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Abstract

Lymphoid lineage recovery and involution after exposure to potentially lethal doses of ionizing 

radiation have not been well defined, especially the long-term effects in aged survivors and with 

regard to male / female differences. To examine these questions, male and female C57BL/6 mice 

were exposed to lethal radiation at 12 weeks of age in a model of the Hematopoietic-Acute 

Radiation Syndrome, and bone marrow, thymus, spleen and peripheral blood examined up to 24 

months of age for the lymphopoietic Delayed Effects of Acute Radiation Exposure. Aged mice 

showed myeloid skewing and incomplete lymphocyte recovery in all lymphoid tissues. Spleen and 

peripheral blood both exhibited a mono-phasic recovery pattern while thymus demonstrated a bi-

phasic pattern. Naïve T cells in blood and spleen and all subsets of thymocytes were decreased in 

aged irradiated mice compared to age-matched non-irradiated controls. Of interest, irradiated 

males experienced significantly improved reconstitution of thymocyte subsets and peripheral 

blood elements compared to females. Bone marrow from aged irradiated survivors was 

significantly deficient in the primitive lymphoid-primed multipotent progenitors and common 

lymphoid progenitors, which were only 8–10% of levels in aged-matched non-irradiated controls. 

Taken together, these analyses define significant age- and sex-related deficiencies at all levels of 

lymphopoiesis throughout the lifespan of survivors of the Hematopoietic-Acute Radiation 

Syndrome, and may provide a murine model suitable for assessing the efficacy of potential 

medical countermeasures and therapeutic strategies to alleviate the severe immune suppression 

that occurs after radiation exposure.
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INTRODUCTION

The acute radiation syndromes (ARS) and the delayed effects of acute radiation exposure 

(DEARE) in survivors of ARS are serious and potentially lethal outcomes of exposure to 

high-dose radiation. Treatments for the hematopoietic-ARS (H-ARS) include the recently 

approved medical countermeasures (MCM) Neupogen (granulocyte colony stimulating 

factor, G-CSF), Neulasta (pegylated G-CSF), and Leukine (GM-CSF) (Singh and Seed 

2020), which stimulate primitive hematopoietic progenitor cells to produce life-saving blood 

elements, primarily of the myeloid lineage (Plett et al. 2012, Farese et al. 2013, Chua et al. 

2014, Hankey et al. 2015, Satyamitra et al. 2017). Although these MCM significantly 

increase survival from H-ARS, they do little to alleviate the morbidity of DEARE and its 

devastating multi-organ dysfunction, including long-term hematopoietic insufficiency.

One of the most serious consequences of hematopoietic DEARE is defective lymphocyte 

reconstitution and its subsequent immune insufficiency. Survivors of H-ARS often suffer 

from long-term T-cell deficiencies that dampen robust protective immune responses, 

including decreased T-cell number, imbalanced CD4/CD8 ratio, and compromised naive T-

cell receptor diversity (Dainiak et al. 2003). Long term survivors, as well victims of the 

atomic bombings of Hiroshima and Nagasaki (Sasaki et al. 1991, Kamiya et al. 2015) and 

cancer patients that have received radiotherapy (Bhatia et al. 1996), also experience 

increased incidence of infections and cancer, likely due to deficient T-cell surveillance (van 

Heijst et al. 2013). Many of these immune perturbances also occur to a lesser degree during 

normal aging in association with thymic involution. Thymic involution, the age-related loss 

of thymic mass and reduction of naïve T cell output, correlates with reduced immune 

surveillance and onset of cancers, autoimmunity, and infectious diseases in aging (Rezzani et 

al. 2014). Age-related thymic involution and its associated immune dysfunction are 

exacerbated by previous radiation exposure, further compounding the immune deficiencies 

in hematopoietic DEARE.

While immune dysfunction has been well characterized in normal aging (Denkinger et al. 

2015), as well as in the acute phase of radiation exposures, little is known regarding the 

immune suppression that occurs during DEARE. Generation of functional immunity is a 

complex process. Briefly, bone marrow (BM) long-term hematopoietic stem cells (LT-HSC) 

differentiate into multipotent progenitors (MPP), followed by lymphoid-primed multipotent 

progenitors (LMPP), and then common lymphoid progenitors (CLP). LMPP and CLP 

emigrate from the BM to the thymus where they differentiate into CD4-CD8- double 

negative (DN) cells, followed by CD4+CD8+ double positive (DP) cells, and finally single 

positive CD4+ or CD8+ T cells. Mature CD4+ and CD8+ T cells migrate from the thymus 

into peripheral blood (PB) and secondary lymphoid organs, where they initiate 

immunosurveillance. Due to the rapid proliferation and turnover of thymocytes, the thymus 

is highly radiosensitive. Remaining CLP in the BM develop into mature B cells (Germain 

2002, Zlotoff and Bhandoola 2011).

