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ABSTRACT

LONG-TERM HEMATOPOIETIC RESPONSE
IN LEUKOCYTE COUNTS AND DIFFERENTIALS
FOR RHESUS MACAQUES (MACACA MULATTA)

FROM ACUTE WHOLE-BODY RADIATION EXPOSURE

Accumulating evidence from A-bomb survivors and radiation therapy patients suggest that
survivors are at risk of developing delayed effects of acute radiation exposure (DEARE). In
contrast to acute radiation syndrome (ARS), the underlying mechanisms of DEARE are largely
unknown. Better understanding of DEARE is vital for improving estimates of risk and predictions
of long-term health outcomes following a variety of radiation exposure scenarios, whether
accidental or intentional, and including nuclear accidents, cancer treatment, and space travel. The
hematopoietic system is highly sensitive to ionizing radiation (IR) exposure; leukocyte counts
reach a nadir in days to several weeks post-acute exposure, followed by a recovery period from 4-
8 weeks to a year. Accumulating evidence from the A-bomb survivor cohort and animal studies
suggests residual damage in the hematopoietic system persists for a long time. Long-term effects
in hematopoietic system are very likely the underlying cause of DEARE disease, although there is
limited understanding of the process. In this study, archival leukocyte counts and differentials from
the Non-Human Primate Radiation Late Effects Cohort (RLEC), were analyzed to evaluate long-
term effects. The RLEC cohort consists of over 200 Rhesus Macaques (Macaca mulatta)
previously exposed to acute whole body irradiation from 1.14 to 8.5 Gy and approximately 50
control animals. The dataset was created from blood sampling started approximately 1 year post-

exposure and continued every 2-6 months. Linear mixed models were developed for total
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leukocyte count and the differentials including neutrophil, lymphocyte, and monocyte counts and
their percentages.

Preliminary analysis was conducted for animals with the same dose level, sex, and age at the
time of exposure and age and sex matched control animals. The linear mixed models had
statistically significant elevations in leukocyte and neutrophil counts and neutrophil% in irradiated
animals compared to the controls. Lymphocyte% was significantly lower in irradiated animals.
Longitudinal trends for both control and irradiated animals were consistent with expected trends
of aging in hematopoiesis, which is skewed towards production of myeloid lineage cells such as
neutrophils and monocytes rather than lymphoid cells. There was no statistical difference among
the longitudinal trends of control and irradiated animals.

Next analysis was extended from the preliminaly analysis with a larger dataset including
animals with different dose, sex, age at the time of exposure, as well as mitigator assignment.
Longitudinal trends were estimated for different dose levels (control, <LD10; 1.14 to 5.5 Gy,
LD10-LD50; 5.5 to 6.8 Gy, >LD50; 6.8 to 8.5 Gy), and adjusted for sex, age at the time of
exposure, and status of mitigator use. All models suggested that dose levels were a statistically
significant factor for the longitudinal trends of leukocytes and the differentials. Controls showed
a slight decrease of total leukocyte count and monocyte skewed differentiation, consistent with
changes estimated from aging in hematopoietic system. The <LD10 animals were very similar to
the controls. However, estimates for LD10-50 animals demonstrated a statistically significant
increase and decrease in percentages of neutrophils and lymphocytes, respectively. The increase
in monocyte counts was larger for LD10-50 and >LD50 animals than controls and <LD10 animals.

Elevated neutrophil and monocyte counts are indicative of inflammation status and/or a

skewing of the immune system from innate to more adaptive. Long-term impairment of the
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immune system could contribute to DEARE disease, including cancer and cardiovascular disease,
which were observed more frequently in irradiated animals. Extended analyses include developing
and testing machine learning models to improve accuracy of predictions related to a number of
radiation biomarkers and health outcomes, key steps toward improved understanding and risk

assessment of DEARE.
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1 Introduction

Leukocytes are one of the circulating blood cells and function for innate and adaptive
immune system (Hoffman et al., 2017). After ionizing radiation doses over 0.7 Gy, the
hematopoietic system, especially leukocytes, demonstrates the greatest response in cell counts
(Dainiak, 2002; Hall and Giacia, 2019). The leukocyte count in peripheral blood declines in a few
hours to days after irradiation because of apoptosis due to radiation damage as well as relocation
to organs and tissues to fight against radiation injury. The decreased number of leukocytes are
typically replenished by accelerated maturation from progenitor cells in bone marrow. When the
dose is higher than 3.5 Gy, the hematopoietic stem cells could be destroyed and the progenitor cell
pool may not be sufficient to replenish the circulating cells, leading to immune dysfunction and
other hematologic deficiencies, possibly causing death. If the radiation dose is below the
significant hematopoietic stem cell ablation threshold, leukopenia conditions gradually recover
over a month to a year. The acute hematopoietic response depends on not only the exposed dose
and dose rate but also the species, age of the individual as well as exposure scenarios (Kaur et al.,
2017, MacVittie et al., 2020, Farese et al., 2021, Patterson et al., 2022).

Survivors of acute radiation syndrome (ARS) often experience delayed effects of acute
radiation exposure (DEARE). DEARE is suspected as a cause of high disease morbidity in exposed
cohorts including A-bomb survivors, Chornobyl workers, radiotherapy patients, and nuclear
workers (Cardis and Hatch 2011; ICRP 2012; Ozasa et al., 2012). Long-term followup studies on
A-bomb survivors and radiotherapy patients provided information on high risks especially in
neoplasm, cardiovascular disease, myelodysplastic syndrome, as well as pulmonary and thyroid
dysfunction (Armstrong et al., 2010; Kamiya et al., 2015). Different from acute radiation

syndromes, there are no countermeasures available so far, and the mechanistic understanding of
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the etiology is limited (MacVittee, 2023; Wu and Orschell, 2023).

In vivo murine studies established DEARE on the hematopoietic system as residual bone
marrow damage, inducing impaired self-renewal and decreased repopulation of hematopoietic
stem cells (HSC) as well as myeloid skewed differentiation of HSCs (Wang et al., 2006, Chua et
al., 2012, Shao et al., 2014, Chua et al., 2019). These studies also reported persistent depletion of
leukocyte and differentiation counts, such as neutrophils and lymphocytes. Most studies on
delayed and long-term effects on the hematopoietic system are limited to mice, while emerging
evidence from non-human primate (NHP) studies also supports delayed effects on hematopoietic
system. For example, Hale et al (2019) reported prolonged effects to hematopoietic and immune
systems of NHPs, including increased WBC count, and decreased platelets and T-lymphocytes, 2-
5 years after a single total body irradiation (6.5-8.4 Gy).

The delayed or persistent effects of radiation exposure on the hematopoietic system are also
observed in human cohorts. Long-term follow up studies on the A-bomb survivor cohort reported
elevation or depletion in counts of leukocyte and lymphocyte and the subpopulations in correlation
with radiation dose after >40 years of exposure (Kusunoki et al., 1998; Neriishi et al., 2001;
Hayashi et al., 2003). Chornobyl clean-up workers had no evidence of differences in leukocyte,
lymphocyte (%) and monocyte (%) counts yet showed prolonged depletion of T-lymphocyte
subset populations 10 years after exposure (Kurjane et al., 2001). Studies on Chornobyl residents
(Stepanova et al., 2008), nuclear workers, astronauts, and patients undergoing radiotherapy also
provided evidence of long-term impact on hematopoietic and immune systems (Chernyshov et al.;
1997, Watanabe et al. 1997; Senyuk et al., 2002; Crucian et al. 2015; Wersal et al., 2019; Luxton
et al., 2020; Wang et al., 2022), while the effect varies with many factors including the exposure

scenario, dose and dose rate, and the exposed population. Persistent effects on the hematopoietic
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system may be associated with high morbidity and mortality in exposed individuals. Additionally,
features, such as dose response, sex, and age at exposure, are often associated with disease risk as
demonstrated in A-bomb survivor cohort studies (Douple et al., 2011) and are often missed in the
investigations.

Longitudinal analysis is useful to understand changes in the response of systems over time
as well as the causal relationship (Caruana et al., 2015). Longitudinal analysis is also advantageous
for analysis of long-term effects on the hematopoietic system because hematopoietic systems
change due to aging of animals (Snoeck 2013). Since residual bone marrow damage from radiation
exposure is suspected to resemble the effect of aging in the hematopoietic system (Richardson,
2009; Al-Jumayli et al., 2022),a robust statistical method is required to investigate the long-term
effect of 1onizing radiation to the hematopoietic system.

Linear mixed effect models (LMMs) are one of the best methods for longitudinal analysis
of a dataset with repeated measurements (Edwards 2000). LMMs have advantages over commonly
used methods such as repeated measures ANOVA and generalized estimate equations especially
when the dataset contains missing observations (Park 1993, Boisgontier and Cheval, 2016). Hsu
et al. (2010) first applied LMMs to the leukocyte count and the differentials of the A-bomb
survivor cohort. They reported elevated total leukocyte counts in the >2 Gy exposed group
persisting over 50 years after exposure. Yoshida et al. (2019) also conducted longitudinal analysis
with linear mixed models and reported increased monocyte percentage in the older population of
the survivor cohort, indicating delayed effects from ionizing radiation damage to hematopoietic
system. No other studies with linear mixed models exists for longitudinal analysis on A-bomb
survivor cohort. The A-bomb survivor cohort does have limitations. Lifestyle factors such as BMI

and smoking status, as well as medical history can affect the leukocyte count between individuals
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(Nagasawa et al., 2004; Abel et al., 2005), and some information is not completely available.
Additionally, the dataset of the A-bomb survivor cohort is from blood samples taken only once
every few years and sometimes one person had only one sampling, which is not ideal for the
longitudinal analysis of leukocyte counts because leukocyte counts change on a daily and hourly
basis.

The Radiation late effect study cohort (RLEC) at Wake Forest University includes over 200
Rhesus macaques (Macaca mulatta). Some animals were exposed to whole body ionizing radiation
prospectively, or served as controls under different research projects at different facilities, and
moved to the university for long-term follow up study. NHP models have been used to analyze
health effects and immune responses associated with ionizing radiation exposures (Farese et al.,
2012; MacVittie et al., 2014) because they have hematopoietic and immune systems similar to
humans and they have a relatively long-life span (~20 years) (Monroy et al., 1986). Advantages of
utilizing NHPs for longitudinal analysis include an easily controlled lifestyle, and complete
medical records are available. Moreover, accumulating studies of late effect disease and organs in
the RLEC cohort, such as neoplasms, diabetes mellitus, heart, brain, and kidney are available
(Debo et al., 2019; Bacarella et al., 2020; Andrews et al., 2020; Sills et al., 2022; Schaaf et al.,
2023), which is an asset to understand the results of longitudinal analysis as an underlying cause
of DEARE disease development.

In this study, longitudinal analysis was applied to an archival data set of leukocyte counts
and differentials from an NHP cohort with acute radiation to understand the long-term effects of
radiation exposure to the hematopoietic system. Confounding factors including different doses,
sex, age at the time of exposure, and ARS mitigator use were studied to determine factors

influencing long-term effects. The current study will provide valuable translatable information for
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improving understanding of long-term responses of the hematopoietic system following radiation
exposure. Unfortunately, the cohort did not have significant differences in dose rate, therefore dose

rate could not be studied.
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2 Aims and hypothesis

This study investigated the overall hypothesis that:

1. Long-term hematopoietic effects from acute radiation exposure occur in NHP cohorts.
2. High- dose exposed cohorts experience stronger effects than low dose cohorts (<LD50).
3. Sex, Age at the time of exposure, and mitigator use may also affect the long-term

hematopoietic system response.

To test the hypothesis, the specific aims are to:

1. Investigate the influence of radiation exposure on long term effects on leukocyte counts
and differentials from whole body irradiation (WBI)
Hypothesis: Long-term effects on the hematopoietic system from WBI exist and are
presented as a longitudinal trend of leukocyte counts and the differentials.
2. Investigate the influence of different doses, sex, age at exposure and use of mitigator for
the long-term after WBI
Hypothesis: Higher dose exposure (>LD10) causes more significant effects on the
longitudinal trend of leukocytes and the differentials. Female animals, animals
younger at the time of WBI exposure, and animals with mitigator assigned for ARS

have more significant effects on the longitudinal trend.

The first aim is addressed in Chapter 4 as a preliminary analysis and the second aim is in

Chapter 5.
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3  Literature Review

3.1 Hematology

Blood circulates throughout the body via veins and vessels, delivering oxygen, nutrients, and
signaling molecules to tissues and organs, as well as collecting wastes from tissues and organs
(Schmaiser, 2019). The main components of the circulating blood are plasma, red blood cells
(erythrocytes), white blood cells (leukocytes) and platelets (thrombocytes) (Figure 1). Blood
plasma is the liquid component with 90% water and the rest contains nutrients, electrolytes, and
proteins. Erythrocytes, leukocytes, and platelets are the cellular components of blood. Erythrocytes
have no nuclei and carry oxygen to tissue and organs. Platelets also have no nuclei and are key to
blood clotting. Leukocytes are composed of granulocytes, lymphocytes, and monocytes (Figure 1-
3) and are the main constituents of the immune system. Leukocytes can move from the blood to
tissue to fight against infection/damage. Granulocytes are the most abundant type of leukocytes
and classified into neutrophils, basophils, and eosinophils. Neutrophils are the first responder of
the innate immune system. Basophils hunt for parasites, Eosinophils for parasites and allergic
reactions. Wright-Giemsa stained granulocyte cytoplasm has granules stained light blue
(neutrophils), red (eosinophils), and dark blue (basophils). Lymphocytes are classified as T-
lymphocytes, B-lymphocytes, and NK (natural killer) cells. T-lymphocytes can be classified as
helper T-cells, which help activate other immunologic cells and reactions in adaptive immunity,
and cytotoxic T-cells, which can destroy any cells with infections. B-lymphocytes turn into plasma
cells upon activation, producing antibodies. NK cells are part of the innate immunity, and destroy
cells infected by virus. Monocytes mature into macrophages and dendritic cells in tissues and
organs and are an important modulator in both innate and adaptive immune response, presenting

antigen to T-cells and secreting cytokines to activate other cells. Immune cell functions are
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reviewed in Chapter 3.3 with immune system.

Figure 1: Picture of human peripheral blood smear.
Wright-Giemsa stained. (a) red blood cells and platelets with a neutrophil (on the left) and
monocyte (on the right). (b) red blood cells and platelets with an eosinophil.



Lymphocyte

Basophil
e

Monocyte

Figure 2: Human peripheral blood leukocytes.

Centrifuged, and leukocytes extracted, and Wright-Giemsa stained
All the other cells except lymphocyte, monocyte, eosinophil, and basophil are neutrophils.

