.5 were found to be similar
among animals expiring prior to the study endpoint and 220-day survivors. The duration of
neutropenia and recovery of ANC to >1,000 cell/ul was consistently longer in female mice
than male mice (Table 3). The mean time to first day for platelet cell counts less than 50,000
and 20,000 cells/ul was 10 days. Only 6 animals had platelet count less than 20,000 cells/pul.
The duration of thrombocytopenia and recovery of platelets to >50,000 cell/pl was observed
to be similar between males and females. However, the frequency of blood draws (i.e., every
5 days between day 0 and 30) may have masked differences due to the rapid rate of decline
and recovery of hematology parameters. Mean platelet nadir was slightly lower in female
mice as compared to male mice. The 13.25 Gy group demonstrated slightly slower, stable
and less drop in longitudinal mean hemoglobin levels compared to other radiation groups.

Functional Manifestation of Lung Injury Associated with DEARE in C57L/J mice after TBI/

BM2.5

Female C57L/J met the protocol-defined criteria for initiation of dexamethasone starting on
weeks 11 (12.5 Gy) or 12 (11, 11.75 or 13.25 Gy), 13 (10.25 Gy) or 15 (9.5 Gy) after TBI/
BM2.5 (Supplemental Fig. S2; https://doi.org/10.1667/RADE-22-00178.1.S1). In contrast,
male C57L/J mice in the 9.5 Gy arm did not trigger for dexamethasone treatment (i.e., the
mean Penh did not double in this group) during the 220-day follow-up after TBI/BM2.5.
Male C57L/J mice exposed to 10.25 or 13.25 Gy triggered in week 13, those exposed to

11 or 11.75 Gy triggered in week 14, and animals exposed to 12.5 Gy triggered in week

12 after TBI/BM2.5. None of the sham-irradiated controls triggered for treatment with
dexamethasone.
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Longitudinal changes in pulmonary function after TBI/BM2.5 in C57L/J mice is shown in
Fig. 4. The latency period prior to the onset in respiratory dysfunction is approximately
10 weeks. A marked increase in Penh (unitless measurement of airway congestion,

Fig. 4A) was observed coincident with the increased incidence of mortality between
70-180 days (10 — ~26 weeks) after TBI/BM2.5. A decrease in Penh was observed
concomitant with the initiation of dexamethasone treatment; however, the response was
not durable beyond the completion of treatment. An immediate rebound in Penh followed
by rapid onset of mortality was observed (Supplemental Fig. 2; https://doi.org/10.1667/
RADE-22-00178.1.S1). Changes in end expiratory pause (EEP, Fig. 4B), inspiratory time
(Ti, Fig. 4C), and expiratory time (Te, Fig. 4D) were also noted.

Edema/Congestion and Histological Evidence of Radiation Pneumonitis/Fibrosis

Wet lung weights, an indicator of edema/congestion are shown in Fig. 5A-D by sex and
survival outcome. Left and right wet lung weights were significantly higher in male C57L/J
mice exposed to 9.5-12.5 Gy, but not 13.25 Gy when compared to the sham-irradiated
control arm (P < 0.1 vs. control, Fig. 5A and B, Table 4). The left wet lung weight in female
C57L/J mice exposed to 10.25 and 11 Gy was significantly higher than the sham-irradiated
controls (P = 0.0004 and P = 0.0015 vs. controls, respectively, Fig. 5C, Table 4). Data also
revealed that female mice exposed to 9.5 Gy, 10.25 Gy, and 11 Gy had significantly higher
right wet lung weights compared to the sham-irradiated controls (P < 0.01, Fig. 5D, Table 4).
Pleural effusions were not observed.