The authors have previously developed a well-characterized murine model of H-ARS and 

DEARE in young adult C57BL/6 mice, and have used this model to study mechanisms and 

efficacy of MCM against radiation for licensure and treatment strategies (Plett et al. 2012, 
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Shakhov et al. 2012, Hoggatt et al. 2013, Chua et al. 2014, Garrett et al. 2014, Plett et al. 

2014, Plett et al. 2015, Unthank et al. 2015, Fish et al. 2016, Dynlacht et al. 2017, Chua et 

al. 2019, Garrett et al. 2019, Jones et al. 2019, Unthank et al. 2019). Herein, the authors have 

characterized the prolonged immunosuppression at all levels of lymphocyte development in 

these acute and chronic radiation models. Data presented here aim to increase understanding 

of the severe immune dysfunction that occurs in radiation survivors, with the ultimate goal 

of generating a mouse model suitable for assessing the efficacy of potential MCM and 

therapeutic strategies.

MATERIALS AND METHODS

Mice

Specific pathogen-free C57BL/6 mice (50:50 male:female; Jackson Laboratory, Bar Harbor, 

Maine, United States) were received at 10 weeks of age and acclimated for 2 weeks prior to 

irradiation. All studies were approved by our Institutional Animal Care and Use Committee.

Study design

Irradiated (IR) mice analyzed in these studies were vehicle controls from 54 MCM screening 

studies performed over a period of 9 years (2010–2018), and are referred to herein as “IR”. 

Non-irradiated (NI) age- and sex-matched mice aged along with the IR mice served as 

controls. Husbandry and health status monitoring were carried out as previously described 

(Plett et al. 2015, Chua et al. 2019). Surviving mice at d30 post-IR were allowed to age in 

our animal facility for up to 24 mo. of age [21 mo. post-total body irradiation (TBI)]. 

Between days 1–30 (d1–30) post-irradiation (post-IR), mice were provided with autoclaved 

acidified water and wet feed ad libitum. Autoclaved acidified water was changed to non-

acidified non-autoclaved reverse osmosis water after d30 and throughout the DEARE phase. 

Subgroups of aging mice were euthanized at defined time points and assessed for immune 

parameters as described herein. Some aging mice required humane euthanasia due to 

ulcerative dermatitis, labored breathing, severely hunched posture, inactivity, neurological 

symptoms or the presence of abnormal growths negatively affecting movement.

Irradiation and dosimetry

Irradiation and dosimetry were performed as previously described (Plett et al. 2015, Chua et 

al. 2019). Mice were exposed cranial-caudal on a rotating platform to single uniform TBI 

doses of 8.72 (estimated LD70/30) or 9.04 Gy (estimated LD90/30) (Plett et al. 2015) 

gamma radiation from a stationary 137Cs radiation source (Mark 1 Irradiator, JL Shepherd, 

San Fernando, California, United States) at an exposure rate of 0.93–1.03 Gy min−1. Since 

there were no differences in the experimental outcomes assessed in these studies between 

the LD70/30 and LD90/30, data from mice exposed to either dose were combined.

Complete blood cell counts (CBC)

Peripheral blood from tail snips was collected into an EDTA-coated capillary tube and 

analyzed for CBC using a validated HEMAVET® 950FS Hematology System (Drew 

Scientific, Waterbury, Connecticut, United States), as previously described (Plett et al. 
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2014). To minimize stress effects, mice were bled no less than 14 days apart during H-ARS 

(Plett et al. 2012, Plett et al. 2015).

Tissue harvest and single cell suspensions

All tissues were harvested following euthanasia by CO2 or isoflurane inhalation, as 

previously described (Unthank et al. 2015, Unthank et al. 2019). Thymi were carefully 

cleared of fat and connective tissue under a dissecting microscope to eliminate 

contamination with non-thymic tissue. Thymus and spleen weights were obtained using a 

Mettler Toledo Balance XS204 (Mettler-Toledo LLC, Columbus, Ohio, United States). 

Single cell suspensions of thymocytes and splenocytes were generated by macerating tissues 

between the frosted ends of two microscope slides or with the blunt end of a syringe plunger, 

respectively. Peripheral blood was collected from tail snips and bone marrow cells were 

flushed from femurs, tibias, pelvis, and humeri. Erythrocytes were removed from samples by 

ammonium chloride lysis.