St

7 Figure 3: Rhesus Macaque’s leukocytes.

Peripheral blood smear with Wright-Giemsa stain. Clockwise from the right-top corner,

lymphocyte, monocyte, eosinophil, and neutrophil

Mammalian blood is composed of 55% blood plasma and 45% cellular elements. Among

the cellular elements in circulating blood of adult humans, 95% are erythrocytes, 4.7% are

platelets, and 0.3% are leukocytes. Leukocytes consist of neutrophils (40-60%), lymphocytes (20-
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40%), monocytes (2-10%), eosinophils (1-6%), and basophils (<1-2%). (Table 1) (Bates et al.,
2017). The count and ratio of each cellular element are similar between NHPs and humans (Koo
etal., 2019). The number and ratio of the cells per unit circulating blood differs among individuals,
being influenced by many factors including age, sex, and environmental conditions. For humans,
factors such as smoking and body mass index (BMI) also influence blood cell counts (Nagasawa
et al., 2004; Abel et al., 2005). Blood cell counts can vary for the same individual by as much as
100% at different blood draw times, reflecting physiological changes in the body from exercise,
diet and medication. Leukocytes typically increase in number whenever the organism is fighting
infection. Neutrophil and lymphocyte counts are inversely related; when neutrophil count
increases, lymphocyte counts decreases and vice versa. Neutrophil-to-lymphocyte ratio (NLR) is
widely used to assess the function of innate (neutrophils) and adaptive (lymphocytes) cellular

immune response (Zahorec, 2021).

Table 1: Standard hematologic cell counts and percentages for normal human adults and
nonhuman primates
(Data from Bates et al., 2017 and Koo et al., 2019)

Adult human
Cell type Counts per IL  Leukocyte cell type  Counts per 1L %
Erythrocytes 50+0.5x10"
Platelets 280 + 180 x 10
Leukocytes 4.0-10.0x 10° Neutrophils 2.0-7.0 x 10° 40-80
Lymphocytes 1.0-3.0 x 10° 20-40
Monocytes 0.2-1.0 x 10° 2-10
Eosinophils 0.02-0.5 x 10° 1-6
Basophils 0.02-0.1 x 10° <1-2
Adult Rhesus Macaques (male)
Cell type Counts per IL  Leukocyte cell type  Counts per 1L %
Erythrocytes 5.4+ 0.7 x 107
Platelets 320 + 100 x 10°
Leukocytes 3.1-12.1x 10° Neutrophils 1.3-8.9 x 10 34-88
Lymphocytes 0.4-5.5x 10° 5.5-59
Monocytes 0.06-0.5 x 10° 0.8-6.2
Eosinophils 0.09-0.7x 10°  1.5-86
Basophils 0.00-0.02 x 10° <0.3
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3.2 Hematopoiesis

Hematopoiesis is the process where blood cells are differentiated from hematopoietic stem
cells (HSCs) (Figure 4) (Ghiaur and Jones; 2019). Hematopoiesis begins at the early stage of
development (mid-gestation) mainly in the liver, while this review focuses on adult hematopoiesis,
which occurs in the red bone marrow of bones of the ribs, vertebrae, sternum, and pelvis, as well
as lymphoid tissue including thymus and spleen (Jagannathan-Bogdan and Zon 2013). The
hematopoietic processes are conserved among mammalian species (Orkin and Zon; 2008). The
hematopoietic system maintains the homeostasis of circulating blood cells, which have a quite

short life span and high turnover rate (Table 2), as well as to fight against emergencies of the

.

Hematopoietic
Stem Cell (HSC)

organism, such as injury and infection.

h 4

Myeloid Lymphoid
progenitor cells progenitor cells

— N —

N
® . Ze T O

i
@0

Erythrocyte Platelets Monocytes Eosinophil  Basophil ~Neutrophil T-lymphocyte B-lymphocyte

Leukocytes

Figure 4: Hematopoiesis: Hierarchical differentiation of circulating blood cells from HSC
(Modified from Ghiaur and Jones; 2019)
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Table 2: Approximation of circulating blood cell kinetics under steady condition
(Fliender et al., 2002; Tak et al., 2017)

t t
Cell type life span prmover ate

(cells per day)
Erythrocytes  108-127 days 200 x 10’
Platelets 9-12 days 150 x 10°
Granulocytes 24-30 hrs 120 x 10°
Lymphocytes 4.4 years™ 20 x 10°

Monocytes 0.4-2.5 days 1-8 x 107%*

*on average, ** calculated from life span and number of cells in the circulating blood.

HSCs are the beginning of hematopoiesis (Ghiaur and Jones; 2019). HSCs mainly reside in
the bone marrow as a rare population and 95% of them are in quiescent phase (Go). HSCs are often
referred as LSK (Lin Sca'1*c-Kit") cells based on their presenting membrane molecules. LSK cells
are composed of long-term HSC (LT-HSC) and short-term HSC (ST-HSC), and multipotent
progenitor cells (MPP) (Seita and Weissman, 2010). LT- HSCs are the top of the hierarchy of the
differentiation with full self-renewal potential. LT-HSCs are generally quiescent, highly tolerant
against RT and rarely self-renew in a steady state hematopoiesis. ST-HSCs divide more frequently
and are responsible for maintaining hematopoietic homeostasis (Wilson et al., 2009). The self-
renewal capacity of ST-HSC is limited in terms of the time and condition. Cytokines including
interferon-a (IFN- a)), IFN-y, and granulocyte colony-stimulating factor (G-CSF) activate HSCs to
start self-renewal. Multipotent progenitor cells (MPPs) have no self-renewal potential yet can
differentiate into any blood cells. Many different intrinsic and extrinsic factors regulate the self-
renewal and differentiation of the LSK cells to maintain the homeostasis of circulating blood at
the same time as keep the HSC pool (see 3.2.3). MPPs give rise to either common myeloid
progenitor cells (CMP) or common lymphoid progenitor cells (CLP). These HSCs and progenitor

cells are often referred as hematopoietic stem and progenitor cell (HSPC).
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CMPs differentiate into megakaryocyte-erythrocyte progenitor (MEP) with IL-3, SCF, TPO,
and TLR ligands or granulocyte-monocyte progenitor (GMP) with GM-CSF and IL-3 (Akashi et
al., 2000; Fiedler and Brunner 2012; Ghiaur and Jones; 2019). With erythropoietin (EPO), MEP
differentiate into erythroblasts and then erythrocytes by acquiring hemoglobin and losing their
nucleus. MEP with thrombopoietin turns into a megakaryoblast and then megakaryocyte, which is
multi-nucleated cells and produces platelets by shedding their cytoplasm. GMP will mature into a
myeloblast. Myeloblast with IL-3, IL-5, and AG-CSF will become a monoblast, which
differentiates into monocytes. Myeloblasts with IL-3, IL-5, and G-CSF will be myelocytes,
metamyelocytes, and turn into granulocytes such as neutrophils, eosinophils, and basophils.
Immature granulocytes have a band-shaped nucleus, while fully matured granulocytes have a
segmented nucleus, indicating no active function of the chromatin, often referred as
polymorphonucleated cells. A neutrophil takes about 4-5 days to be transformed to a postmitotic
state from the stem cell and additional 5 days to mature in the bone marrow.

CLPs with IL-7 mature into T cell NK cell progenitor (TNK) or B cell progenitor (BCP)
(Fiedler and Brunner 2012). TNK with IL-7 and IL-15 will be NK progenitor cells and turn into
NK cells with SCF (stem cell factor), IL-2 and IL-7 in bone marrow (Gollamudi et al., 2019). TNK
cells with IL-7 and IL-2 move from bone marrow to thymus, which are referred as thymocytes.
Thymocytes are educated and become naive T cells. Thymocytes that have too much activation
with self-antigen will be put to acute apoptosis (negative selection), and then thymocytes with
appropriate signaling through T cell receptor (TCR) will move to the maturation (positive
selection). Survived T cells with TCRs that binds to MHC I (Major histocompatibility complex
class one, see 3.3.1) will be naive cytotoxic T cells. T cells with TCR which recognize MHC II

(Major histocompatibility complex class two, see 3.3.1) become naive helper T cells. The naive T
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cells are released to the peripheral blood, exposed to pathogen at lymph nodes and activated as
effector T cells. Helper T cells then divide into one of the 5 types of cells, Th-1, Th-2, Th-17, Treg,
and Tm. BCP experience similar training as T cell progenitors at bone marrow. then moves to
spleen and lymph nodes to mature. After released to the blood as naive B cell and activated by
helper T cells, they turn into plasma cells produce large number of antibodies. Detailed function
of these cells is reviewed later in 3.3.1.

It has been a standard to assume the hematopoietic system is a hierarchical process with clear
lineage differentiation. However, accumulating evidence suggests the system has less lineage
differentiation, and is more like a landscape (Ceredig et al., 2009; Grootens et al., 2018; Brown
and, 2019). HSCs may be heterogenous, and their linearge commitment may be determined baed
on the localization in the bone marrow niche and genetic and epigenetic heterogeneity (Haas et al.,
2018), while one cell type with similar physiology and functions can be derived from different

lineage such as monocyte derived DCs and lymphoid lineage DCs (Wu and Liu., 2007).

3.3 Immune system

3.3.1 Cells in immune response

The main function of circulating leukocytes is in the immune response. Neutrophils,
Macrophages, Dendritic cells, Natural Killer (NK) cells are the main participants in innate immune
response, and lymphocytes are mainly for adaptive immune response (Table 3). Among the innate
immune cells, neutrophils, macrophages, and DCs are phagocytic cells, which eat pathogens,
destroy, or process. In the following, the functions of each immune cells are described (Kumar et

al., 2014; Murphy and Weaver, 2016).
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Table 3 Summary of immune cells and the functions

Subtypes Main function System
Neutrophil phagocytosis, stimulate inflammatory cells
Monocyte divide into macrophages or DCs at tissue

Macrophage phagocytosis, antigen presentation to T and B cells Innate

Dendritic cell phagocytosis, antigen presentation to T and B cells
Lymphocyte NKcell destroy virally infected cells

T helper naive  recognize antigen, be activated, and differentiate
into effector cells

Thl stimulate inflammatory cells

Th2 activate B cells to plasma cells

Th1l7 stimulate inflammatory cells

Treg anti-inflammation, suppress T cell mediated Adaptive
Tfh regulate memory cell formation

cytotoxic naive  recognize antigen, be activated, and become effector
effector initiate apoptosis of infected cells

B naive phagocytic, antigen presentation to T cells
plasma production of antibody

Macrophages and DCs are differentiated from Monocytes in tissue. They infiltrate? tissues
looking for pathogens, infection, and injury. They recognize Pathogen-associated molecular
pattern molecules (PAMPs) and damage-associated molecular pattern molecules (DAMPs).
PAMPs are small molecules conserved in microorganism species. DAMPs are fragments of
proteins and nucleic acids derived from tissue and cells in response to trauma, ischemia, and tissue
damage, with or without pathogenic infection. PAMPs are recognized through pattern recognition
receptors (PRR), on the cell membrane (e.g., Toll-like receptor) and cytoplasm (e.g., Nod-like
receptor) of macrophages and DCs. Macrophages and DCs which have recognized pathogens
initiate phagocytosis. Phagocytosis takes pathogens inside of the cells by forming phagosome
around the pathogens (engulfment), and then produce reactive oxygen species (ROS) and recruit
lysosome containing digestive enzymes, and destroy the pathogen (digestion). Macrophages then
recruit Neutrophils to the site of injury and infection by secreting chemokines such as IL-8
(CXCLS8). Macrophages also secrete proinflammatory cytokines such as IL-13, TNF-a, and IL-6,

which can trigger systemic inflammation including fever and more production of inflammatory
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cytokines. IL-12 and other IFNs from macrophages activate NK cells and induces CD4 T cell
differentiation to Th-1 cells (see the following paragraph about T lymphocytes). Macrophages also
clean the site of infection and inflammation via phagocytosis after the response is over. DCs
present antigens to CD4 T cells at lymph nodes, spleen, and tonsils and activate naive T cells
through major histocompatibility complex (MHC) molecules. MHC molecules are cell surface
proteins presenting part of antigens or self-antigens (epitope) to initiate or inhibit immune
response. MHC molecules are largely classified as class 1 and 2. Class 1 molecules exist in any
cell membrane except for erythrocytes, while MHC class 2 only exists on antigen presenting cells
such as DCs, macrophages, some endothelial cells and epithelial cells, as well as B lymphocytes.

Neutrophils are attracted to injury and infection sites by cytokines and chemokines from
macrophages. IL-1p and TNF-a activates endothelial cells of the blood vessel to present
endothelial selectins, which attaches to leukocyte selectins and make neutrophils roll the
endothelial wall. With interactions to other molecules such as integrins and CAMs, neutrophils are
strongly attached to the endothelial cell wall and start squeezing into the tissue through the gap
between endothelial cells (diapedesis). Neutrophils entering the tissue moves toward the cytokine
gradient by macrophage and engage them to react against injury and infection. The entire process
involving circulating neutrophils entering the tissue is referred as neutrophil extravasation.
Neutrophils destroy pathogens vis phagocytes in tissue with lysosome and granules containing
digestive enzymes and peroxidase. Phagocytosis by neutrophils is destructive, which leads to
apoptosis. Neutrophils sometimes go through a suicidal process, which is referred to as a
neutrophil extracellular trap (NETs). NETs are composed of chromatin fibers from neutrophils,
released to the extracellular matrix. NETs provide a high local concentration of antimicrobial

substance and destroy without phagocytosis. NETs may also provide a physical barrier to avoid
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the further spread of pathogens. NETSs are then cleaned by macrophages.

NK cells are only 15-20 % of circulating lymphocytes and one of the innate immune cells
fighting viral infection. NK cells recognize infected cells (mostly viral infection) with and without
presentation by MHC class 1 molecular and destroy the infected cells through inducing apoptosis.
NK cells also produce cytokines such as IFN-y to attract macrophages and DCs.

T and B lymphocytes are the major contributors to the adaptive immune system. T
lymphocytes are 70-80 % of the circulating T-cells. T lymphocytes are classified as CD4 (Helper)
T-cells and CD8 (Cytotoxic) T-cells based on their cluster of differentiation (CD). CDs cell surface
protein is widely used to classify the subtypes of immune cells. CDs also have their own functions.
For example, CD4 and CD8 are co-receptors of T cell receptors (TCR) of CD4 and CD8 T-cells,
respectively. T-cells have T-cell receptors (TCR) on the surface. TCR has both a variable and
constant region. Through rearrangement of DNA in the thymus, the variable regions of TCRs are
different depending on individual cells, while the constant region is conserved in different cells.
Since the variation of TCRs is enormous, T-cells can recognize almost any antigen. Naive T-cells
in lymph nodes are activated when they recognize an antigen through their TCR. Naive T-cells
which recognized MHC class 1 differentiate into CD8 T cells. Naive T-cells which recognized
MHC class 2 differentiate into CD4 T-cells. Activated CD8 T-cells lead the infected cells to
apoptosis by secreting perforin, which is a pore-forming protein letting pro-apoptotic protein of
granzyme to enter the cell. The other mechanisms of inducing apoptosis in the infected cell is to
activate Fas on the cell surface by the Fas ligand on CD8 T-cells. These mechanisms are consistent
with the cell-killing process of NK cells, while one CD8 T-cells only work for one specific type
of antigen.