Representative micrographs of tissue abnormalities and architectural distortion after
radiation are shown in Fig. 5E-J. Microscopic findings consistent with radiation
pneumonitis (including hyaline membranes, interstitial inflammation with necrosis and
fibrin thrombi, infiltration of alveolar spaces by macrophages and perivascular mononuclear
infiltrates) were not consistently observed until later time points. One animal showed
pathological findings consistent with pneumonitis/fibrosis as early as study day 57. At

time points later than study day 70, pneumonitis was consistently present and comparable
between irradiated groups. Significant fibrosis in association with pneumonitis was noted at
study day 64 in a single animal but was more consistently present at later time points. Mild
to moderate fibrosis was consistently present at time points later than study day 70 in all
treatment groups.

There was a significant increase in lung fibrosis among irradiated animals. The incidence of
moderate fibrosis was particularly marked among animals surviving to the study endpoint

(Fig. 6).

Other Pathological Manifestations of Acute and Delayed Radiation Injury after TBI/BM2.5 in
C57L/J Mice

Figure 7A and B shows the blood urea nitrogen (BUN) at euthanasia for the different
radiation groups by sex and survival outcome. No clear trend is seen in the BUN distribution
among animals expiring prior to the study endpoint. Elevated BUN (>30 mg/dL) at the time
of euthanasia was observed in ten animals. Nine of the 10 incidences occurred in the first
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120-days postirradiation. BUN > 30 mg/dL was observed in only a single animal surviving
to the study endpoint.

Figure 7C and D depicts lactate levels at euthanasia for the different radiation groups by sex
and survival outcome. Lactate levels were markedly elevated among animals surviving to the
study endpoint in male mice in the 10.25 Gy arm.

Figure 7E and F show heart weights among animals euthanized prior to the study endpoint
or at the time of scheduled euthanasia. There was a significant decrease in heart weights
among C57L/J mice expiring prior to the study endpoint as compared to the sham controls.
By 220 days, the heart weights were not significantly different between irradiated animals
and the sham-control. Statistical comparisons for BUN, lactate levels, and heart weights are
shown in Table 5.

Figure 7G-1 shows representative micrographs of radiation-associated microscopic findings
in the spleen and intestines. Degeneration and apoptosis of intestinal crypt epithelium

with crypt hyperplasia and villus blunting, lymphoid depletion in the spleen and increased
extramedullary hematopoiesis (EMH) in the spleen were observed. Changes in the intestinal
tract and lymphoid depletion were primarily observed at very early time points (<day 16).
Microscopic findings of the gastrointestinal tract and spleen of eight animals exposed to
11.0 and 13.25 Gy and expiring between days 6 and 16 showed mild to moderate apoptosis
of crypt epithelium, minimal crypt abscesses, mild to moderate crypt hyperplasia, mixed

cell inflammation, marked to severe lymphoid depletion, and markedly to severely increased
EMH. Moderate to severe villus blunting and mixed cell inflammation of the gastrointestinal
tract/mucosa were observed, but not consistently. An increase in EMH was also observed

at later time points. Additional microscopic findings that were considered unrelated to
irradiation (due to the sporadic occurrence, presence in control group, and/ or are common
background findings in mice) included mononuclear infiltrates in the heart and kidneys (data
not shown).

DISCUSSION

The objective of the current study was to develop a mouse model of radiation pneumonitis/
fibrosis in the context of evolving multiorgan injury associated with TBI across a dose-range
expected to induce ARS progressing to DEARE-lung. Furthermore, it is anticipated that this
model would be used for the development of MCMs to be submitted for approval under the
FDA Animal Rule regulatory pathway.

The model was designed to provide a product-independent platform for testing the

safety, PK/PD, and efficacy of MCMs for the mitigation of ARS/DEARE. The study

design involved extensive discussion and concurrence with the study sponsor, Humanetics
Corporation, the Radiation and Nuclear Countermeasures Program at the National Institutes
of Allergy and Infectious Diseases, and the FDA, Division of Imaging and Radiation
Medicine.

To accomplish the objectives of this study, age- and sex-matched C57L/J mice (10-12
weeks of age) were selected as the appropriate species/strain based on prior literature (15,

Radiat Res. Author manuscript; available in PMC 2024 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gibbs et al.