Tissue fixation, histological staining, and imaging

Thymi and spleens were fixed in neutral buffered formalin (NBF) overnight. Formalin-fixed 

tissues were paraffin embedded and sectioned, then stained with hematoxylin/eosin (H&E) 

and Picrosirius red. For H&E sections, digital images were acquired using an Aperio Scan 

Scope CS system (Aperio, Inc., Vista, California, United States). For Picrosirius red 

sections, digital images were acquired using a Leica DM 5000B microscope (Leica 

Microsystems, Inc., Buffalo Grove, Illinois, United States) with a Diagnostic Instruments 

Spot RTKE camera (SPOT Imaging Solutions, Sterling Heights, Michigan, United States) 

(Unthank et al. 2015, Vogel et al. 2015). For quantifying the Picrosirius red stained thymus 

tissue, 4–6 images were obtained randomly per slide at 5X magnification. All images were 

analyzed using ImageJ (version 1.50v; National Institutes of Health). Red, green, and blue 

(RGB) images were converted to grayscale then percentage of red-stained collagen in the 

background of pale-stained medullar area was measured. More measurement information 

can be found on the ImageJ NIH website.

Flow cytometric analyses

B220+ B cells were identified using B220-PE-Texas Red or APC, CD4+ T cells by CD4-

APC or PECY5, and CD8+ T cells by CD8a-PE or Pacific Blue. Naïve CD4+ and CD8+ T 

cells (CD44lo CD62Lhi) were detected using the additional antibodies CD44-APCCY7 and 

CD62L- PerCPCY5–5. Double negative thymocytes were defined as CD4− CD8− and 

subdivided into DN1, DN2, DN3, and DN4 based on expression of CD44 and CD25 as 

follows: DN1: CD44+ CD25−; DN2: CD44+ CD25+; DN3: CD44−CD25+; DN4: 

CD44−CD25− using CD4-PerCPCY5–5, CD8-PE or Pacific Blue, CD44-APC or APCCY7 

and CD25-PECY7 antibodies. Bone marrow LMPP cells [Lin− (Ter119− CD3− Gr1−B220− 

CD11b−) c-Kithi Sca-1hi Flt3hi CD34+] and CLP (Lin− c-Kitint Sca-1int IL7R+ Flt3hi) were 

identified using CD11b-FITC, Ter119-FITC, CD3-FITC, Gr1-FITC, B220-FITC, Sca-1-

PECY7 or BV650, c-Kit-APC, CD34-Pacific Blue or BV421, IL7R-APCCY7 and FLT3-PE 

or PECY5 antibodies. Antibodies were purchased from BD Biosciences (San Jose, 

California, US; CD4-APC, CD4-PECY5, CD8a-PE, CD8-Pacific Blue, CD62L-PerCPCY5–

5, CD4-PerCPCY5–5, CD44-APC, CD11b-FITC, Ter119-FITC, CD3-FITC, Gr1-FITC, 
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B220-FITC, CD34-BV421 and Sca-1-BV650), eBiosciences (San Diego, California, US; 

CD44-APCCY7, CD34-Pacific Blue, IL7R-APCCY7, FLT3-PE and FLT3-PECY5) or 

Biolegend (San Diego, California, US; CD25-PECY7, Sca-1-PECY7 and c-Kit-APC). The 

staining processes were carried out for 20 mins at 4°C in the dark, followed by washing with 

1% bovine calf serum/PBS. Samplers were acquired using a BD LSRII system (Becton 

Dickinson, Franklin Lakes, New Jersey, United States) and analyzed using Flow Jo 

Software.

Statistical analysis

Unpaired Student’s t-tests were performed to compare the following parameters: CBC, 

thymus and spleen weight and cellularity, thymic collagen deposition, and lymphoid cell 

types. If no sex difference was observed, data from males and females were combined. 

While many parameters measured over time were also significantly different at individual 

time points, a single asterisk denoting significance comparing all mice over a specific time 

range was used rather than multiple asterisks at individual time points, for the ease of the 

reader. Data are expressed as mean ± standard error of the mean (SEM). P<0.05 was 

considered significant.