Activated naive CD4 T-cells differentiate into different types of CD4 T-cells, such as Thl,
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Th2, Th17, Tth, or Treg, based on the cytokine signaling by DCs. When there is microbial
infection, DCs secretes IFN-y and IL-12, which induce differentiation to Thl cells. Thl cells
activate macrophage, NK cells, and CD8 T cells to destroy the infected cells. When microbial
signaling is low and IL-4 signaling exists, naive CD4 cells will mature into Th-2 cells. Th2 cells
produce IL-4, IL-5, and IL-13 which activate B cells to produce antibodies. Th2 also induce some
portion of the activated B cells to be memory cells. With TGF-f, IL-6, and IL-23, naive CD4 cells
turn into Th17. Th17 cells activate neutrophils, macrophages, and DCs with IL-17 and IL-22,
inducing inflammatory response. IL-21 and IL-6 lead the differentiation to Tfth cells, which
activates B-cells with IL-21, IL-4, and IFN-y. With IL-2 and TGF-f, the naive cells will be Treg
cells. Treg cells are immunosuppressive and anti-inflammatory cells, suppressing or
downregulating the function and population of other effector T-cells through secreting TGF-f3 and
IL-10.

Naive B lymphocytes also have receptors (BCR), which experience rearrangement of DNA
in bone marrow. BCR have heavy and light chain, and both has constant and variable regions.
Variable regions recognize antigens, and there are enormous number of different naive B-cells
with different BCRs because of the rearrangement. When naive B-cells recognize antigens with
BCRs at lymph nodes, they present it to CD4 T-cells. B cells are phagocytic just like other antigen
presenting cells such as macrophages and DCs. When naive B cells present antigens to CD4 T-
cells (Th2 cells) which recognize the same antigen by antigen presentation of DCs, Th2 cells
activate the naive B cells through cytokine signaling such as IL-4, which mechanism is referred as
linked recognition. The activated B cells change the class of BCRs they produce. B-cells further
activated by Tth cells, starts proliferating and somatic hypermutation. Somatic hypermutation

induce producing different BCRs based on the BCRs which originally recognized the antigen in
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order to produce BCRs with much more affinity to the antigen. Cells with BCR of great affinity
will move to bone marrow and become plasma cells. Plasma cells produce more BCRs and secrete
them as antibody. Cells that no longer bind to the antigen will be destroyed. Some of the activated

B-cells will be memory cells.

3.3.2  Innate immune response and inflammation

Innate immune response is not specific to antigens but starts within minutes and hours.
Macrophages and DCs residing in tissues, organs, and skin detect infection or injury by PRR and
recruit neutrophils to the site. Macrophages, DCs, and neutrophils phagocyte the pathogens and
destroy or process them. DCs present the epitope of the pathogen to the CD4 T-cells at lymph
nodes and to initiate adaptive response. NK cells also detect the infected cells and lead them to
apoptosis. Macrophages, DCs, and neutrophils also produce inflammatory cytokines, such as IL-
1, IL-6, IFN-y, and TNF-a which recruit and activate more immune cells to the infection site.

Inflammatory cytokines allow communication between immune cells, resulting in
inflammation. Inflammation is a tissue response to infection or injury by recruiting and
coordinating immune cells and molecules in the circulating system. Initial inflammation in
response to infection and damage is referred as acute inflammation, which lasts only for several
hours to a few days. Acute inflammation is composed of a vascular reaction and cellular response
coordinated by different mediators. The vascular reaction involves dilation of blood vessels
(vasodilation) as well as increased permeability of microvasculature. Vasodilation is induced by
histamines and increases and slows down the blood flow. Vascular permeability is increased by
histamine and kinin, which enhances plasma proteins and induces immune cells to leave
circulation. Innate immune cells, predominantly neutrophils, are recruited to the infection or injury

site due to chemotaxis and leaves the blood flow by extravasation (see 3.3.1), which is also
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enhanced by the vascular reactions. Neutrophils and macrophages eliminate pathogens by
phagocytosis, which involves creations of phagolysosome and destruction the pathogen by free
radicals, reactive oxygen species (ROS) and nitric oxide (NO), from lysosomes. Acute
inflammation is terminated by anti-inflammatory cytokines such as IL-10 and TGF-B when the
elimination of pathogen is achieved, followed by the initiation of tissue repair. Acute inflammation
will result in either resolution (complete repair), scarring or fibrosis (healing by being replaced
with connective tissue) with loss of the function, or chronic inflammation. The four signs of acute
inflammation are redness (rubor), warmth (calor), swelling (tumor), and pain (polor). Redness,
warmth, and swelling is mainly due to the vascular reaction, while pain is from mediators such as
prostaglandins and bradykinin released from neutrophils and mast cells.

Chronic inflammation is the prolonged inflammatory status over weeks, months, and years,
often associated with tissue injury and repair at the same time. Chronic inflammation can be caused
by incomplete acute inflammation, persistent infections and exposure to toxic agents, as well as
hypersensitivity disease such as autoimmune and allergic disease. While acute inflammation is
predominant with enhanced infiltration of neutrophils, chronic inflammation is manifested by
infiltration of mononuclear cells such as macrophages, lymphocytes, and plasma cells. The
macrophage is the main contributor to chronic inflammation, presenting antigens to CD4 T-cells
and activating them as well as producing inflammatory cytokines. CD4 T-cells, especially Th1 and
Th17 cells, can activate macrophages by IFN-y, producing other inflammatory mediators. The
communication between macrophages and CD4 T-cells can accelerate and prolong chronic
inflammation. Plasma cells are also found in chronic inflammatory sites, possibly producing
antibodies for the persistent antigen. Neutrophils are also elevated, induced either by persistent

pathogens or inflammatory cytokines from macrophages and CD4 T-cells. Chronic inflammation
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is known to be a cause of many diseases including Arthritis, Asthma, Atherosclerosis, and

Pulmonary fibrosis.

3.3.3 Adaptive immune response

Adaptive immunity is specific to an antigen and effective compared to the innate immunity,
while it takes more than a few days to initiate. Adaptive immunity starts with antigen presenting
of DCs at lymph nodes to naive T lymphocytes. When CD8 T-cells are activated, cellular immunity
initiates and destroys the infected cells. When CD4 T-cells are activated, humoral immunity starts
with communication between CD4 T-cells and B-cells. Because of the rearrangement of DNA in
naive T lymphocytes and B lymphocytes, they have wide variety of receptors, allowing highly
specific binding to antigens. B-cells further go through somatic hypermutations to find receptors
with higher affinity, which will be released as antibody. Antibodies are Immunoglobulin proteins.
There are 5 types of antibodies: IgM, IgG, IgA, IgE, and IgD, and have different features and
functions.

IgMs are produced by Naive B cells, and work as pentamer, which increase their possibility
to bind to antigens. IgMs enhance clumping of antigens (agglutination), which become good
targets of phagocytic cells. IgMs also bind to compliment component C1, leading to enhanced
phagocytosis (opsonization) as well as cytolysis, which is a part of necrosis, bursting of cell
cytoplasm induced by osmotic imbalance, through classical compliment pathway.

IgGs are the most abundant and 75% of the antibodies in the circulation, produced by plasma
B-cells. IgGs have high affinity to bacteria and their pathogens. IgGs enhance agglutination. IgGs
also induce cytolysis through the classical compliment pathway. IgGs are smaller than IgMs and
transported faster to the infection site or antigen. IgGs also bind to antigens and neutralize by

blocking them from interacting with host cells (neutralization).
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IgAs are a secreted antibody, frequently found in mucous membranes such as respiratory
and digestive tracts. IgA interacts with inhaled and ingested antigens, neutralizing and
agglutinating them, but not inducing compliment pathway and the cytolysis.

IgEs are only 0.05% of the antibodies and produced for parasite infections and allergens.
They binds to the Fc receptors found on the surface of mast cells and basophils. IgDs also occupies
very small percentages in the serum immunoglobulins, and the function is not clearly identified.

Important feature of adaptive immunity is memory cells. While most of the lymphocytes
have limited life span, part of the activated (effector) T cells and B cells will remain as memory
cells. While memory B cells stay in circulation in quiescence memory T cells self-renew and reside
in surface tissues of organs such as intestine, skins, lungs. Due to these memory cells, the immune
response to the same antigen will be more robust, producing more antigens quicker, initiating

within a few hours.

3.4 Biological effect of IR

3.4.1 Immune and hematopoietic system after IR

The Hematopoietic system is one of the most sensitive systems to ionizing radiation
exposure (Dainiak 2002; Paganetti 2023). The number of circulating hematologic cells typically
decrease in response to ionizing radiation exposure through reduced bone marrow production, as
well as the redistribution and apoptosis of mature blood cells. Lymphocytes are the most
radiosensitive cells with a Do of 0.2-0.3 Gy for small lymphocytes. Do is the dose that reduces the
number of surviving cells to 37%. After acute whole-body radiation exposure, Lymphopenia starts
first, followed by granulopenia, thrombopenia, and anemia (Figure 5). For radiation doses as high

as 4-6 Gy, the number of granulocytes could increase (temporal granulocytosis) for the first few
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days to a week to compensate the loss of the number of leukocytes, which is achieved by release
of cells from the maturing-only pool. The number of granulocytes decreases rapidly to reach a
minimum value on day 18-20. Granulocyte recovery starts after about a week of aplasia, almost
the same time for all the cell types. The hematopoietic system will be fully recovered
approximately one month after exposure. The speed of decline and recovery depends on the
radiation dose as well as the level of injury to the stem cell pool (Fliedner et al., 2002). The
depletion of circulating blood cells also enhances release of immature cells from bone marrow.
For much higher doses, the decline of lymphocytes and granulocytes is earlier with a longer
aplastic condition, resulting in a fatal condition such as hemorrhage and infection to the organism,
which is referred to as acute hematopoietic syndrome and can lead to death within 30 days to 60

days after irradiation.

Relative number of cells to pre-irradiation

1

Erythrocytes

Platelets

Lymphocytes |
0
Time afterirradiation 30 days

Figure 5: Conceptual depletion and recovery curve of the main peripheral blood components
following an intermediate dose of total body irradiation (Modified from Hall and Giacia, 2019)

Hematopoietic response to partial body irradiation (PBI) resembles whole-body irradiation

response. The response depends on the volume of the body irradiated, as well as the level of injury
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to bone marrow and stem cell pool. When bone marrow is severely injured, medullary
hematopoiesis, which is hematopoiesis outside of bone marrow such as the long bones, spleen, and
liver, occurs to make up bone marrow functions.

In the case of chronic low-dose-rate radiation exposure, hematopoietic response may depend
on the dose rate and the total dose received. Previous research is mainly focused on the risk of
leukemia, and the hematopoietic response mechanisms have not been thoroughly investigated.
International research for nuclear workers of French, American, and British population
(INWORKS) revealed a correlation between chronic low radiation dose (1.1 mGy per year on
average) to excess risk of leukemia mortality (Leurand et al., 2015), while several other studies
provided conflicting results regarding the association between chronic low dose-rate radiation
exposure and leukemia mortality (Luxin et al., 1990; Parkin et al., 1993).

Studies on astronauts provide evidence of damage to the human hematopoietic system likely
resulting from chronic exposure to the low dose/low dose-rate space radiation environment during
long-duration spaceflight aboard the International Space Station; WBC counts were typically
increased during spaceflight, with a dose-dependent decrease post-spaceflight (Crucian et al.,
2015; Bailey et al., 2022). Elevated WBC counts during spaceflight could be due to exposure to
space radiation or the hostile environment, including microgravity, confinement, and limited
nutrition inducing leukopenia. However, Luxton et al. (2020) demonstrated a negative linear
correlation between WBC counts and frequency of inversions (as a proxy for dose) in blood
lymphocytes, a relationship that was confirmed only for post-spaceflight. Since inversions are a
type of chromosomal aberration induced by ionizing radiation, the finding indicates leukopenia
was possibly caused by damage to hematopoietic stem or progenitor cells.

No significant correlation was found between radiation dose and white blood cell (WBC)
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counts, lymphocyte, and neutrophil counts for populations receiving 5-25 mSv in total after three
months to a year since Fukushima Daiichi Nuclear Power Plant Accident (Sakai et al., 2015). On
the other hand, several studies on Japanese macaques in Fukushima provided evidence for possible
hematopoietic damage by low-dose radiation exposure (Ochiai et al., 2014; Urushihara et al.,
2018). The threshold of radiation dose and dose rate to induce hematopoietic response has not been
determined for environmentally exposed populations but could be higher than expected
considering no significant chromosomal aberrations were found for the macaques in Fukushima
(unpublished data).

The impact of ionizing radiation on the immune system depends on the dose and dose-rate,
the level of damage to hematopoietic system, and the number of surviving cells (Hall et al., 2019).
Generally, high dose ionizing radiation is immune suppressive, which is utilized to inhibit the
immune system before organ transplantation. High doses typically induce inflammatory response
and possibly can persistently damage immune function. Alternatively, low dose ionizing radiation
can modulate immune function as well as provide anti-inflammatory features, while low doses are
also reported to cause slight immune function alterations for a long time (Lumniczky., 2020).

Studies on the effects of ionizing radiation to the immune system are well summarized in
UNSCEAR’s report in 2006; “Effects of Ionizing Radiation vol.2 Annex D.” For low dose and
low-dose rate ionizing radiation exposures (<0.2 Gy to whole body or <0.1 Gy/hr), the disturbance
of innate and adaptive immune system is reported for both animal and human studies. The
disturbance to the adaptive immune system is possibly caused by the high-radiosensitivity of
lymphocytes and lymphoid tissue as well as restricted progenitor cell pool. Animal studies
demonstrated suppression in adaptive immunity by the decline of lymphocyte and the alteration of

cytokine production for an extent of time after irradiation. For instance, Seed et al (2002) reported

34



decreased leukocytes including granulocytes, monocytes, and lymphocytes in blood of canines
irradiated with a dose rate as low as 3 mGy/d. Studies on mice with total dose of 75 mGy proved
decreased and increased cytokines of IL-10 and IL-12 respectively (Liu et al., 2002). These altered
count of cells, cytokines, and activities were typically recovered in several months.

Human studies are very limited, and results are controversial. Chang et al (1999) suggested
chronic low-dose rate ionizing radiation caused a decrease of cellular immunity to residents
exposed to 169 mSv on average (in the range of 8-1,662 mSv) from a building containing Co-60
contaminated material. Some studies of nuclear workers exposed to similar dose proposed the
opposite result using the same method comparing the ratio of CD4+ T-lymphocytes to CD8+ T-
lymphocytes (CD4+/CD8+) (Ress et al., 2004). CD4+/CD8+ is a standard method to evaluate
cellular immunity. Activation of the immune system by low-dose rate radiation is reported in some
animal studies, while the result is highly dependent on the dose rate and the condition, suggesting

a need for more investigation.