Page 11

26, 27). There is a rich diversity in phenotypic outcomes among mouse and rat strains
following localized lung irradiation that have been extensively characterized and exploited
to identify the genetic determinants of disease (28-31). The C57L/J strain was previously
characterized as developing an early pneumonitis and late fibrosis phenotype mirroring
the response observed in both the non-human primate and the human lung. Further,

the ability to dissociate pneumonitis from fibrosis through pharmacological intervention
and radiation dose fractionation suggests these pathologies are not inextricably linked
(15, 32). Therefore, separate MCMs will likely be required to effectively target the
pathophysiological mechanisms underlying the two disease conditions and demonstrate

a therapeutic benefit against life-threatening acute pneumonitis and chronic, debilitating
fibrosis.

The left tibia of each animal was shielded in this study to avoid dose-limiting hematopoietic
failure and assess the evolution of ARS to DEARE over a 220-day period postirradiation.

In a radiological or nuclear incident, it is anticipated that individuals will be exposed to
inhomogeneous doses of irradiation and therefore this model more closely resembles the
human situation (20). The precise percentage of bone marrow spared due to shielding of the
left tibia is unclear as formal studies of regional active hematopoiesis were not performed.
However, it is estimated based on the literature that the model spares approximately 2 to
2.5% of the bone marrow (33).

In this study, the Probit-predicted lethal dose for 50% of animals, by sex, within the first
180-days after TBI/BM2.5 was estimated as 10.01 Gy in male C57L/J mice and 9.66 Gy

in female C57L/J mice. The LDvq150 is estimated as 10.29 Gy and 9.86 Gy, in male

and female C57L/J mice, respectively. Data demonstrated female mice were significantly
more radiosensitive than males after TBI/BM2.5. The dose modifying effect of sex on 220,
180, and 150-day survival was 1.05, 1.04 and 1.04, respectively. This is similar to the
Chinese-bred rhesus macaque where the lethal dose for 50% of animals within the first
180-days (LDsg/180) after whole thorax lung irradiation is estimated as 10.24 Gy (95%

Cl: 9.87-10.52 Gy) for male and 10.28 Gy (95% CI: 9.68-10.92) for female animals

(34). In those studies, no significant difference in the LD5q/1g0 between male vs. female
non-human primates was observed. In partial-body exposures with 5% bone marrow sparing,
the LD5g/180 Was 9.95 Gy (95% CI: 9.35-10.29), demonstrating the similarity in pulmonary
radiation dose response between the C57L/J mouse strain and the non-human primate.
Likewise, the onset of clinical pneumonitis in humans after a single dose of whole lung
irradiation is approximately 7.5 Gy with 100% incidence occurring after doses of 11-12 Gy
(35).

Similar to the non-human primate model of partial body irradiation with bone marrow
sparing, the LDsg189 Was lower in both male and female C57L/J mice after TBI/BM2.5
compared to whole thorax lung irradiation (34). This is likely, in part, a result of 30-day
mortality due to ARS and evolving multiorgan injury associated with DEARE. In a C57L/J
mouse model of TBI with bone marrow transplant (BMT), animals developed severe, lethal
radiation pneumonitis approximately 4 months postirradiation with focal fibrotic lesions
observed in animals surviving to the 8-month study endpoint (17). The pathobiological
phenotype of lung injury in the TBI/BM2.5 model was closely similar to that observed in
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the C57L/J model of TBI plus BMT. The TBI/BM2.5 model is considered more suitable for
evaluation of MCM efficacy to mitigate and/or treat DEARE-lung as BMT is not generally
recommended for radiation injuries.