RESULTS

Reconstitution and involution of peripheral blood cells

The authors have previously documented significantly decreased numbers of all blood 

elements in the PB of aged H-ARS survivors compared to NI age-matched controls (Chua et 

al. 2019). To investigate male / female differences in the decreased blood production in H-

ARS survivors, as well as in normal aging in NI age-matched controls, PB CBC from males 

and females were examined separately. The fluctuation in animal number during the course 

of the study is due to the fact that these are retrospective analyses that combined data from 

several studies, and also because mortality increases with age, especially in radiation 

survivors, leaving fewer aged mice available for analyses at later time points. When CBC 

from NI male or NI female mice of multiple ages between 3 mo. and 24 mo. were compared, 

white blood cell (WBC), neutrophil (NE), lymphocyte (LY), and platelet (PLT) were all 

found to be significantly higher in NI males compared to females (Fig. 1a–e). In IR mice, all 

blood parameters were significantly reduced during the H-ARS phase, as we and others have 

reported (Patchen 1995, Plett et al. 2012, Plett et al. 2014), and did not differ between males 

and females. However, sex differences in CBC became again apparent as H-ARS survivors 

aged. When data from IR males or IR females between 6 and 21 months post-TBI were 

compared, all blood elements [WBC, NE, LY, red blood cell (RBC), and PLT] were found to 

be significantly decreased in IR females compared to IR males (Fig. 1a–e). Neutrophils 

gradually increased in the DEARE phase in both IR males and IR females (Fig. 1b), whereas 

LY declined over time, most dramatically in IR females (Fig. 1c). A similar trend was 

observed in NI mice during aging, in which NE increased and LY decreased (Fig. 1b & 1c), 

indicative of myeloid skew. The enhanced radiosensitivity of LY compared to other blood 

elements is evidenced by the sustained lymphopenia at the end of the H-ARS phase (d30 

post-TBI) compared to the nearly complete recovery of most other blood elements (Fig. 1a–

e).
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Reconstitution and involution of thymus and spleen

Lymphocytes originate in the BM from the LT-HSC and migrate as LMPP and CLP to the 

thymus, where they continue maturation to become mature CD4+ and CD8+ T lymphocytes. 

Given the high degree of radiosensitivity of the thymus (Takada et al. 1969, Huiskamp et al. 

1983), and potential impact of radiation-induced thymic damage on long-term T cell 

maturation, thymus weight and cellularity in IR mice were examined during the H-ARS and 

DEARE phases in comparison to NI age-matched controls.

Thymus weight and cellularity were found to be significantly greater in young 12 week old 

(w/o) NI female mice compared to young males (Figs. 2a and 2b), in agreement with others 

(Gui et al. 2011, Guo et al. 2017). However, as NI mice aged, thymus weight and cellularity 

gradually decreased in both sexes, and sex differences in geriatric mice lessened with age, 

similar to other reports (Sempowski et al. 2002, Guo et al. 2017).

During the H-ARS phase, thymic weight and cellularity changed in a biphasic pattern, with 

nadirs at d3 and d20 post-IR and a transient peak at d10 which reached 60% and ~32% of 

the NI baseline value, respectively (Figs. 2a and 2b). Due to the higher baseline values in NI 

females, radiation-induced thymic suppression was proportionally greater in females than 

males. Similar to CBC shown in Figs. 1a–e, there were no sex differences in thymic mass or 

cellularity during H-ARS. By d30, thymus weight in IR males and females combined was 

40% of that in NI mice (p<0.01, Fig. 2a). Thymus weights in both NI and IR mice continued 

to decrease as mice aged, with values from IR mice remaining significantly less than those 

in NI mice throughout the DEARE phase (p<0.01). Parallel trends were observed for thymic 

cellularity (Fig. 2b).

Naïve T cells migrate from the thymus to the spleen where they encounter foreign antigens 

and undergo activation. Spleen weight and cellularity reached their nadirs by d3 post-IR, 

followed by a partial recovery by d20 (Figs. 3a and 3b). Similar to peripheral blood, the 

reconstitution of spleen in the H-ARS phase was monophasic. Spleen weight and cellularity 

from both IR survivors and NI mice did not change drastically as mice aged, unlike the age-

related involution observed in thymus (Figs. 3a and 3b). The significant increase in female 

spleen weight with age (Fig. 3a) may be related to the reported enhanced extramedullary 

hematopoiesis (EMH) in females compared to males (Suttie 2006).

Histological analyses of thymus and spleen

Thymi and spleens from NI and IR mice at different ages were stained by H&E to evaluate 

histological changes throughout the H-ARS and DEARE phases. The difficulty in detecting 

thymi of aged radiation survivor mice due to accelerated involution with age, coupled with 

the increased mortality of aged IR mice, resulted in very limited data for analyses after 12 

mo post-IR, so thymus and spleen analyses ended at 12 mo post-IR. Young [3 month old 

(m/o)] NI thymi were characterized by a large cortex:medulla ratio of 3:1–4:1 with a distinct 

corticomedullary (CM) junction (Fig. 4a). The cortex thinned significantly after irradiation, 

such that by d20 post-IR (second nadir) the cortex:medulla ratio dropped to 1:1–2:1 and the 

CM junction became blurry. Thymi from aged NI mice (15 m/o) also displayed a thin cortex 

but with a clear CM junction, as well as focal fibrous proliferation. Aged thymi from all H-
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ARS survivors [12 months (mo.) post-IR] demonstrated a large mass of adipose tissue and 

reticular connective tissue surrounding a small, hypocellular thymus with undistinguishable 

CM junction. The CM junction of aged thymi ranged between 1.1–2.1. Photographs of 

thymi from NI and IR mice at different ages in Fig. 4a illustrate the vast differences in size.