3.4.2 Cancer and non-cancer disease after radiation

The main delayed and long-term health effects of ionizing radiation exposure are categorized
into cancer and non-cancer disease. Cancer incidence and increased mortality rate have been
investigated as the main delayed risk of ionizing radiation exposure. Epidemiological studies on
atomic bomb survivors, nuclear workers, and radiotherapy patients have provided evidence of
increased cancer mortality (UNSCEAR, 2006). More information on low dose exposures is
accumulating over time. However, low dose exposure studies are typically associated with low
statistical power, and possible biases concerning dose-response.

Models to estimate the effect of radiation exposure on cancer mortality have been developed.

The estimated risk is primarily dependent on dose, age at exposure, sex, and the radiation exposed
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population. The cancer mortality estimation for low dose or chronic low dose radiation exposure
needs additional investigation because of limited data and possibility of bias.

Circulatory disease has been studied as the most common non-cancer disease after radiation
exposure along with respiratory, digestive, and infectious disease. Several studies on A-bomb
survivor cohorts and medically and occupationally exposed populations provide evidence of a
positive correlation with radiation dose and disease incidence. The Adult Health Study, which is
an investigation of A-bomb survivors, showed a significant quadratic dose response for myocardial
infarction with a relative risk of 1.25 (95% confidence interval of 1.00 and 1.69) for 10,339 people
exposed 0->3Sv (Yamada et al., 2004). Early radiation therapies (~1970s) increased survival from
lymphoma and breast cancer, but also caused cardiac disease over time, especially because of the
high dose and treated volume (Haybittle et al., 1989; Hancock et al., 1993). With the development
of science and technology, the incidence of CVDs after medical radiation treatment decreased,
while the knowledge of the impact from lower dose radiotherapy is limited. Also, the risk of CVD
became harder to assess due to the incorporation of cardiotoxic drugs in treatment (Bovelli et al.,
2010). Several studies on nuclear workers showed significant dose-response relationship on CVDs
(Cardis et al., 1996; Gilbert, 2001), but the data is limited and could be misinterpreted especially
for low-dose exposures because of lifestyle and socio-economic factors leading to CVDs. Overall,
the impact on incidence and mortality of CVDs after radiation exposure requires more studies, as

well as investigations on the mechanisms.

3.4.3 Long-term radiation impact on hematopoietic and immune system

Prolonged deficiencies in hematopoietic and immune system have been investigated in
various exposure cohorts including A-bomb survivors, Chornobyl clean-up workers and resident

children, nuclear workers, and radiation therapy patients. Table 4 summarizes long-term follow-
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up studies of ionization exposure for hematological and immune cell and molecular parameters.
“Long-term” for this proposal refers to animals that have survived a minimum of year after
radiation exposure events. Long-term studies are classified into cross-sectional and longitudinal
analyses. Cross-sectional studies, where the target parameters were obtained from one or several
time points after irradiation, are typically meant to provide dose-response at the time of the
investigation. On the other hand, longitudinal studies utilize data from a continuous sampling in
an extended amount of time to investigate the temporal trend.

The A-bomb survivor cohort is the most extensively analyzed for long-term effects of
1onizing radiation on the hematopoietic and immune system. These studies typically have a large
number of samples sufficient to provide statistically reliable results. Most studies are cross-

sectional, and findings summarized in UNSCEAR (2006);

) T lymphocytes are most sensitive, and the subset population and proportion are
highly affected by ionizing radiation. Functional deficiencies of T lymphocytes were
also detected. Recovery from radiation exposure varies depending on the cell type,
naive cells were typically slower to recover than memory cells.

(11) B-cell population increased significantly as well as some types of immunoglobulins.

(111))  Erythrocytes showed the functional deficiency for the highly exposed group.

In addition to these cellular parameters, increased inflammatory markers such as C-reactive
protein (CRP) and interleukin 6 (IL-6) were observed (Hayashi et al., 2003). All these
abnormalities were detected up to several decades after the exposure and are suggested to cause
chronic inflammation, CVDs, and accelerated aging on both hematopoietic and immune system.

Longitudinal analysis on A-bomb survivors has not been conducted until recently. Hsu et al.

(2010) was the first to conduct a longitudinal analysis of white blood cell and the differentials for
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19-59 years after exposure. A persistent elevated WBC count in the >2 Gy exposed group was
found for the study period. Yoshida et al. (2019) also suggested the >2 Gy exposed group had a
higher monocyte percentage at older ages, indicating a delayed effect on hematopoietic system
after radiation exposure. Considering the evidence of a prolonged effect on both hematopoietic
and immune system, more longitudinal studies are required to understand the long-term effect of
ionizing radiation.

Studies on clean-up workers and residents exposed by the Chornobyl nuclear power plant
accident were generally consistent with A-bomb survivor studies, associated with different
lymphocyte subset population and proportion as well as functional deficiencies. However, heavy
metal contamination, mainly from lead, could exaggerate health conditions of the clean-up workers.
Longitudinal studies are very limited, and Stepanova et al. (2008) first reported six-year trend of
WBC, red blood cell (RBC), platelet counts and hemoglobin in children’s peripheral blood. While
RBC, platelet count and hemoglobin increased during the study period, WBC count remained
constant with relatively smaller count for cohorts from highly contaminated areas (no p-values
provided). Considering many studies reported prolonged damage in hematopoietic and immune
system, longitudinal studies are required to understand the temporal changes for the exposed
population.

The Techa river resident cohort is another group of people exposed to high dose radiation
(estimated bone marrow dose 0.5-2.3 Gy) for an extended of time. Kossenko et al. (1998)
investigated 940 people with chronic radiation syndrome for 1-30 years since the exposure started.
The range and mean of leukocyte and neutrophil count were below the 90% CI of normal values
for the whole study period (no p-value available), and stab (band) neutrophils were above the 90%

CI of normal values for the study period. While statistical significance was not provided, the
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linearly increasing trend of WBC, neutrophil, and thrombocytes after the end of the exposure
indicated gradual recovery of hematopoietic system.

Studies of residents in Fukushima who received 5-25 mSyv in total provided no evidence of
dose response to white blood cell, lymphocyte, and neutrophil count after three months to a year
since the Fukushima Daiichi nuclear power plant accident (Sakai et al., 2015). There was only a
limited follow-up after the exposure, but it is unlikely the population will have any prolonged
hematopoietic or immune deficiencies due to the relatively small radiation dose. However, 2-2.5
year follow up studies on wild macaques in Fukushima proved the WBC count and platelets in
peripheral blood declined with internal dose-rate (7.6 pGy/day on average, Urushihara et al.
(2018)). Ochiai et al. (2014) also provided evidence of a negative correlation with WBC counts
and muscle radioactive cesium concentration for macaques captured 1-2 years after the accident.
It may be important to keep monitoring wildlife hematologic parameters, considering they could
provide evidence of the impact of chronic low-dose radiation exposure.

Follow-up studies on cancer patients after radiation therapy also provide evidence of long-
term effects on hematopoietic and immune system. Several studies comparing long-term follow
up of leukocytes and the differentials for breast cancer patients after surgery with and without
radiation therapy suggested depleted count of lymphocytes and the subpopulations remained for
as long as 5 years after irradiation (Baral at al., 1977; Toivanen et al., 1984; Shukla et al., 1986).
The depletion and recovery trend depend on the lymphocyte subpopulations. Watanabe et al.
(1997) investigated the depletion and recovery in CD4+ and CD8+ of naive and memory T
lymphocytes. Decline of both CD4+ and CD8+ naive cells persisted up to 30 years. The total count
of CD8+ cellsrecovered over the 5 years post irradiation however the composition of CD8+ cells

shifted to increased memory cells, and decreased naive cells. Treatment regimen also influences
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long-term damage and recovery in hematopoietic and immune system. Wersal et al (2019)
compared breast cancer patients with intraoperative radiation therapy of accelerated partial breast
irradiation with and without additional whole breast radiotherapy (IORT/WBRT and IORT/APBI,
respectively). IORT/WBRT showed decreased WBC and RBC counts, hemoglobin, and platelet
counts as well as increased lymphocyte (%) compared to preoperative values (p<0.005). These
conditions persisted up to 5 years after the completion of treatment. The prolonged effect of RT
should be investigated carefully due to the confounding factors from the patients’ disease.

These immune deficiencies are also found in NHPs exposed to total body gamma irradiation
(TBI). DeBo et al., (2016) reported NHPs exposed 6.5-8.4 Gy TBI had significantly higher pro-
inflammatory protein markers as well as increased incidence of myocardial injury 5.6-9.7 years
after irradiation. Elevated CRP and IL-6 was also suggested, although it was not statistically
significant. Studies on NHPs exposed to 4 Gy TBI provided little evidence of the impact of
radiation on the adaptive immune system but indicated late immune deficiency regarding to
immunoglobulin G binding to several polysaccharide antigens (Macintyre et al., 2021).

As reviewed above, an increasing number of studies provide cumulative evidence of long-
term effects on the hematopoietic and immune systems following ionizing radiation in many
exposure scenarios including, accidental, environmental, medical, and experimental. While most
of studies reviewed here are high dose exposures, follow up studies of low-dose exposure using
international nuclear worker cohorts are also emerging (Laurier 2017). Yet, most of the
investigations are cross-sectional, only providing the impact at one or several time points, and
longitudinal studies are required to reveal the temporal trend of the impact as well as to predict
response for longer periods. In addition, further investigations are required to clarify the

relationship to these conditions on CVDs or other diseases as well as the mechanisms.

40



Table 4: Overview of studies for long-term effects on leukocytes and the differentials after
ionizing radiation exposure

f -
study cohort n p:r% :J;'rs after dose/doserate Type ofstudy Parameter Trend of change Citation
exposure )
A-bomb 411 43-47 215Gy cross- T lymphocyte subset (3%): {Kusunokiet al.,
survivor (mean: 2.4Gy) sectional - decreased (p<0.01) for irradiated group 298)
CDB+ no signfficant difference
NK cell no signficant difference
B lymphocyte subset (3):
CD5+ increased (p<0.01) for irradiated group
CD23+ increased (p<0.01) for irradiated group
6304 43-47 0.01->2.0 Gy cross- leukocyte positive correlation with radiaton dose {p<0.05) {Nedishi etal,,
sectional neutrophil positive correlation but not statistically significant (p>0.1) )
453 50-52 0.005->1.5Gy cross- T lymphocyte subset (3%): {Hayashi etal,,
sectional  opa, deceased with radiation dose (p<0.05) 22
CD3+CD4+ deq eased with radiation dose (p<0.05)
CD3+CD8+ no signficant difference
7562  19-59 0.005->2Gy  longtudinal leukocyte High dose exposure (>2Gy) increased (p<0.05) fHsu et al., 2010)
neutrophil High dose exposure(>2Gy) increased (p<0.05)
lymphocyte High dose exposure (>2Gy) increased(p<0.05)
monocyte High dose exposure(>2Gy) increased(p<0.05)
229 66-68 0.005-20.5Gy cross- totaldendriticcell (DC)  no significant dose response {Kagmura etal,
sectional conventional DC no signficant dose response )
plasmacytoid DC negative dose response (p = 0.035) for female
no signfficant dose response for male
14000 13-65 0.005->2 Gy longtudinal lymphocyte (%) no signficant difference {voshida etal,
neutrophil(3%) no signficant difference 2
monocyte (%) increased with radistion dose (p<0.005)
monocyte increased with radiation dose (p<0.005)
lymphoid to myeloid ratio no signficant dfference
Chernobyl 432 10-14 0.01-0.5 Gy cross- leukocyte no signficant difference {Kurjane etal.,
sectional . mphocyte (3%) no signficant difference -
monocyte (%) no signficant dfference
T lymphocyte subset (3%):
CD3+ deaeased in exposed group (p<0.05)
CD4+ deaeased in exposed group (p<0.05)
CD8+ deaeased in exposed group (p<0.05)
NK cell deaeased in exposed group (p<0.05)
B lymphocyte (%) no signfficant dfference
207 7-8 0.57-3.09 Sv cross- T lymphocyte subset (%): {Chemyzhovet
11933:1990) sectional CD3+ non-RRDC *: no sgnificant difference .
RRDC: lower than control (p<0.05) for exposure group
CD3+CD4+ non-RRDC: no signfficant difference
RRDC: lower than control (p<0.005) for ASD™*>1.0mSv
CD3+CD8+ no signficant difference
CD3+CD4+/CD3+CD8+ no signficant difference
NK cell (%) no signficant dfference
B lymphocyte(3%) no signficant difference
1251 7-12 No doserange longitudinal leukocyte deaeased with area Cs-137 contamination (p<0.05) {Stepanova et
11093:1299) Svailable platelet deareased with area Cs-137 contamination (p<0.05) Ao

increased over the study period (no p-values)
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Table 4 (continued)

follow-up
study cohort n period (yrs after  dose/doserate Type of study Parameter Trend of change Citation
exposure)
Techarver 940 1-30 0.5-2.3 Gy Cross- leukogyte range and meanwere below reference for the study period {ossenko etal.,
. - - 1538)
resdent (wn: (1950-1970) (RBM dose) sectional linear iy increasing trend for the study period
CRS™)
neutrophil range and mean were below reference for the study period
band neutrophilswere above reference for the study period
linear iy increasing trend for the study period
platelet linear iy increasing trend for the study period
Fukushima 45278 0.2-1 <25 mSv cross- leukogyte no signficant difference (s3kaietal.,
R 2015)
(human) sectonal neutrophil no signfficant difference
lymphocyte no signfficant difference
Fukushima 65 2-25 7.6 uGy/day cross- peripheral blood: {Urushihara et
< al, 2018)
(NHPs) (external dose) sectional leukogyte negative correlation with internal dose-rate (p<0.05) for adults (=5
13.9 uGy/day
S I yrs oid)
Flntema ) platelet negative correlation with internal dose-rate (p<0.05) for adults (25
in average
yrs oid)
bone marrow:
myeioid cell negative correlation with internal doserae (p<0.05) for aduits (25
yrs oid)
megakaryocyte negative correlation with internal doserae (p<0.05) for adults (25
yrs oid)
hematopoietic cell negative correlation with internal doserae (p<0.001) for adults
(25 yrsold)
Nuclear 375 1-5 0.3-7.0mSv Cross- leukogyte lower than control (p<0.001) {wangetal,
5 R 2022)
worker (cumulative) sectional neutrophil(3) higher than control (p<0.05)
eosinophil (%) lower than control (p<0.001)
basophil(%) no signfficant difference
monocyte (%) no signficant difference
fymphocyte (%) no signficant difference
platelet no significant difference
Radiotherapy 110 2 456y™ cross- lymphocyte RT group: lower than pretreatment (p<0.001) (Baraletal,
% X 1577)
petlert sectional non-RT group: no signficant difference
10 3 40-43 Gy (al) + cross- leukogyte lower than pretretment (p < 0.0005) (Toivanen etal.,
o5 - 1984)
30 Gy (n=?) sectional lymphocyte lower than pretretment (p < 0.0025)
monocyte no signficant difference
T lymphogyte lower than pretretment (p<0.005)
helper cels lower than pretretment (p<0.01)
surppressor celis lower than pretretment (p<0.005)
thymocytes lower than pretretment (no p-value)
56 0.3-32 25-44 Gy cross- leukogyte higher than control for >Syr follow-up group (p<0.05) (watanabeet al,,
_ - 1287)
(n=21s sectional no signfficant difference to pretreatment
25-44 +26-51
Gy neutrophil higher than controlfor >5yr follow-up group (p<0.05)
(n=35) no signficant difference to pretreatment
B ymphocyte