The clinical course of ARS progressing to DEARE has been documented in rat and non-
human primate models as well as humans. To monitor the onset, severity, and duration
of myelosuppression associated with ARS in animals exposed to TBI/BM2.5, blood was
sampled at scheduled time points prior to irradiation and from days 5-30 postirradiation.
Acute renal toxicity was evaluated based on reported results in the rat model of TBI

with bone marrow shielding demonstrating significant renal impairment associated with
the DEARE (36, 37). Although renal injury has been reported to arise later in mice than
in rats, a renal panel, including blood urea nitrogen, was performed in serum samples
collected at the time of euthanasia due to cause or upon reaching the study endpoint.
Respiratory function was monitored at baseline and throughout the in-life phase. At the
time of unscheduled or scheduled euthanasia, a gross exam of vital organs was performed,
and organ weights collected. Post-mortem microscopic exam of tissues was performed to
evaluate the pathology of multiorgan injury.

Animals developed myelosuppression associated with acute radiation sickness during the
first 30 days. Approximately 25 animals (11.9%) expired during the ARS phase. Among
animals euthanized due to criteria for major morbidity during the ARS phase, microscopic
findings included degeneration and apoptosis of intestinal crypt epithelium with crypt
hyperplasia and villus blunting, lymphoid depletion in the spleen consistent with the clinical
pathology of ARS. Changes in the intestinal tract and lymphoid depletion were primarily
observed at very early time points (<day16). Increased extramedullary hematopoiesis in the
spleen was present primarily at later time points.

The primary endpoint for survival was 180-days based on prior data. However, the in-life
phase was extended to 220-days postirradiation to monitor the progression of disease until
major morbidity/mortality reached a sustained plateau. The rationale was based on guidance
from the FDA to inform upon the length of future studies to adequately monitor the
durability of MCM response. The majority of deaths due to DEARE occurred between
study days 70 and 150 after which mortality reached a plateau.

Animals were treated with dexamethasone when the mean Penh, a unitless measure of
airway congestion that corresponds to acute respiratory distress, doubled for an individual
treatment cohort (i.e., segregated by radiation dose and animal sex). Dexamethasone was
administered to animals on a population-based trigger to treat schedule and at a dose
allometrically scaled from the non-human primate to the mouse due to minimal existing
literature to provide appropriate dosing information. In this study, male C57L/J mice in
the 9.5 Gy arm did not reach the necessary threshold for respiratory dysfunction to require
treatment with dexamethasone; whereas female mice exposed to 9.5 Gy arm triggered for
treatment during week 15 after TBI/BM2.5. Both male and female mice exposed to 10.25
Gy TBI/BM2.5 triggered during week 13. In animals exposed to 11 or 11.75 Gy, female
mice triggered for treatment during week 12 compared to week 14 in male mice. At 12.5
or 13.25 Gy, female C57L/J mice met criteria for dexamethasone treatment in weeks 11 or
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12, respectively, compared to weeks 12 or 13, respectively, in male mice. In all groups, Penh
decreased in response to dexamethasone treatment, but the response was not durable once
treatment stopped.

The delayed onset of respiratory distress, measured by Penh, in male C57L/J mice was
consistent with the reduced rate of mortality compared to female C57L/J mice. In the 9.5
Gy arm, 180-day mortality was 20% in male C57L/J mice compared to 33.3% in female
C57L/J mice. At 10.25 Gy, mortality was 57.1% versus 93.3% in male versus female mice,
respectively. However, at doses of 11 Gy or higher, there was 100% mortality in both sexes
by day 180 after TBI/BM2.5. The effect of dexamethasone on study outcomes cannot be
fully elucidated as non-treated comparator arms were not included. However, at a minimum,
treatment with dexamethasone did not appear to improve overall survival on day 180.

In the 13.25 Gy arm, particularly among male mice, death appeared to be primarily due
to damage to organs other than the lung (e.g., decreased heart weight, limited edema/
congestion as determined by lung weight). It is likely that this is the threshold dose for
injury to one or more organs that manifest earlier than the lung.

The supportive care regimen utilized in this study was carefully considered. In mutual
agreement with the study sponsor, the model was developed in the absence of the current
standard of care (e.g., antibiotics, cytokine therapy) to minimize animal stress resulting from
multiple procedures (e.g., daily subcutaneous injections to administer cytokine therapy).
However, it is expected that MCM development will include a superiority/non-inferiority
study with cytokine therapy (e.g., Neupogen®, Neulasta® or Leukine®) during early efficacy
screening to define the best dose and schedule have been completed.