To further confirm that radiation induces fibrous proliferation in the thymus early post-IR, 

thymi at 30 days post-IR were stained with Picrosirius red to identify collagen deposition, 

which was found to be localized to the medulla (Fig. 4b). Quantification with ImageJ 

revealed 20–30% more collagen deposition in the medulla of IR mice in comparison with NI 

mice as early as d30 post-IR (Fig. 4b).

The normal adult mouse spleen is comprised of clearly visible white and red pulp 

compartments with slight to mild EMH present in the red pulp. By d20 post-IR, the white 

pulp portion had increased in size, disrupting the normal red and white pulp architecture 

[Fig. 4c and as reported (Brues and Stroud 1964)]. The enlarged white pulp was 

characterized by diffuse lymphoid cell over-growth and focally mitotic blast cell figures 

consistent with EMH. Prominent EMH was also observed in 15-month-old NI and DEARE 

spleens, likely contributing to the maintenance of spleen size as mice aged, unlike the aging 

thymus which undergoes involution. The low power magnification and resolution used for 

the images in Fig. 4c does not allow visualization of EMH.

Phenotypic analyses of lymphoid compartments

The authors have previously documented significantly decreased PB lymphocytes in H-ARS 

survivors, which correlated with significant myeloid skew (Chua et al. 2019) and decreased 

number of functional BM-derived lymphoid progenitors (Chua et al. 2012). To better 

understand the effects of lethal radiation exposure on specific lymphoid subpopulations, 

primitive lymphocyte populations were phenotypically defined and enumerated in PB, 

thymus, spleen, and BM of aged H-ARS survivors in comparison to age-matched NI 

controls and young NI mice. Representative flow cytometric gating strategies are shown for 

all these phenotypes in Fig. S1. Aged H-ARS survivors exhibited significantly decreased 

numbers of PB B220+ B cells, CD4+ T cells, CD4+ naïve cells, and CD8+ naïve T cells 

compared to age-matched NI controls (Figs. 5a, b, d, & e). PB CD8+ cells were also reduced 

(non-significantly) in H-ARS survivors compared to aged NI controls (Fig. 5c), as were 

CD4+ memory and CD8+ memory cells (non-significantly; data not shown). Normal aging 

in NI mice resulted in non-significant reductions in all PB T lymphocyte populations 

examined in comparison to 3 m/o NI mice (Figs. 5b–e), with an apparent increase in B cells 

(Fig. 5a). There were no sex differences in numbers of PB lymphocyte subpopulations in 

any group, so male and female data were combined.

In the spleen, a similar pattern of decreased numbers of CD4+, CD4+ naïve, and CD8+ 

naïve cells was observed in H-ARS survivors versus NI age-matched controls as in PB, but 

differences did not reach significance (Figs. 5f, h, & i). More prominent was a significant 

age-related decrease in CD8+, CD4+ naïve, and CD8+ naïve splenocytes in aged NI mice 

compared to young NI mice (Figs. 5g–i). There was no difference in the number of CD8+ 

lymphocytes between aged NI and IR mice, similar to PB (Fig. 5g), and there were no sex 

differences in splenocyte T cell subgroups.
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The age-related and radiation-related decrease in total thymocytes presented in Fig. 2b was 

also found to exist when thymic subpopulations from males and females were combined: 

DN, DP, CD4+, CD8+, DN1, DN2, DN3, and DN4 were all significantly decreased in H-

ARS survivors compared to NI age-matched controls (Figs. 5j–q). Likewise, all these 

populations were significantly decreased in aged NI mice compared to young NI mice 

(again, combining data from males and females), illustrating the normal age-related thymic 

involution (Figs. 5j–q). Of interest, sex differences in thymic subpopulations were found to 

exist. In agreement with others (Aspinall and Andrew 2001), 3 m/o females had more DP 

cells than males (Fig. 5k). In addition, all thymic subpopulations trended higher in male H-

ARS survivors compared to females, similar to the increased PB CBC in males versus 

females, and these differences reached significance for DN, DP, CD4+, and DN3 cells (Figs. 

5j–I & p).