T lymphocyte subset:

NK cell

naive CD4+

memory CD4+

naive CD8+

memory CD8+

higer than control and pretreatment (p<0.05) for all folow-up
period

higher than controland pretreatment (p<0.05) for >5yr follow-up
group

lower than control and pre treatment (p<0.005) for all follow-up
period

lower than control and pretreament (p<0.005) <5yr folow-up
group

lower than control (p<0.005) for all study period

higher than controland pre-treatment (p<0.005) for >Syr follow-up
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Table 4 (continued)

follow-up
study cohort n period (yrs after dose/dose rate Type of study Parameter Trend of change Citation
exposure )
Radiotherapy 256 1-5 12-20 Gy (IORT) cross- leukocyte lower than pretreatment (p<0.001) for the study period (Wersal et al.,
. . 2019)
payent vs sectional lymphocyte (%) higher than pretretment (p<0.005) for the study period
12-20 + 45-56
Gy (WBRT)‘S platelet lower than pretreatment (p<0.001) for the study period
NHPs 43 3.7-5.8 6.5-8.4 Gy cross- leukocyte increased with dose (p=0.01) (Hale et al.,
sectional . o i 2019)
neutrophil(%) no significant dose response
eosinophil (%) no significant dose response
monocyte (%) no significant dose response
platelet decreased with dose (p=0.05)
lymphocyte no significant dose response
lymphocyte (%) no significant dose response
T lymphocyte (%) decreased with dose (p=0.0004)
16 0-2.7 4Gy longitudinal  leukocyte decreased with time (p=0.02) with interaction of irradiation and (Macintyle et al.,
time (p<0.0001) 2021)
neutrophil decreased with time (p=0.02) with interaction of irradiation and
time (p<0.0001)
lymphocyte decreased with time (p<0.0001) with interaction of irradiation and
time (p<0.0001)
eosinophil decreased with time (p=0.045) without significant interaction of
time and irradiation
monocyte decreased with time (p=0.012) with interaction of irradiation and
time (p<0.0001)
0.3-1.75 PBMC cells” (%);

myeloid DC

plasmacytoid DC

B lymphocyte
CD80high B cells
CD27+B cells

T lymphocyte
CD4/CD8 T cell ratio

decreased with time (p=0.0117) without significant interaction of
time and irradiation

decreased with time (p=0.0008) without significant interaction of
time and irradiation

decreased with time (p<0.0001), no effect of irradiation

decreased with time (p=0.0039), no effect of irradiation
decreased with time (p<0.0001), no effect of irradiation
increased with time (p<0.001), no effect of irradiation

increased with time (p<0.0001), no effect of irradiation

CD4+CD8+ Tcell no difference between control vsirradiated for all the study period

Naive CD4 T cell increased with time (p<0.0036) with significant effect of radiation
exposure (p=0.0099) with interaction of time and irradiation
(p<0.0001)

Naive CD8 T cell increased with time (p<0.0001) with significant effect of radiation

exposure (p=0.0241)

*1 RRDC: recurrent respiratory disease children
*2 ASD: average summary (internal and external) doses (ASD) of '*’Cs and *°Sr

*3 CRS: chronic radiation syndrome

*4 patients with pre- or post- operative radiation treatment (45 Gy) vs only surgery
*5 the number of patients with additional RT was not available

*6 WBRT: whole breast radiation treatment

*7 PBMC: peripheral blood mononuclear cell

3.5 Factor of age for hematologic system after ionizing radiation exposure

3.5.1 Aging in hematopoietic system

Hematopoiesis changes with maturation and aging. Juvenile hematopoiesis after birth is

lymphoid biased to develop the adaptive immune system (MacKinney et al., 1987). In the steady
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state of matured individuals, lymphoid and myeloid biased hematopoietic stem cells are balanced,
providing both lymphoid and myeloid cells equally for daily self-renewal of blood cells as well as
hematopoietic challenges such as infection and inflammation (Kovtonyuk et al., 2016). With
aging, the hematopoietic system becomes myeloid biased with less self-renewal and regenerative
potential of the stem cells (de Haan and Lazare, 2018). Even though the overall function of
hematopoiesis is maintained, myeloid biased hematopoiesis causes functional deficiency in both
the adaptive and innate immune system, leading to age-related conditions such as higher
susceptibility to infectious disease, lower efficacy to vaccines, and higher probability of
hematologic and autoimmune disease (Kovtonyuk et al., 2016). Some studies also proved a
difference in blood cell counts depending on age or age group (Xia et al., 2009; Xie et al., 2013).
However, age-dependent differences in leukocyte counts were not statistically confirmed or

investigated thoroughly for either human or NHPs (Smucny et al., 2001; Kun et al., 2020).

3.5.2 Factor of age for risks of ionizing radiation exposure

Age is an indispensable factor to assess the impact and long-term consequence of ionizing
radiation exposure since the system responding to ionizing radiation changes with age. In addition,
long-term assessment of radiation effects should take the factor of age into account. Health effects
possibly caused by ionizing radiation are long term, such as cancer and cardiovascular disease,
which naturally increase with advancing age. Generally, radiation sensitivity is the highest at
development and early ages of organisms and the lowest after maturation, but increases again with
aging (Tong and Hei, 2020).

Epidemiological studies for A-bomb survivors and patients who experienced radiation
therapy provided evidence for age-related cancer risk after high dose or high dose-rate ionizing

radiation. For most types and sites of cancer, excess relative risk decreases with age at exposure
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(Little 1993; Little 2003). Little et al. (1998) also proposed that solid cancer risks for population
exposed at an earlier age decreases with time, while those risks are consistent over time for adult
exposures. Leukemia risks from radiation exposure generally increases for a short period, is
conserved for a limited time, and then decreases with time (Preston et al., 1994). Models fitted for
excess relative risk for leukemia suggested time after exposure is a more important factor than age
at exposure for leukemia risk estimation. Both age and time after exposure are important factors
for solid cancers (Preston et al., 2004). Long-term consequences of ionizing radiation exposure in
terms of cancer risk changes with time after exposure, age at exposure, and cancer type, as well as
dose and dose-rate.

Compared to cancer risks, the factor of age as a risk for cardiovascular disease and non-
cancer disease has been less focused. This is because the excess risk itself is much smaller than
cancer, and the background risks of non-cancer disease are higher than those of cancer
(UNSCEAR, 2006). Preston et al (2004) analyzed epidemiological data from A-bomb survivors,
suggesting lifetime risk of non-cancer disease for population exposed in their childhood was half
or less of that for solid cancer risk, while the risks were equal for population exposed at older age.
In contrast, several studies found that age at exposure is not significantly related to the risk of non-
cancer disease (Little 2004; Zhang et al., 2005).

Experimental studies on the NHP cohort have proposed that there is an effect of aging and
age at time of irradiation for irradiated animals (Little et al., 2022). The effect of age at time of
exposure proved to have much less significance on delayed health effects than expected from
epidemiologic studies of human cohorts (which ones?). However, attained age had a very
significant impact on many delayed radiation health effects, such as cardiac disease, hypertension,

and cancer (p<0.005), exceeding the effects of radiation exposure. Overall, both aging and age at
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exposure are important factors to understand long-term consequences from ionizing radiation
exposure, however these relationships are not fully understood due to a limited number of studies.
The factor of age must be considered carefully because some of the health outcomes are also age-

related.
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4 Preliminary analysis

4.1 Methods

4.1.1 Rhesus Macaques Dataset

A remarkable dataset of exposures, doses, and complete blood cell counts (CBC) from non-
human primates (NHPs) in the Wake Forest School of Medicine Radiation Late Effects Cohort
(WFSM RLEC) were analyzed. NHPs in this study were male Chinese-origin macaques (Macaca
mulatta). Twenty-one animals with long term observation (8-14.6 years) of leukocyte counts and
the differentials were chosen for control and irradiated cohorts for longitudinal analysis. Animals
were housed socially in indoor-outdoor pens whenever possible, or in group cages, if necessary,
for safe handling or medical care. Care was taken to ensure that animals in the pens were socially
compatible. Twelve animals were controls, having no radiation exposure and obtained from the
University of Illinois and Primate Products Company. Nine animals were exposed to one-time
whole-body irradiation with no mitigator assigned after exposure. The radiation dose delivered
varied from 7.2-8.4 Gy, a potentially lethal dose, considering that the LD50/30 and LD90/30 for
Rhesus Macaques are approximately 6.7 and 8 Gy (MacVittie et al., 2015). NHP radiation
exposures were performed at different facilities around the country prior to relocation to WESM;
the University of Maryland for 5 animals and University of Illinois for 4 animals. The irradiations
were conducted under Institutional Animal Care and Use Committee (IACUC) oversight with a
protocol of linear accelerator-derived photons at a nominal mean energy of 2 MeV, dose rate at 80
c¢Gy/min as a split dose in half anterior-posterior and half posterior-anterior. NHP age at irradiation
varied from 38 to 52 months (3.2-4.4 years). Animals received no mitigator after IR exposure

except for one animal who received full clinical support, which included blood transfusions,
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intravenous and subcutaneous fluids, antibiotics and nutritional support. Following irradiation, the
animals were transferred to WESM for long-term observation. They were monitored twice a day
by trained veterinary technical staff for health and welfare. WFSM is accredited by the Association
for the Assessment and Accreditation of Laboratory Animal Care International. All the procedures
at WFSM were conducted in compliance with IACUC of Wake Forest University. NHP’s
developed numerous co-morbidities during the observation period including periodontitis,
neoplasia, type Il diabetes, cardiovascular and heart disease and GI, kidney, and lung disease. Half
of the control animals were deceased, either from euthanasia or natural death at 17.1+1.0
(mean+SD) years of age. All irradiated animals except for one were deceased at 16.5+0.9

(mean%SD) years. Detailed demographic data for individual animals is listed in table 5.

Table 5: Summary of demographic information of Rhesus macaques in the preliminary analysis

Control
. Death
Birth
Source Age
Date Date
(yr)
UNIVERSITY OF ILLINOIS 04/24/03
UNIVERSITY OF ILLINOIS 05/08/04 09/25/19 15.3
UNIVERSITY OF ILLINOIS 01/31/06
PRIMATE PRODUCTS 06/08/01 03/25/21 19.8
PRIMATE PRODUCTS 09/06/01
PRIMATE PRODUCTS 05/03/02 11/18/20 18.5
PRIMATE PRODUCTS 05/03/02
PRIMATE PRODUCTS 03/17/03 11/04/20 17.6
PRIMATE PRODUCTS 05/03/03
PRIMATE PRODUCTS 01/25/04
PRIMATE PRODUCTS 05/03/04 01/23/20 15.7
PRIMATE PRODUCTS 01/26/05 09/24/20 15.6
Irradiated
. Death Radiation Irradiation
Birth
Source Age Dose Age
Date Date Date
(yr) (Gy) (yr)
UNIVERSITY OF MARYLAND 03/18/02 12/19/19 17.8 7.55 08/13/06 4.3
UNIVERSITY OF MARYLAND 06/04/02 8.4 10/29/06 4.3
UNIVERSITY OF MARYLAND 05/02/03 08/14/18 15.3 7.2 08/13/06 3.3
UNIVERSITY OF MARYLAND 05/12/03 01/27/21 17.7 7.85 09/17/06 3.3
UNIVERSITY OF MARYLAND 07/15/03 01/17/19 15.5 7.55 08/13/06 3.0
UNIVERSITY OF ILLINOIS 03/03/03 10/02/19 16.5 7.55 08/25/07 4.4
UNIVERSITY OF ILLINOIS 06/01/03 05/14/19 15.9 7.55 04/14/07 3.8
UNIVERSITY OF ILLINOIS 03/17/04 03/11/21 16.9 8.05 07/07/07 3.3
UNIVERSITY OF ILLINOIS 05/03/04 03/18/21 16.8 7.2 07/07/07 3.2
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Blood sampling was conducted as part of routine clinical examination at intervals that varied
between several weeks to 6 months. The animals were sedated with intramuscular ketamine and
blood was collected from the femoral vein with EDTA-vacutainers. The CBC dataset included
white blood cell counts, red blood cell counts, hematocrit, lymphocyte % and absolute lymphocyte
count, neutrophil % and absolute neutrophil count, monocyte absolute and %, basophil %,
eosinophil %, band neutrophil % and absolute band neutrophil %. The CBC was counted by flow
cytometry and random samples were reviewed with light microscopy by board-certified veterinary
pathologists for irregularities.

The CBC dataset from observations at the age of 8-17 years old were analyzed for age-
matched longitudinal analysis. Observations from the first four years post exposure were not
included in this study to ensure that all acute phase effects were resolved, as well as for age
matching purposes. Observations within 6 months prior to the time of death at WFSM were also
excluded from the analysis. Any observations of blood parameters below or above 1% percentile
of the dataset were excluded from the analysis as potential outliers. Each animal had 21-46 data
observations of each blood parameter during the study period. In total, 409-413 and 334-339
observations of each blood parameter were analyzed for control and irradiated animals,
respectively. Different longitudinal trends based on irradiation status were estimated from simple
linear regressions of the data (Figure 6). The mean and standard deviation of the counts and
percentages were calculated, suggesting the difference between unirradiated and control animals

(Table 6).
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Figure 6: Plot of leukocyte and the differential counts with simple linear regression.

Red is the irradiated and blue is the control group.

Table 6: Summary of Leukocytes and the differential counts and percentages

Count (K/uL) Percentage (%)
control irradiated control irradiated
Leukocyte 5.99 + 2.09 7.66 £ 3.01
Neutrophil 3.35+1.82 5.25+2.96 54.48 + 15.00 65.98 + 15.51
Lymphocyte 2.16 £1.00 1.88+£0.93 37.33+13.74 26.96 + 14.08
Monocyte 0.37+£0.18 0.41+£0.25 6.33+291 5.52+2.86
NLR 1.92 +1.47 3.72+3.11
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4.1.2  Statistical Analysis

Linear mixed models (LMM) were used for longitudinal analysis of leukocyte counts and
WBC differentials. LMM assigns random intercepts and/or slopes for each animal in order to
account for the correlation between repeated measurements from the same animals over the study
period. LMM is assumed to be the best method for the dataset and study goal since the dataset
contains repeated measurement and leukocyte counts have individual differences (Capitanio et al.,
1999) and fluctuate in a large variance even within a single day (Henriette et al., 2011). LMM have
been identified as the best statistical model to utilize in longitudinal studies of biomedical
parameters (Edwards et al., 2000; Liu et al., 2010; Garcia et al., 2017). Previous longitudinal
studies of WBCs and differentials for atomic bomb survivors also used LMM to take the effect of
repeated measures into account (Hsu et al., 2010; Yoshida et al., 2019). LMM assumes individual
effects are constant over the study period. A response variable for ith(?) individual is described as

yi=Xi o+ Zi Bi + & (D

where &; is the residual term distributed as N(0, R;) (normal distribution with mean 0 and
covariance matrix Ri) and assumed to be independent. o denotes a fixed effect and constant for the
population and X; is the predictor variable for the response variable, y;. The Zif; term represents
the random effect for the individual, assigning different intercepts and slopes for each animal
(Laird and Ware; 1982).