Antibiotics were not included to harmonize the model with existing TBI models in the
mouse at other national institutions. A review of the literature suggests administration of
enrofloxacin, a first-line antibiotic in large animal models of ARS, in the drinking water is
not recommended due to the pharmacokinetics of the drug (38, 39). It was determined that
therapeutic plasma concentrations could not be achieved except through daily subcutaneous
injections. Further, Plett et al. found no significant 30-day survival advantage for animals
treated with ciprofloxacin and levofloxacin when compared to the no-antibiotic support arm
(23). Efficacy data in those studies did demonstrate a benefit with neomycin-treated water
and doxycycline chow. However, as swollen muzzle syndrome is not an outcome observed
at the University of Maryland School of Medicine (UMSOM) in mouse models exposed to
total or partial body irradiation, it was determined that the benefit did not outweigh the risk
(e.g., antibiotic resistance, etc.).

The TBI/BM2.5 model allows development of ARS, but with hematological recovery among
the majority of animals. Animals surviving through the ARS phase progress to multiorgan
dysfunction and failure, including DEARE-lung. The natural history of disease progression
following TBI/BM2.5 is consistent with both experimental data generated in the non-human
primate model of TBI with 5% bone marrow sparing and anecdotal evidence in humans
where victims survived through the ARS phase with moderate to advanced supportive care
measures only to then go on to develop life-threatening radiation pneumonitis/fibrosis. In
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parallel to the current study, a 180-day study was conducted in the non-human primate
model of TBI/BM5 at a dose (10.0 Gy) resulting in 75% mortality among the vehicle control
arm in the presence of advanced supportive care (e.g., cytokine therapy, blood transfusions,
and steroids). Comparative analysis between the models will be the subject of future

studies to bridge potential knowledge gaps in the natural history of disease progression

and therapeutic efficacy of medical countermeasure interventions. Taken together, the model
appears to be adequate for screening medical countermeasures for DEARE-lung in the
context of evolving multiorgan injury associated with TBI/BM2.5.

In summary, the C57L/J mouse model of TBI/BM2.5 in the dose range of 9.5-13.25 Gy
progresses through the acute radiation syndrome to go on to develop delayed effects of
acute radiation exposure, namely pneumonitis and fibrosis. This model recapitulates the
pathogenesis observed in non-human primates after total-body irradiation with 5% bone
marrow sparing and in humans based on anecdotal evidence from radiation accidents (40).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIG. 1.
Panel A: Schematic illustration of the hexagonal jig and shielding design for uniform

total-body irradiation with 2.5% bone marrow sparing. Animals are irradiated in a stationary
position using a 320 kV Orthovoltage X-ray radiation source (320 kVp, HVL =1 mm Cu,
dose rate 1.662 + 0.03 Gy/min, X-Rad 320, Precision X-ray, North Branford, CT). Panel B:
Gafchromic film imaging of animals in the irradiation set-up.
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Kaplan-Meier curves are presented for 220-day survival in age matched male (panel A) and
female (panel B) C57L/J mice exposed to 9.5 to 13.25 Gy TBI/BM2.5, or sham irradiation.
The median survival time was estimated as 59-164 days in male mice and 77-116 days