Peripheral lymphocytes originate from primitive BM progenitors termed LMPP and CLP, 

which originate from multi-potent LT-HSC. To better understand BM involvement in 

immune deficiencies, BM LMPP and CLP were enumerated in H-ARS survivors in 

comparison to age-matched NI mice and young NI controls. Both frequency [as a percentage 

of Lin− c-Kithi Sca-1hi (LSK) cells] and absolute number of LMPP and CLP were 

significantly decreased in H-ARS survivors compared to age-matched controls (Figs. 5r–u). 

In NI mice, LMPP and CLP frequencies were also found to decrease significantly with age 

(Fig. 5r & 5s), as previously reported (Grover et al. 2016, Xiao et al. 2016). However, when 

calculated as a percentage of whole BM, the percentages of both LMPP and CLP were 

found to be two-fold higher in aged NI mice compared to young NI (LMPP of old vs young: 

0.04 ± 0.009% vs 0.02 ± 0.005%, p=0.02; CLP of old vs. young: 0.013 ± 0.0029 vs. 0.007 ± 

0.0015%, p=0.06). Similarly, absolute numbers of LMPP and CLP were 5-fold and 6-fold 

increased in old vs. young NI mice, respectively (Figs. 5t & 5u). This apparent dichotomy 

between decreased frequency and increased number can be explained by the significant 

phenotypic expansion of LT-HSC with age, as we (Chua et al. 2019) and others (Rossi et al. 

2005) have reported, despite declining functional potential (Morrison et al. 1996, Kim et al. 

2003, Kamminga et al. 2005, Nijnik et al. 2007, Rossi et al. 2007, Rube et al. 2011, Chua et 

al. 2012, Snoeck 2013, Behrens et al. 2014, Chua et al. 2019). No sex differences were 

observed in the frequency or number of BM lymphoid progenitors.

DISCUSSION

Lymphoid organs and lymphocytes are highly radiosensitive (Trowell 1952) due in part to 

their propensity toward rapid apoptosis when exposed to radiation. The acute effects of 

radiation exposure on the lymphoid system are well known, but the late effects and long-

term immune suppression in survivors of H-ARS are less well characterized (Kusunoki and 

Hayashi 2008, Farese et al. 2015, Chua et al. 2019). In this report, radiation damage was 

investigated at all levels of lymphopoiesis in both male and female long term H-ARS 

survivors, and was found to be characterized by significant tissue-specific reconstitution and 

involution patterns, age-related differences, and noteworthy male/female differences, 

especially in the thymus.
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The authors previously reported persistent long-term dysfunction in competitive 

transplantation assays of phenotypically defined BM LT-HSC isolated from H-ARS 

survivors. Of note, lymphoid reconstitution in recipients of these BM LT-HSC transplants 

was severely diminished (Chua et al. 2012, Chua et al. 2019), illustrating the loss of multi-

lineage reconstitution potential of LT-HSC from DEARE mice. Herein, the primitive BM 

progenitors LMPP and CLP, direct progeny of LT-HSC, were enumerated and found to be 

significantly decreased in frequency and absolute number in DEARE mice, strongly 

implicating LT-HSC dysfunction as a significant contributor to the diminished lymphoid 

reconstitution in DEARE mice.

Peripheral blood reconstitution in long term H-ARS survivors was marked by significant 

myeloid skew, as previously reported (Farese et al. 2015, Chua et al. 2019), and found herein 

to be present in both males and females. Of interest, myeloid skew was found to be more 

severe in IR females compared to males, and was characterized by a steady decline in 

lymphocyte number beginning around 9 months of age. Declining PB LY numbers in IR 

females paralleled observations in the thymus, which also showed worse recovery of most 

classes of thymocytes (DN, DP, CD4+, CD8+ cells) in females, illustrating curious sex 

differences in immune reconstitution in the DEARE phase. Phenotypic analyses of PB LY 

subpopulations of DEARE mice revealed that the loss of LY was primarily due to significant 

loss of B cells, CD4+ T cells, and both CD4+ and CD8+ naïve T cells compared to NI age-

matched controls. The LY subpopulation least affected by radiation exposure was CD8+ T 

cells, which are known to undergo homeostatic peripheral expansion in lymphopenic 

environments (Li et al. 2007, Min 2018). Similar trends in these LY subpopulations were 

also present in spleen.

A biphasic recovery pattern of thymocytes was documented during the H-ARS phase with 

recovery to only ~40% of baseline values, similar to other reports (Takada et al. 1969, 

Huiskamp et al. 1983). The first spike of cellularity in the biphasic recovery pattern is 

thought to be due to proliferation of remaining thymocytes (Kadish and Basch 1976, 

Hiesche and Revesz 1979), which eventually deplete (Harris and Ford 1964, Dukor et al. 