A linear mixed model was fit to each response variable separately (leukocyte, absolute
neutrophil, absolute lymphocyte, or absolute monocyte count, as well as neutrophil%,
lymphocyte%, monocyte%, and neutrophil to lymphocyte ratio (NLR). Irradiation (yes or no), time
in months (scaled with the mean and standard deviation), and the interaction of the two variables

were included in the model as fixed effects. A random intercept and slope were allowed for each
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animal to account for the correlation between samplings from the same animals. Residual
diagnostic plots were used to confirm model assumptions. A log-transformation was used for
leukocyte, absolute lymphocyte, neutrophil, and monocyte count, and NLR to satisfy model
assumptions. Estimated marginal means (EMMs) and EMMSs of linear trends were calculated
based on the models with the confidence level of 0.95. EMMs are estimated values of the blood
parameter based on the models at the average age at sampling. EMMs of linear trends are the
average slope calculated for control and irradiated animals respectively. EMMs and EMMs of
linear trends were utilized to compare the values and trends between control and irradiated animals.
All analyses were conducted using R version 4.2.3 with Ime4 and emmeans packages (Bates et al.,

2015; Lenth, 2023).

4.2  Results

The categorical factor of irradiation status (irr) was statistically significant for all models
(p<0.0001). The significance of age at time of blood sampling was also confirmed for all blood
parameters (p<0.05) except for total leukocyte counts and neutrophil counts, indicating these
counts did not have any age-related linear trends over time in the study period. Absolute
lymphocyte count and lymphocyte% statistically decreased with age at the blood sampling and
neutrophil%, monocyte count, monocyte%, and neutrophil to lymphocyte ratio statistically
increased, which agreed with the trend estimated with the simple linear regression (Figure 6). The
interaction of irradiation status and age at the time of blood sampling did not show any statistical
significance in any models. Residual plots of the models had equally distributed residuals,
indicating the adequate fit of the models to the dataset. Correlations between random slopes and
random intercept calculated for the models were small (0.45- -0.2 in range) enough to assure the

significance of random slopes and intercepts to represent the data.

52



Contrasts of control and irradiated animals using EMMs demonstrated long-term differences
in leukocyte counts, neutrophil counts, neutrophil%, lymphocyte%, and NLR (Table 7). For
example, the result of the analysis for leukocyte counts indicates, at the scaled parameter of age at
blood sampling -0.115, the estimated marginal mean of the log of leukocyte count for control
animals is 1.75 and that for irradiated animals is 1.95. The contrast between these estimated
marginal means is statistically significant (p = 0.0310), suggesting that irradiated monkeys have a
statistically higher leukocyte count than control monkeys. In the same way, the results indicating
that irradiated animals had statistically larger values of absolute neutrophil counts (p=0.0006),
neutrophil% (p=0.0012), and NLR (p=0.0007) and smaller values of lymphocyte% (p=0.0004)
compared to the controls. No significant effects on monocyte numbers.

Statistically significant longitudinal trends (p<0.05) were estimated for absolute lymphocyte
counts, neutrophil% lymphocyte%, and monocyte% from both irradiated and control animals. In
contrast to the EMMs, estimated linear trends did not show any statistically significant difference

between control and irradiated animals.
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Table 7: Estimate marginal means and the 95% confidential interval for each blood parameter
and the longitudinal trend with p-values.
Contrasts are for Control vs Irradiated.

Model EMMs EMMs of longitudinal trends
Control Irradiated contrast Control Irradiated
1.75 1.95 * -0.019 -0.031
Log (leukocyte (K/uL))
(1.64, 1.87) (1.81, 2.08) (-0.068, 0.030) (-0.085, 0.024)
Log (absolute 1.11 1.49 *E 0.0358 0.0118
neutrophil (K/uL)) (0.98, 1.24) (1.34, 1.64) (-0.0370, 0.1086) (-0.0684, 0.0921)
Log (absolute 0.671 0.506 -0.112 -0.140
lymphocyte (K/pLl))  (0.492, 0.850) (0.300, 0.713) (-0.174, -0.051) (-0.209, -0.071)
Log (absolute -1.13 -1.05 0.195 0.251
monocyte (K/uL)) (-1.29,-0.97)  (-1.23,-0.87) (0.100, 0.289) (0.144, 0.357)
4 . ok 1 1
Log (NLR) 0.435 0.986 0.150 0.166
(0.248,0.623) (0.770, 1.201) (0.047, 0.252) (0.053, 0.279)
55.0 65.9 ok 2.45 2.73
Neutrophil%
(51.1, 58.9) (61.3, 70.4) (0.33, 4.57) (0.40, 5.06)
3.54 3.17 *E -0.098 -0.117
Lymphocyte%
(3.42, 3.66) (3.03, 3.30) (-0.161, -0.036) (-0.186, -0.048)
6.20 5.61 1.07 1.17
Monocyte%
(5.48, 6.91) (4.79, 6.43) (0.66, 1.49) (0.71, 1.64)

Note: trends with statistical significance (p<0.05) were expressed in bold. *p<0.05, **p<0.005.

54



5 Analysis of Factors in Longitudinal Trend

Based on results from our preliminary analysis, we conducted a more comprehensive
analysis with more animals with different radiation dose, sex, age at the time of exposure, and

mitigator assignment.

5.1 Method

5.1.1 Dataset

A dataset of complete blood cell counts (CBC) from non-human primates (NHPs) was
provided from Wake Forest School of Medicine Radiation Late Effects Cohort (WFSM RLEC).
NHPs in this study were either Indian, Chinese, or unknown origin rhesus macaques (Macaca
mulatta). The control and irradiated animals used for this study were obtained from Wake Forest
University, University of Maryland, University of Illinois, Armed Forces Radiobiology Research
Institute, Lovelace Respiratory Research Institute, Citox Labs, and Primate Products. Animals
were housed socially in indoor-outdoor pens whenever possible, or in group cages, if necessary,
for safe handling or medical care. Care was taken to ensure the animals in the groups were socially
compatible. Forty eight animals were controls with no ionizing radiation exposure. Two hundred
and twenty (220) animals were exposed to one-time whole-body radiation which varied from 1.14-
8.5 Gy. Note that the LD50/30 and LD90/30 for Rhesus Macaques are approximately 6.7 and 8
Gy (MacVittie et al., 2015).

NHP radiation exposures were performed at different facilities prior to relocation to WFESM.
The irradiation was conducted under Institutional Animal Care and Use Committee (IACUC)
oversight with a protocol of either (1) linear accelerator-derived photons at a nominal mean energy

of 2 MeV, dose rate at 80 cGy/min as a split dose in half anterior-posterior and half posterior-

55



anterior or (2) Cobalt 60-derived gamma irradiation delivered simultaneously, bilaterally at 60
cGy/min. NHP age at irradiation varied from 38 to 52 months (3.2-4.4 years). Some animals
received mitigators immediately after IR exposure. The mitigators included white blood cell and
platelet growth factors, antibiotics, and other agents that aid in recovery of hematopoietic damage.
Following irradiation, the animals were transferred to WFSM for long-term observation. They
were monitored twice daily by trained veterinary technical staff for health and welfare. WESM is
accredited by the Association for the Assessment and Accreditation of Laboratory Animal Care
International. All procedures at WESM were conducted in compliance with IACUC of Wake
Forest University.

NHP’s developed numerous co-morbidities during the observation period including
periodontitis, neoplasia, type II diabetes, cardiovascular and disease (CVD), as well as
gastrointestinal (GI), kidney, and lung disease. Some of the animal data used for control (30.4 %)
and irradiated animals (35.5%) were deceased, either from euthanasia or natural death. Table 8
summarizes sex, the use of mitigator, and age at the time of exposure distribution within dose
levels.

Blood sampling was conducted as a part of routine clinical exams at an interval that varied
between several weeks and 6 months. The animals were sedated via intramuscular ketamine
injection and blood was collected from the femoral vein with EDTA-vacutainers. The CBC dataset
included white blood cell counts (WBCs), red blood cell counts (RBCs), hematocrit, lymphocyte
% and absolute lymphocyte count, neutrophil % and absolute neutrophil count, monocyte absolute
and %, basophil %, eosinophil %, band neutrophil % and absolute band neutrophil %. The CBC
was counted by flow cytometry and some samples were reviewed with light microscopy by board-

certified veterinary pathologists for irregularities. All the CBC data available until November 18th,
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2022 were incorporated in the longitudinal analysis. Two animals were excluded from the analysis
because they developed hematopoietic diseases (lymphoma), and three animals were removed due
to no irradiation date recorded. Each animal had 5-58 data observations for each blood parameter
during the study period. In total, 1079 control samples (from 47 animals) and 3964 irradiated
samples (from 216 animals) were analyzed (Table 8). Table 9 is the summary table of parameters
in different dose groups. Different longitudinal trends based on dose levels were estimated from

simple linear regressions of the data (Figure 7).

Table 8: Demographic of the data in the analysis of factors

dose level
unirradiated <LD10 LD10-LD50 >LD50
dose range (Gy) 0 1.14-5 5.5-6.8 7-8.5
animals, n 47 59 109 48
initial examination (m) ) o) 74+18 70+36 73421
mean +sd
final examination (m) )¢ g 113431 119+44 148+37
mean +sd
age atexposure (m) 61+13 54+24 50+10
mean +sd
female, n (%) 5(11) 23 (39) 36 (33) 10 (21)
mitigator used, n (%) 0 (0) 33 (56) 62 (57) 4 (8)
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Figure 7: Plot of leukocyte and the differential counts with simple linear regression.
Red is unirradiated, green is <LD10, blues is LD10-50 and purple is >LD50.
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Table 9: Summary of Leukocytes and the differential counts and percentages

control <LD10 LD10-50 >LD50
count
Leukocyte (K/ul) 6.50+2.68 6.89+2.82 7.831£2.96 8.05+3.13
count
3.87+2.48 4,111+2.62 4.40+2.51 5.00£2.94
: (K/uL)
Neutrophil
% 56.99+15.59 56.88+15.97 54.70+16.49 59.89116.67
count
2.12+1.02 2.31+1.12 2.90+1.59 2.50+1.31
(K/uL)
Lymphocyte
% 34,78+14.50 35.97+14.94 38.10+15.70  33.1x15.44
count
0.4210.21 0.3810.19 0.41+0.23 0.44+0.25
(K/uL)
Monocyte
% 6.72+2.88 5.7612.22 5.40£2.60 5.60£2.57
NLR % 2.35+2.13 2.34+2.29 2.02+1.73 2.71+2.46

5.1.2  Statistical Analysis

Linear mixed models (LMM) were developed to evaluate longitudinal trends of the
hematologic endpoints. Detailed descriptions of the models are presented in Chapter 4.1.2. For this
analysis, a categorical variable for dose level was assigned based on the exposed dose of each
animal and the LD10/30 and LD50/30 for rhesus macaques. The interaction of age in months at
time of blood sampling and dose of exposure was also included to test the influence of different
doses to the longitudinal outcome of the leukocyte counts and the differentials. The significance
of interaction was tested by Chi-squared test in comparison with models without the interaction.
Sex, administration of mitigator, and age at the time of exposure were included as covariates. sex
and use of mitigators were categorical variables for male or female and yes or no of assignment of
any mitigators after exposure. Age at the time of exposure is a continuous variable in month. The

month of initial blood sampling was used for this variable of control animals. Models were
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diagnosed with residual vs fitted plots. All models had equally spread residuals, indicating good

fit of the model to the dataset.

5.2  Results

All estimates of coefficients and associated p-values are provided in Table 10, and graphical
presentations are in Figures 8 and 9. Age at time of blood sampling was a significant factor for
leukocyte, neutrophil, lymphocyte, and monocyte counts (p<0.05). While leukocyte counts
decreased with time alongside with neutrophils and lymphocytes, monocyte counts increased.
Percentages did not change with the age at time of blood sampling except for monocyte %, which
increased with age. Dose level was suggested as an important factor for the longitudinal trends of
leukocyte counts and the differentials, which was supported by Chi-square test (p<0.05) for all the
models. Control animal leukocyte counts, lymphocyte and neutrophil counts decreased
significantly over time, but radiation exposed animals had increased or unchanged counts over
time (see Table 10 for the estimates and p-values). Monocyte counts and neutrophil to lymphocyte
ratio increased more significantly in animals with LD10-50 and >LD50 dose compared to the
controls and <LD10 exposed animals. Neutrophil% and lymphocyte% from control animals did
not show significant trends over time, while those from LD10-50 dose groups were significantly
increased neutrophil% and decreased lymphocyte%. Monocyte% from control animals
significantly increased with age at the blood sampling, and exposed animals did not show
significant difference or decreased significantly over time.

Compared to the male animals, females had lower neutrophil counts and percentages, more
lymphocyte counts and percentages, and lower neutrophil-to-lymphocyte ratio. The association of
time at blood sampling and dose level was also tested with a Chi-square test. Only lymphocyte

count and neutrophil-to-lymphocyte ratio showed significant association of sex with age at blood
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sampling and dose level ((Xz, df) = p-value :(26.116, 7) = 0.00048, (16.91, 7) = 0.018,
respectively). The status of mitigator assignment had no significant effect on the longitudinal trend
of any blood parameters. Age at the time of exposure was a significant covariate only for monocyte
counts and monocyte % (p<0.001). The estimates calculated suggested the animals exposed at
older age have a smaller number of monocytes and smaller percent monocytes compared to the
animals exposed at the younger age. Only monocyte percentages had statistically significant

association with age at the blood sampling and dose level (55.347, 7) <0.0001).