in female mice. Probit model predicted lethality of male (panel C) and female (panel D)
C57L/J mice (10-12 weeks of age on the day of irradiation) within the first 180 days
postirradiation to TBI/BM2.5. The gray region represents the 95% CI of the radiation
dose-response curve, and the brown points represent the observed data.
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Pancytopenia consistent with the hematopoietic subsyndrome of the acute radiation
syndrome was observed during the first 30-days postirradiation. Longitudinal changes in
panel A absolute lymphocyte count (ALC), panel B) absolute neutrophil count (ANC),
panel C) platelet count, panel D) red blood cell (RBC) count, and panel E) hemoglobin
during the ARS phase after TBI/BM2.5 in C57L/J mice (n= 14-15 males and 15 females
per radiation arm, 10 males and 10 females in the sham-irradiation control arm). Blood
was sampled from each animal prior to sham-TBI/BM2.5 or TBI/BM2.5 and on days
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5, 10, 15, 20, 25, and 30 postirradiation. Complete blood count with 5-part differential
was performed. There was a statistically significant decline in ALC, ANC, RBC, and
hemoglobin on day 5 postirradiation (P = 0.002). By day 30, the ANC in the 13.25 Gy arm
was statistically increased over the sham-irradiation arm (P < 0.0001). Hemoglobin levels
were not significantly lower than the control arm except in the 11.0 Gy TBI/BM2.5 arm.
There was no significant difference in RBC among any radiation arms by day 30. Data are
presented as mean + SE at each time point.
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FIG. 4.
Respiratory dysfunction correlates with the temporal onset and progression of radiation

pneumonitis/fibrosis. Longitudinal changes are shown for panel A - Penh, panel B -end
expiratory pause (EEP), panel C - inspiratory time (T1), panel D - expiratory time (TE). Data
are presented as mean + SE (n = 14-15 male and 15 female per radiation arm, 10 male, 10
female in the sham-control arm), separated by dose and sex.
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FIG. 5.
Edema/congestion and microscopic abnormalities consistent with radiation pneumonitis and

fibrosis in the lungs of C57L/J mice exposed to 9.5-13.25 Gy TBI/BM2.5. Left and right
lung weights for male (panels A and B) and female (panels C and D) animals at the time

of unscheduled euthanasia (e.g., decedents) or scheduled euthanasia at the study endpoint
(e.g., 220-day survivors). The lung weights were compared between sham-irradiated animals
and the different radiation groups in males and females, separately, irrespective of survivor
status. Kruskal Wallis test at a significance level of 5% was used as a global test. If the
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global test was significant, pair-wise comparison adjusting for multiple comparisons by
Bonferroni method (adjusted level of significance = 0.0083) was performed. The statistical
significance of a radiation group compared to the sham-irradiated group is denoted by

an asterisk on the graph. There was a statistically significant difference in wet lung

weight between male animals euthanized prior to the 220-day study endpoint and the
sham-irradiated controls for all study arms except for 13.25 Gy. In females, left lung
weights in the 10.25 and 11 Gy arm and right lung weights in the 9.5, 10.25, and 11 Gy
arms were significantly different from the sham-irradiated controls. Panel E: Representative
image of normal pulmonary architecture in aged C57L/J mice (i.e., study day 222). Panel

F: Mild infiltration of alveolar spaces by macrophages (black arrow) and minimal hyaline
membrane formation within the alveoli (red arrow) were a common feature (9.5 Gy, study
day 224). Panel G: Moderate interstitial fibrosis (black arrow) with thickening of alveolar
septa and occasional nodular thickening (modified ashcroft score = 5) were observed (9.5
Gy, study day 224). Panel H: Moderate infiltration of alveolar spaces by macrophages (black
arrow), mild hyaline membrane formation (red arrow), and mild mixed cell inflammation
of the interstitium (green arrow) (10.25 Gy, study day 121). Panel I: There was moderate
infiltration of alveolar spaces by macrophages (black arrow), moderate hyaline membrane
formation within alveoli (red arrow), and mild perivascular infiltration by mononuclear cells
(yellow arrow) in the lungs on day 112 after 13.25 Gy. Panel J: There was mild interstitial
fibrosis (arrow) with thickening of alveolar septa (modified ashcroft score = 3) on day 128
after 13.25 Gy. All photomicrographs are 10x magnification, unless otherwise noted.

Radiat Res. Author manuscript; available in PMC 2024 April 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Gibbs et al.