1965). This depletion, along with lack of BM support (Blomgren and Revesz 1968), leads to 

the second nadir. Thymic precursors migrating from the bone marrow to the thymus are 

responsible for eventual reconstitution (Hiesche and Revesz 1979, Coggle 1981). However, 

in our H-ARS model with its high dose radiation, BM insufficiency is evident (Chua et al. 

2012, Chua et al. 2019), leading to long term thymic insufficiency. The observed increase in 

medullary fibrosis in the thymus also likely contributes to thymic dysfunction in long term 

H-ARS survivors. Thymic fibrosis early post-irradiation has also been reported in non-

human primate radiation models (Zhang et al. 2015).

Interesting male/female differences were also documented in normal NI C57BL/6 mice. 

First, males possessed significantly increased numbers of most PB CBC parameters 

compared to females (WBC, NE, LY, and PLT), and these sex differences persisted into old 

age. For LY, these differences intensified as mice aged, leading to more severe myeloid skew 

in NI geriatric females than in males. The presence of myeloid skew in both NI aged mice 

and H-ARS survivors illustrates similarities between normal aging and radiation damage on 

hematopoiesis (Hernández et al. 2015, Chua et al. 2019). The decrease in LY in aged NI 
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mice was primarily due to a decline in all classes of T cells, while B cells increased, as 

previously shown (Pinchuk and Filipov 2008, Youm et al. 2016). Evidence of homeostatic 

peripheral expansion of PB CD8+ T cells was also present in aged NI mice. While most 

thymus parameters (mass, cellularity and T cell subpopulations) were increased in young NI 

females compared to males [in agreement with others (Kajioka et al. 2000, Aspinall and 

Andrew 2001) and consistent with human data (Pido-Lopez et al. 2001)], these differences 

diminished as mice aged. Spleen also showed decreased numbers of T cell subpopulations 

with age in both sexes, but significantly increased spleen mass in NI aged females. The 

increase in spleen mass in aged females may be related to the reported increase in EMH in 

females compared to males (Ramaiah et al. 2018), and is likely due to sex hormone 

differences between females and males (Oguro et al. 2017). Sex differences in PB and 

thymus parameters were both abolished after radiation exposure.

Sex differences in lymphoid organs (Kajioka et al. 2000) and age-related thymic involution 

(Dooley and Liston 2012) have been postulated to be due to sex hormones, which may be 

further exacerbated by radiation damage to sex organs. Other factors independent of sex 

hormones, such as sex chromosomes, may also contribute to the observed sex differences. 

Many genes implicated in immune function are located on the X chromosome, including the 

interleukin-2 receptor gamma chain gene (Noguchi et al. 1993) which participates in signal 

transduction of a number of cytokines, and FOXP3 gene which is involved in regulatory T 

cell development (Gui et al. 2012). The X chromosome in general imparts an immunological 

advantage to females in the face of various immune challenges, but can also lead to 

increased autoimmune diseases (Libert et al. 2010). In addition, radiation-induced epigenetic 

changes in the murine thymus have been shown to differ between males and females 

(Pogribny et al. 2005), which may also contribute to sex-related differences in the radiation 

response and immune reconstitution. Taken together, this study has defined the prolonged 

immunosuppression at all levels of lymphocyte development in established murine H-ARS 

and DEARE models. These data build upon previous work by others and add to the 

understanding of the severe immune dysfunction that occurs in radiation survivors, with the 

hope that they will be useful for development of potential MCM and therapeutic strategies 

for radiation-induced long-term immune deficiency.

CONCLUSION

Immune suppression is a serious health risk in individuals exposed to myelosuppressive or 

ablative radiation, and has not been well-defined in long term survivors of H-ARS. Herein 

the authors delineated radiation-induced changes in primitive and mature lymphoid cells at 

all levels of lymphopoiesis in mice exposed to potentially lethal doses of radiation. Tissue-

specific reconstitution and involution patterns were documented in PB, thymus, spleen, and 

BM tissues, along with unique sex-related and age-related changes present in some tissues 

but not others. The “double hits” of irradiation and age-related stress on lymphopoiesis lead 

to significant myeloid skew and long-term immune involution. These H-ARS and DEARE 

mouse models provide useful tools for developing and evaluating medical countermeasures 

against the immune-suppressing effects of irradiation.
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Fig. 1. Reconstitution of the peripheral blood post-IR.
Peripheral blood was harvested from C57Bl/6 mice that had received a single TBI dose of 

8.72 or 9.04 Gy gamma radiation at 12 weeks of age (IR) and from age-matched NI controls 

at various time-points. NI and IR mice were evaluated for WBC (panel a), NE (panel b), LY 

(panel c), RBC (panel d), PLT (panel e) and analyzed separately by sex. Data are mean ± 

SEM. Asterisk (*) indicates p<0.05 comparing female (F) with male (M) in NI group. 