Table 10: Summary of results.
Estimates with p-values for each variable.

interaction with age at sampling

estimate p-value

estimate p-value (X2, df) = p-value
Leukocyte count age at sampling (m) -0.121 0.0001
dose level 1 (vs unirradiated) 0.028 0.665 0.119 0.015
dose level 2 (vs unirradiated) 0.134 0.031 0.097 0.010 (12.126, 3)=0.006965
dose level 3 (vs unirradiated) 0.177 0.007 0.135 0.001
sexF (vs male) -0.030 0.405
mitigator (vs No) -0.033 0.391
age at exposure (m) -0.0001 0.893
Neutrophil count age at sampling (m) -0.088 0.004
dose level 1 (vs unirradiated) 0.010 0.881 0.073 0.148
dose level 2 (vs unirradiated) 0.086 0.166 0.144 0.0002 (16.247, 3)=0.001009
dose level 3 (vs unirradiated) 0.147 0.026 0.123 0.003
sexF (vs male) -0.078 0.043
mitigator (vs No) -0.035 0.378
age at exposure (m) 0.0002 0.797
Lymphocyte count age at sampling (m) -0.133 0.003
dose level 1 (vs unirradiated) 0.062 0.455 0.153 0.026
dose level 2 (vs unirradiated) 0.159 0.045 -0.070 0.195 (16.024, 3)=0.001121
dose level 3 (vs unirradiated) 0.186 0.026 0.082 0.171
sexF (vs male) 0.098 0.042
mitigator (vs No) -0.010 0.833
age at exposure (m) -0.0003 0.763
Monocyte counts age at sampling (m) 0.023 0.039
dose level 1 (vs unirradiated) -0.041 0.067 -0.0003 0.986
dose level 2 (vs unirradiated) -0.027 0.210 0.030 0.027 (9.1772, 3)=0.02703
dose level 3 (vs unirradiated) -0.025 0.263 0.035 0.020
sexF (vs male) -0.009 0.481
mitigator (vs No) -0.007 0.609
age at exposure (m) -0.001 0.001
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Table 10 (continued)

interaction with age at sampling

estimate p-value
estimate p-value (X7, df) = p-value
Neutrophil to age at sampling (m) 0.012 0.713
Lymphocyte ratio  dose level 1 (vs unirradiated) -0.036 0.604 0.034 0.543
dose level 2 (vs unirradiated) -0.051 0.441 0.132 0.002 (15.612, 3)=0.001362
dose level 3 (vs unirradiated) -0.002 0.982 0.045 0.322
sexF (vs male) -0.120 0.003
mitigator (vs No) -0.025 0.547
age at exposure (m) 0.000 0.861
Neutrophil% age at sampling (m) -0.035 0.976
dose level 1 (vs unirradiated) -0.733 0.749 -0.728 0.704
dose level 2 (vs unirradiated) -0.904 0.675 4.732 0.001 (15.93, 3)=0.001172
dose level 3 (vs unirradiated) 0.671 0.767 1.629 0.302
sexF (vs male) -4.143 0.002
mitigator (vs No) -0.666 0.632
age at exposure (m) -0.001 0.982
Lymphocyte% age at sampling (m) -1.195 0.296
dose level 1 (vs unirradiated) 1.717 0.429 1.383 0.454
dose level 2 (vs unirradiated) 2.102 0.304 -4.758 0.001 (10.096, 3)=0.0002612
dose level 3 (vs unirradiated) 0.989 0.644 -1.517 0.329
sexF (vs male) 4.491 0.001
mitigatorY (vs No) 0.463 0.729
age at exposure (m) 0.022 0.413
Monocyte% age at sampling (m) 1.396 0.000
dose level 1 (vs unirradiated) -1.258 0.002 -0.919 0.004
dose level 2 (vs unirradiated) -1.614 0.000 -0.206 0.391 (8.8394, 3)=0.0315
dose level 3 (vs unirradiated) -1.816 0.000 -0.333 0.208
sexF (vs male) -0.053 0.824
mitigatorY (vs No) 0.002 0.995
age at exposure (m) -0.024 0.000
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Figure 8a model trajectories for leukocyte and neutrophil counts.
Shaded area indicates 95% CI. red= control, green=<LD10, blue=L.D10-50, purple=>LD50.
Note neutrophil counts were plotted separately based on sex (left: male, right: female)
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Figure 8b model trajectories for lymphocyte and monocyte counts.

Shaded area indicates 95% CI. red= control, green=<LD10, blue=LD10-50, purple=>LD50.
Note lymphocyte counts were plotted separately based on sex (left: male, right: female) and
monocyte counts were plotted separately based on age at exposure (left: A=adult (>48 month old
at the time of exposure), right: P=pediatric (<48 month old at the time of exposure))

64



a0

-
=}

@
=1

predicted neutrophil%

-
50 /

100 200 300 100 200 300
Age at the blood sampling, month

50

predicted lymphocyte%

100 200 300 100 200 300
Age at the blood sampling, month

Control <LD10 LD10-50 >LD50
Figure 9a model trajectories for neutrophil and lymphocyte percentages.
Shaded area indicates 95% CI. red= control, green=<LD10, blue=LD10-50, purple=>LD50.

Note neutrophil and lymphocyte percentages were plotted separately based on sex (left: male,
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Figure 9b model trajectories for neutrophil-to lymphocyte ratio (NLR) and monocyte percentage.
Shaded area indicates 95% CI. red= control, green=<LD10, blue=LD10-50, purple=>LD50.
Note NLR was plotted separately based on sex (left: male, right: female) and monocyte
percentage was plotted separately based on age at exposure (left: A=adult (>48 month old at the
time of exposure), right: P=pediatric (<48 month old at the time of exposure))
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6 Discussion

6.1 Summary of results

The preliminary analysis presented here reports longitudinal trends in total and differential
leukocyte counts using mathematical models in irradiated rhesus macaques. Estimated marginal
means (EMMs) calculated by the models indicated elevated leukocyte counts in irradiated animals
(p<0.05), associated with elevated neutrophil counts (p<0.005). EMMs for Neutrophil% and NLR
were also statistically higher in irradiated animals than in controls (p<0.005). In contrast, EMM
for lymphocyte% was significantly lower in Irradiated animals than in controls (p<0.005). EMMs
for the longitudinal trends were significantly negative in lymphocyte count and lymphocyte%
(p<0.05), and significantly positive in monocyte count, neutrophil%, and monocyte % (p<0.05)
for both irradiated and control animals. Different from the EMMs for the leukocytes and the
differentials, EMMs for longitudinal trends had no statistically significant difference between
irradiated and controls.

The result from the next analysis provided more details on longitudinal effects of ionizing
radiation to the hematopoietic system. The significance of dose-level factors in the longitudinal
trends were statistically supported in all the leukocyte parameters. Model estimates of the
leukocyte and neutrophil counts were negative over time in the control animals (figure 8). Model
estimates of the leukocyte and neutrophil counts for the dose group were also negative, but did not
decrease as rapidly as the control group (Figure 8), consistent with the results from the part 1
analysis. Neutrophil%, Lymphocyte%, and NLR had no significant longitudinal trend for all the
dose groups except for LD10-50 group, which suggests a significant decrease in lymphocyte% and

significant increase in neutrophil% and NLR. Monocyte counts and the percentages were increased
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significantly as shown in the preliminary analysis. The preliminary analysis did not show any
statistically significant difference among control and irradiated animals, but monocyte counts
seemed increased significantly more in LD 10-50 and >LD50 groups.

All the trends calculated here are very subtle. Even with the largest estimate, which was for
the interaction term of age at the blood sampling and dose level 2 group (LD10-50) for
neutrophil%, the estimated change for 1 year from 15.5 years old (186 month) to 16.5 years old
(198 month) will be from 65.5 % to 66.7% for the male animal with LD10-50 dose irradiation.
The calculation process is shown below:

For the neutrophil% model, the only statistically significant factors are.
Intercept: 58.56,
Sex(F): -4.143,
Dose_level(2):m_sample_s: 4.732

Function estimating neutrophil% of a 186-month-old male animal with dose level2

Neutrophil% = 58.56 + scale(m_sample) X 4.732 (2)
The m_sample needs to be scaled with the mean (115.7) and standard deviation (48.1) of the
m_sample in this dataset:

m_sample — 115.7 _
48.1 B

scale(m_sample) =

Insert this to the function (2) and the neutrophil % will be.
58.56 + 1.46 x 4.732 = 65.46
In the same way, neutrophil% for 198-month-old is estimated as 66.65%
Note the values provided here are merely an estimate based on the model output. LMM assigns

random slopes and intercepts for each animal, which cannot be done manually. Therefore, the
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calculation and values would be different when we use the model for estimating specific animal
parameters. Considering all the estimates are much less than 4.73, the changes would be less than
1% per year. Since the leukocyte and the differential count and percentages has diurnal fluctuation
with relative amplitude of 9.75-21.4% (Henriette et al., 2011), the long-term change is quite small
even though the statistical significance was large.

One of the reasons for differences in longitudinal trends in different dose levels in the latter
analysis was observed is use of a different dataset; the preliminary analysis only included 9-18
years old animals while the second part included all age ranges available (3-18 years old). The
number of observations as well as the number of the animals were much larger, providing a
statistically stronger analysis. The other possible reason is because the preliminary analysis
included irradiated animals with 7.20-8 Gy exposure, which is a very high dose considering the
rhesus macaques’ lethal dose threshold, and so the animals in the study may be intrinsically
resilient against ionizing radiation exposure and may have had less residual damage to the
hematopoietic system. The latter analysis is consistent because the statistical significance in the
increasing neutrophil%, NLR and the decreasing lymphocyte% were only supported for the LD10-
50 group and not the highest dose (>LD50) group.

Confounding factors were also analyzed in the latter study. Sex was the most significant
factor next to dose level for lymphocyte count, lymphocyte%, and NLR. Chi-square tests
suggested females tend to have higher lymphocyte counts and lower NLR than males with age and
dose level. Status of mitigator assignment at the acute phase after exposure was not significant for
any leukocyte parameters. Age at the time of exposure was only significant for monocyte counts
and the monocyte%, indicating the animals likely to have less monocyte counts and percentages

when they exposed at the older age (See chapter 6.4).
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To summarize, the main findings of this study are:

1. Subtle but long-term changes in leukocyte counts and differentials were induced by
ionizing radiation exposure, and included:
a. Leukocyte and neutrophil counts were decreasing in controls, while less so
and even increasing in irradiated animals.
b. Neutrophil% and NLR only increased in LD10-50 animals and
Lymphocyte% werw decreased in LD10-50 animals.
¢. Monocyte counts increased more in irradiated animals.
2. Sex was a significant factor influencing Neutrophil count and %, Lymphocyte count

and % and NLR. Age at exposure was only significant for monocyte counts and %

The trend 1.b. was only observed in LD10-50 groups possibly because the largest dataset of
the LD10-50 dose group enabled to detect the slight difference in the dose group. The statistical
significance was not provided, the estimates for >LD50 dose group was like those of 1b. The other
possibility lies in the selection bias because >LD50 dose is very high, and those animals survived
may have resilient hematopoietic system against radiation exposure. However, the >LD50 dose
group had the highest disease morbidity (see 6.5), indicating the long-term effect probably exist
even if the leukocyte counts and the differentials did not drastically change.

The RLEC cohort, different laboratory animals as well as human studies were reviewed in

this chapter to investigate the mechanism and understand the meaning of the result.
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6.2  Comparison with other study cohorts

6.2.1 RLEC study

Results in this study partially agreed with previous hematopoietic system studies using the
RLEC rhesus macaque cohort. Hale et al. (2019), investigated long-term response of hematopoietic
system in 29 male Rhesus Macaques with one-time WBI of 6.5-8.4 Gy matched with 14 control
animals. Dose dependent elevation of leukocytes, consistent with finding 1.a, and dose dependent
decrease of platelet count and T cell proportion were reported, but there was no dose-dependent
difference in absolute lymphocyte count or neutrophil counts.

For rhesus macaques with 4 Gy WBI, Macintyre et al (2021) reported leukocyte, neutrophil,
lymphocyte, and monocyte counts had transient depletion for about 100 days of exposure, followed
by recovery within one year of exposure. They also found the effect of aging instead of TBI
significantly affects the frequencies of dendric cells, CD4 and CD8 T cells and B cells.
Naive/memory T cell balance was also affected by WBI; exposed group had less naive T cells and
more effector T cells. The difference in CD8 T cell distribution between naive and memory cells
continued up to the end of the analysis, which is 664 days after exposure, while that of CD4 T cells
recovered between 282 and 664 days.

French et al. (2023), reported a decrease of leukocyte counts regardless of radiation exposure
associated with marginally higher counts in irradiated animals based on a statistical analysis of
annual blood cell examination from 185 irradiated animals (1.1-8.5 Gy WBI) and 36 unirradiated
animals. They statistically analyzed lymphocytes and monocyte subsets for the long-term effect in
immune system. Classical monocytes, which is the common monocyte subset and associated with
inflammation, and intermediate monocytes, which is important for antigen presenting to T cells,

increased in a dose-dependent manner. Memory B cell proportion was smaller for any ages and
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irradiation dose except for young animals exposed to the highest dose. While they did not observe
long-term changes in absolute number of monocytes and lymphocytes, changes for some monocyte
and lymphocyte subsets were sustained over 5 years after exposure.

The skewing trend towards neutrophil than lymphocytes (finding 1.b) and increasing
monocyte count (finding 1.c), which will be referred as myeloid skewing in the following, were
not observed in any previous studies. However, fewer T-cells (Hale et al., 2019), fewer naive cells
(Macintyre et al., 2021), fewer memory B cells, and more classical monocytes (French et al., 2023)
indicate weaker adaptive immune system and an inflammatory state, which can induce more
production of neutrophils and less lymphocytes. This study is the first to analyze longitudinal
trends in leukocyte counts. Since all previous studies are cross-sectional, and longitudinal analysis
is the best for detecting long-term changes, this study successfully observed the subtle long-term

change by the ionizing radiation exposure.

6.2.2 A-bomb survivor cohort

The study result was partly consistent with longitudinal analysis studies of A-bomb survivor
cohorts (Hsu et al., 2010, Yoshida et al., 2019). Hsu et al. (2010) reported the effect of radiation
exposure over 2 Gy was a significant long term trend (p<0.05) of leukocyte, neutrophil,
lymphocyte, and monocyte counts, over 40 years after exposure, which is also reported in this
study. In contrast, the longitudinal analysis over 50 years of follow up demonstrated radiation-
related significant change in percentages only for monocytes (Yoshida et al., 2019), while the
result of this study demonstrated significant effects of radiation exposure in neutrophil,
lymphocyte, monocytes percentages.

One large difference is the data size and sampling. Both A-bomb survivor studies have more

than 5000 participants, which intrinsically can give stronger statistical significance than our NHP
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cohort. However, the blood sampling in A-bomb survivors was every 2 years and some participants
had only two repeat samples. Considering blood cell counts change in an everyday manner, every
2-year sampling is less preferable to understand the longitudinal trend compared to our NHP
cohort, which had at least 6 months of sampling. The number of animals in our study cohort is one
limitation, but the more frequent data possibly allowed us to understand the subtle change in the
long-term trend in the percentages.

There are other possible reasons that our results did not exactly match the A-bomb survivor
cohorts. The follow-up time was relatively shorter for NHPs than that for A-bomb survivors. The
rate of aging in rhesus monkeys is approximately three times of that of humans (Simmons et al.,
2016) and this study contains follow up time up to 16 years after radiation, corresponding to a
similar proportion of the lifespan as that examined in A-bomb survivors; however, most animals
were followed for a shorter period. Additionally, the effect of radiation exposure on monocyte
counts and percentages reported in Yoshida et al., (2019) was stronger in the survivor cohort
populations over 60 years old. Animals over 20 years old, which corresponds to 60 years old of
human age were zero in the 1* analysis and only 11 in the 2" analysis. Therefore, the NHP study
cohort might be too young to express the expected effect from the A-bomb survivor cohort studies.
As more observations and animals provided more statistically significant longitudinal trends in the
2" analysis than the first, the NHP cohort could possibly show similar trends with more data
available.