Page 24

A
* * * * * *
54 o CO00
4- o0 n&n 0000 e080888e OOOO0D S}
)]
& 3- oolao oo0 .T. ooo:l:ooo 0000
E
24 Q00 [ee] e %
1+ 0
e ® evoe
1 I 1 1 1 1
95 10.25 1 11.75 12.5 13.25
Irradiation Dose, Gy
* * % * * * B
54 0 )
4 oC) OCO0000 o eeee) )
» +
E 31 % 0eece oooTum 0000
= T
24 00000 ° ® { co T
14 0 o ® [oceoc)
) eeee] o fe'e)
1 I 1 1 1 1
9.5 10.25 11 11.75 125 13.25

FIG. 6.

Irradiation Dose, Gy

There was a significant increase in lung fibrosis among irradiated male (panel A) and female
(panel B) C57L/J mice in all study arms compared to the sham-irradiated controls. The
MFSS scores were compared between sham-irradiated animals and the different radiation
groups in males and females separately irrespective of survivor status. Kruskal Wallis test

at a significance level of 5% was used as a global test. If the global test was significant, pair-
wise comparison adjusting for multiple comparisons by Bonferroni method (adjusted level
of significance = 0.0083) was performed. The statistical significance of a radiation group
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compared to the sham-irradiated group is denoted by an asterisk on the graph. Masson’s
trichrome stained lung sections were scored by a board-certified veterinary pathologist
using a modified fibrosis scoring system (MFSS). (Hibner RH, Gitter W, El Mokhtari NE,
Mathiak M, Both M, Bolte H, Freitag-Wolf S, B Bewig. Standardized quantification of
pulmonary fibrosis in histological samples. BioTechniques 44:507-517, 2008.)
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Multiorgan injury after TBI/BM2.5. Blood urea nitrogen (BUN) levels in male and female
C57L/J mice at the time of unscheduled euthanasia (e.g., decedents) or scheduled euthanasia
after the 220-day study endpoint (panel A: male; panel B: female). BUN, lactate levels and
heart weight were compared between sham-irradiated animals and the different radiation
groups in males and females separately irrespective of survivor status. Kruskal Wallis test

at a significance level of 5% was used as a global test. If the global test was significant,
pair-wise comparison adjusting for multiple comparisons by Bonferroni method (adjusted
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level of significance = 0.0083) was performed. The statistical significance of a radiation
group compared to the sham-irradiated group is denoted by an asterisk on the graph. Blood
lactate levels (panel C: male; panel D: female) were significantly elevated among male
C57L/J 220-day survivors in the 10.25 Gy arm compared to the sham-irradiated controls.
Elevation in blood lactate levels suggests impairment in tissue oxygenation. Heart weight
was significantly decreased among animals euthanized prior to the study endpoint due to
criteria across all radiation arms (panel E: male; Panel F: female). Panel G: The Jejunum
of a mouse on day 6 after 13.25 Gy TBI/BM2.5 shows marked crypt hyperplasia (black
arrow), severe villus blunting (blue arrow) and moderate degeneration (red arrow) and loss
of crypts. 4x magnification. Panel H: Severe lymphoid depletion and severely increased
extramedullary hematopoiesis (black arrow) was observed in the spleen on day 14 after

11 Gy TBI/BM2.5. Panel I: Extramedullary hematopoiesis (black arrow) of the spleen was
markedly increased on study day 132 after 10.25 Gy TBI/BM2.5. All images are 10x
magnification unless otherwise noted.
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TABLE 1
Median Survival Time (95% CI) in C57L/J Mice after TBI/BM2.5 in the Dose Range of 9.5 to 13.25 Gy

Radiation group

Median survival time, days (95% CI)

Male Female Mixed sex
Sham (0 Gy) NA NA NA
9.5 Gy NA NA NA
10.25 Gy 164 (120, NA) 116 (100,126) 122 (118,164)
11 Gy 119 (102,128) 106 (76,117)  112.5(100,119)
11.75 Gy 119 (97,142) 83 (76,102) 92.5 (83,119)
12.5 Gy 108 (97,120) 90 (82,105) 97 (90,109)
13.25 Gy 59 (31,100) 77 (66,97) 66.0 (59,96)
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