Triangle (Δ) indicates p<0.05 comparing F with M in IR group. All data are significantly 

different between NI and IR mice and thus not indicated on each graph. Time post-IR, age, 

and number of mice analyzed at each time point are shown in the table below panel a. Note 

that the “n” for time 0 in the table is the same for both NI and IR groups since both NI and 

IR mice share the same “time 0” data.
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Fig. 2. Reconstitution and involution in thymus post-IR.
Thymi were harvested from C57Bl/6 mice that had received a single TBI dose of 8.72 or 

9.04 Gy gamma radiation at 12 weeks of age (IR) and from age-matched NI controls at 

various time-points. NI and IR mice were evaluated for thymus weight (panel a) and thymus 

cellularity (panel b) separately by sex. Data are mean ± SEM. Asterisk (*) indicates p<0.05 

comparing F with M in NI group. All data are significantly different between NI and IR 

mice and thus not indicated on each graph. Time post-IR, age, and number of mice analyzed 

at each time point are given in the table. Note that the “n” for time 0 in the table is the same 

for both NI and IR groups since both NI and IR mice share the same “time 0” data.
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Fig. 3. Reconstitution of the spleen post-IR.
Spleens were harvested from C57Bl/6 mice that had received a single TBI dose of 8.72 or 

9.04 Gy gamma radiation at 12 weeks of age (IR) and from age-matched NI controls at 

various time-points. NI and IR mice were evaluated for spleen weight (panel a) and spleen 

cellularity (panel b) separately by sex. Data are mean ± SEM. Asterisk (*) indicates p<0.05 

comparing F with M in NI group. All data are significantly different between NI and IR 

mice and thus not indicated on each graph. Time post-IR, age, and number of mice analyzed 

at each time point are given in the table. Note that the “n” for time 0 in the table is the same 

for both NI and IR groups since both NI and IR mice share the same “time 0” data.
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Fig. 4. Images and histology of thymi and spleens in NI and IR mice.
Panel a shows representative photographs of thymi from NI and IR mice at various time-

points, and thymi that were fixed in formalin, embedded in paraffin and stained for 

hematoxylin and eosin. Panel b shows representative micrographs of thymic sections from 4 

m/o NI mice and IR mice 30 days post-IR stained with Picrosirius red. Collagen deposition 

is presented as the percentage of Picrosirius red positive area in the medullary area using 

ImageJ software. Data are mean ± SEM. *p<0.05 comparing IR and NI mice. n=6 mice per 

group (2 females and 4 males per group), with one tissue section stained per mouse. Panel c 

shows spleens from 3 and 15 m/o NI mice and IR mice 20 days and 12 mo. post-IR. Tissues 

were fixed in formalin, embedded in paraffin and stained for hematoxylin and eosin.
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Fig. 5. Lymphocyte subsets in young and aged NI mice and aged H-ARS survivors.
C57Bl/6 mice were exposed to a single TBI dose of 8.72 or 9.04 Gy gamma radiation at 12 

w/o and euthanized at 15 m/o, along with 3 m/o and 15 m/o NI mice. Peripheral blood, 

splenocytes, thymocytes and bone marrow cells were processed and stained with antibodies 

as described in Materials and Methods. Flow cytometric analyses identifies peripheral blood 

B220+ cells (panel a), CD4+ T cells (panel b), CD8+ T cells (panel c), CD4 naïve T cells 

(panel d) and CD8 naïve T cells (panel e); splenic CD4+ T cells (panel f), CD8+ T cells 

(panel g), CD4 naïve T cells (panel h), and CD8 naïve T cells (panel i); thymic DN (panel j), 

DP (panel k), CD4+ (panel l), CD8+ (panel m), DN1 (panel n), DN2 (panel o), DN3 (panel 

p) and DN4 (panel q) cells; and percentages of BM LMPP (panel r) and CLP cells (panel s), 

and absolute number of LMPP (panel t) and CLP cells (panel u). Data from M and F spleen, 
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PB, and BM were not significantly different and thus combined. Data are mean ± SEM. 

Asterisk (*) indicates p<0.05 compared to 15 month old NI; triangle (Δ) indicates p<0.05 

compared to 3 month old NI group in panels a-i and r-u. Brackets (⊓) in panels j-q indicate 

p<0.05 comparing F and M combined data to other groups, and dagger (†) indicates p<0.05 

comparing F to M within each NI or IR group. n=4–6 mice per group.
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