There are other factors that possibly impact the long-term effects of ionizing radiation
exposure. The radiation dose received by the A-bomb survivor cohort is much smaller than our
rhesus macaque cohort. The exposure scenario is also very different among the Macaque cohort

and A-bomb survivors. While the rhesus macaques were kept in a laboratory for their entire
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lifetime, the human cohort had multiple outside variables associated with their lifestyles, which
indicates more confounding factors in human cohort such as exposure to pathogens which can
cause long-term effect in hematopoietic system. Therefore, direct comparison of the results from
A-bomb survivor study trends is impossible, while comparing the results from this study will help

understand the long-term effects of ionizing radiation in the hematopoietic system.

6.3  Mechanisms of the long-term effect

6.3.1 Accelerated aging process in the irradiated animals

The longitudinal trends of leukocyte counts and differentials in both control and irradiated
animals were consistent with the effect of aging in the hematopoietic system. Hematopoiesis is
skewed to produce more myeloid cells than lymphoid cells during aging, resulting in myeloid
lineage-skewed ratio of the leukocyte differentials (Muller et al., 2019). This pattern of aging
effects on hematopoiesis and hematologic parameters has been previously reported for rhesus
macaques (He et al., 2018; Yu et al., 2018; Yu et al., 2019), which is generally consistent with
humans. While the difference was not statistically demonstrated in the preliminary analysis,
irradiated animals had indications of accelerated hematopoietic aging. Longitudinal trends of
neutrophil% were 2.45 and 2.73 for controls and irradiated animals respectively, and that of
lymphocyte% were -0.098 and -0.117 for controls and irradiated respectively. In the latter analysis,
statistically significantly increasing trends in neutrophil-to-lymphocyte ratio and neutrophil% in
irradiated animals as well as decreasing trend of lymphocyte% in irradiated animals were
observed. While the accelerated aging in hematopoietic and immune system has been suggested
by many other aspects including lymphocyte subpopulations, stem cell senescence, as well as

monocyte skewing, the skewing in myeloid lineage cells, such as neutrophils and monocytes, in
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peripheral blood (findings a and b (see 6.1)) has never been reported. Considering this is the first
study conducting longitudinal analysis of the leukocyte counts and the differentials, this study
likely succeeded in capturing the subtle but significant myeloid skewing because of radiation
exposure. In the following, possible mechanisms causing the myeloid skewing hematopoiesis are

reviewed.

6.3.2 Clonal hematopoiesis

Clonal hematopoiesis (CH) is described as expansion of hematopoietic stem and progenitor
cells carrying the same somatic mutations with no symptoms in hematologic disease (Genovese et
al., 2014). The strong association of CH with aging has been demonstrated in both humans and
Rhesus macaques (Jaiswal et al., 2014; Shlush 2018; Shin et al., 2022). The main mutations in CH
are DNMT3A, TET2, PPMI1D, and ASXL1. Epidemiologic studies have provided evidence that
1onizing radiation exposure is associated with higher occurrence of CH from follow-up studies of
radiation therapy patients with non-hematologic cancer as well as environmental radon exposure
(Coombs et al., 2017; Bolton et al., 2020; Anthony et al., 2020). Coombs et al. (2017) first reported
CH and CH-PD (CH with presumptive leukemia driver mutations) mutation increases with
previous RT. They also observed a significant increase in neutrophil and monocyte counts as well
as NLR>4% in association with CH and CH-PD. Among mutations common in CH, TP53 and
PPM1D mutations were statistically significantly associated with RT. TP53 is tumor-suppressor
gene encoding protein p53, which promotes cell cycle arrest and DNA repair upon activation
through regulating several downstream signaling pathways (Ozaki and Nakagawara, 2011). A
murine study reported TP53 deletion and mutation increased resistance of HSC to 2Gy IR and 5Gy
TBI increased TP53 mutated bone marrow cells and HSPCs in vivo (Chen et al., 2019). TP53

mutation is also associated with myelodysplastic syndrome (MDS) and acute myeloid leukemia
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(AML) with over 50% frequency in therapy related cases (Rahmé et al., 2023). Considering both
MDS and AML occurs at myeloid stem cells and allow clonal expansion of immature cells (Estey,
2007), the residual HSC damage of TP53 mutation may be one mechanism reading to elevation of
neutrophils.

PPM1D is one of the proteins activated by p53, dephosphorylating p53 and downregulating
apoptosis (Dudgeon et al., 2013). Mutated PPM 1D seen in CH produces truncated PPM 1D protein
at the C end (-COOH), which has enhanced p53 downregulating ability (Jan et al., 2016). The
association of PPM1D mutation with radiation exposure is not fully understood; Coombs et al.
(2017) reported positive association with RT and PPM1D mutation in CH patients, while Hsu et
al (2018) only discovered association with radionuclide therapy and not external beam radiation
therapy. The association with MDS and AML has not been reported. Overall, the mechanisms of
neither clonal hematopoiesis induced by ionizing radiation nor the induction of neutrophil-skewed
hematopoiesis have been fully investigated, yet the residual damage to the HSCs or HSPCs genes

likely induces chronal hematopoiesis leading to deficient hematopoiesis in the exposed animals.

6.3.3  Chronic inflammation

Aged human and Rhesus macaques often develop low-grade chronic inflammation
associated with natural aging processes in the immune system, often referred as “Inflammaging”
(Didier et al., 2012; Kovtonyuk et al., 2016; Walker et al., 2019). Inflammaging is typically
characterized as elevated levels of inflammatory markers such as IL-6, tumor necrosis factor a
(TNF-o0), IL-8, and IL-15, acute phase proteins such as C-reactive protein (CRP), lipoprotein a
(Lp(a)), fibrinogen, and other coagulation factors (Franceschi et al.; 2000). As normal
inflammatory responses induce elevation in myeloid lineage cells, inflammaging has been

suggested as one of the factors triggering age-related myeloid skewing in hematopoiesis
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(Kovtonyuk et al., 2016).

Subclinical chronic (systemic) inflammation has been observed in the A-bomb survivor
cohort study long after exposure. Elevation of inflammation markers, such as IL-6, TNF- a, sialic
acid, CRP, Erythrocyte sedimentation rate (ESR), IL-4, was observed over 50 years after the
exposure with and without presenting clinically significant inflammatory disease (Neriishi et al.;
2001, Hayashi et al., 2003; Hayashi et al., 2005). For the NHP RLEC cohort, Debo et al (2016)
analyzed inflammatory markers (CRP, IL-6, monocyte chemoattractant protein (MCP-1) and
soluble intercellular adhesion molecule (s-ICAM)) from 20 male macaques with 6.5-8.4 Gy WBI
which was assigned 5.6-9.7 years prior to the investigation. Compared with 11 control subjects,
they only found statistically significant elevation in MCP-1 (p<0.05), but all the other
inflammatory markers were higher in the irradiated animals.

Hayashi et al (2012) conducted multivariate statistical analysis of inflammatory cytokines
and serum reactive oxygen species (ROS) levels with radiation exposure and aging, suggesting
ROS dependent pathway related to IL-6 and CRP. ROS is produced by normal cell metabolism
mainly at mitochondria but also produced and released by activated phagocytic cells such as
neutrophils to the plasma to effectively destroy pathogens as well as one of the signaling molecules
regulating inflammatory and immune response (Nathan et al., 2013; Herb and Schramm, 2021).
However, overproduction and accumulation of ROS can cause oxidative stress to cells and tissues,
damaging the DNA, lipids, and proteins (Schieber and Chandel, 2014). Persistent elevation of
intracellular ROS, depending on radiation dose, was reported by the A-bomb survivor study,
especially for monocytes, neutrophils, and CD8 T lymphocytes (Hayashi et al., 2021). Among
several types of ROS, superoxide anion (O2'—) was the most abundant in the immune cells. Ox’—

is mainly produced through ATP production at mitochondria. Aging is known to affect
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mitochondria and increase the production of ROS. (Mittal et al., 2014; Pangrazzi et al., 2017),
previous radiation exposure may affect mitochondria function and induced high production of
ROS, leading to chronic inflammation.

For inflammaging, aging in monocytes has been investigated as mechanistically key for
development (Baylis et al., 2013; Maeyer and Chambers 2021). Intermediate monocytes, the
subtype of monocytes associated with inflammation by producing more pro-inflammatory
cytokines such as IL-6 and IL-1, increases primarily in elderly populations (Sadeghi et al., 1999).
Additionally, impaired monocyte and macrophage function in the elderly, such as decreased
phagocytosis and immune resolution, results in increased production of pro-inflammatory cytokine
for macrophages and decreased type I IFN production, which is vital to regulate innate and
adaptive response including macrophage activation (McNab et al., 2015), and decreased clearance
capacity of apoptotic cells (efferocytosis). For the Rhesus Macaque cohort, increased intermediate
and non-classical monocyte subsets and depleted classical monocyte subsest were observed 6
months post-irradiation with 4 Gy WBI (Michalson et al., 2019). French et al (2023) also reported
persisted dose-dependent elevation of intermediate monocytes of irradiated Rhesus macaques.
There seems no other investigation has been conducted on monocyte subpopulations or their
functions in any other irradiated cohort including A-bomb survivors, although persistent damage
to monocytes by ionizing radiation exposure can be one contributing factor to initiating chronic
inflammation.

The exact mechanism of chronic inflammation by the long-term effects of ionizing radiation
has not been identified yet, but damages from ionizing radiation are likely to initiate early-onset

of inflammaging in the irradiated subjects than in the controls.
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6.3.4 Immunosenescence

Immunosenescence is defined as age related dysfunction of immune system due to decreased
function of lymphoid tissue, pro-inflammatory environment, as well as intrinsic factors in immune
cells such as teromere shortening, functional alterations, and alterations in proliferation and
differentiation of HSPCs (Lian et al., 2020). Imnmunocenescence is characterized as decrased naive
T cells and decreased function and altered subpopulation of CD4 T cells, leading to dysfunctions
in adaptive immunity. Accumulating evidence from the A-bomb survivor study indicate that
immunosenescence is accelerated by radiation exposure. T lymphocytes immunosenescence is
observed in the alterations in both the subset population as well as the functions, resembling aging
in T cell immunosenescence (Kusunoki et al., 2008). CD4 T cell decreased, Naive CD4 and CD8
T cell decreased, and Memory CD8 T cell increased in a dose-dependent manner decades after
exposure (Kusunoki et al., 2002; Yamaoka et al., 2008). Since one of the main functions of CD4
T cell is to stimulate macrophages in cellular immune response, depleted stimulation might require
more macrophage production, leading to myeloid-skewed hematopoiesis in our study. The
depletion of Naive T cell pool is indicative of the decreased supply of lymphoid HSPCs.

Persistent depletion in naive T cell population is also reported in Hodgkin’s lymphoma
patients treated with RT over 30 years of posttreatment (Watanabe et al., 1997). The Rhesus
Macaque cohort study also reported naive T cell depletion (Macintyre et al 2021). Decreased
percentages of CD4 T cells were reported in highly exposed population after Chornobyl nuclear
power plant accident as well (Chernyshov et al., 1997).

Deficiency in lymphocyte function has also been reported from the A-bomb survivor study.
Weaker response of lymphocytes to several mitogens including PHA (phytohemagglutinin), MLR

(mixed lymphocyte reaction), and superantigen staphylococcal enterotoxin was observed
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(Akiyama et al., 1983; Akiyama et al., 1989; Kusunoki et al., 2002). These functional alterations
are possibly due to the decrease in the population of CD4 T cells as well as the naive T cell pool.
However, Kusunoki et al (2001) utilized limiting dilution assay on lymphocytes from 251 A-bomb
survivors with less than 0.005 Gy and 159 survivors with over 1.5 Gy, discovering a significant
decrease in the CD4 T cell population capable of producing IL-2 against a T cell mitogen,
concanavalin A, associated with high radiation exposure.

Subtle but dose-dependent increase in IgM, and IgA are observed in A-bomb survivor cohort
over 40 years after exposure (Fujiwara et al., 1994). Although the mechanism of stimulated B-cell
response is not fully understood, B cell population was elevated with radiation exposure (Kusunoki
et al., 1998) as well as immunoglobulins are associated with inflammatory state (Hayashi et al.,
2012). The impact on humoral immunity of the survivors seems less significant because there was
no difference in the response to Influenza vaccine between control (<0.005 Gy), low-mid (0.005-
1Gy), and high (>1 Gy) dose exposed group (Hayashi et al., 2018), except for the possibility of
less clearance ability in Hepatitis B reported in Fujiwara et al. (2003). Conversely, for the Rhesus
macaque cohort, Hale et al. (2019), reported selective deficiency in producing antibodies against
one type of polysaccharide antigen vaccine, alongside with relatively decreased IgM production
for tetanus toxoid vaccine as well as slower peak in antibody production against rabies vaccine
compared to the controls. Macintyle et al (2021) also reported weaker IgG response to 10 of the
23 polysaccharide antigens in exposed animals. Much higher dose in rhesus macaque cohort (6.5-
8.4 Gy in Hale et al (2019) and 4 Gy in Macintyle et al (2021)) may have induced more significant
damage to the humoral immunity, but considering one of the aspects of immune senescence is
weakened response to vaccines from due to T cell senescence, immunosenescence by ionizing

radiation resembles immunosenescence by aging.
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The mechanism underlying immunosenescence is under investigation, while there are
several evidence of circulating lymphocytes and T cells from exposed cohorts carrying persistent
damage from ionizing radiation including chromosome aberration (Awa, 1991; Sevan’kaev et al.,
1995) and gene mutation (Hirai et al., 1995; Skandaliset al., 1998; Grant et al., 1999), which may
lead to functional alteration of T lymphocytes. Yoshida et al. (2016), also reported dose-dependent
telomere shortening in pheripheral blood T cells in A-bomb survivors. Telomere is a cellular
senescent marker, and the shortening was observed in both naive and memore CD4 and CD8 Tcells
and not in granulocytes. Collectively, damages from previous radiation exposure to lymphocytes
likely persisted and induced senescence leading to the alterations in the population and function.

So, how does immunosenescence induce myeloid skewing? The inverse association between
plasma inflammatory markers and peripheral CD4 cells have been reported; IL-6 and CRP
significantly increased with low percentages of CD4 T cell (Hayashi et al., 2003) and TNF-a
significantly increased with low CD4 naive T cells (Kusunoki et al., 2010). Yet, the
immunosenescence mechanism inducing inflammation or any other system that may lead to
myeloid skewing is not unknown. One possibility is regulatory T cells (Treg), which is 5-10% of
the subpopulation of CD4 T lymphocyte and responsible for immune tolerance against
autoantigens as well as suppressing immune response including inflammation through secreting
IL-10 and TGF-B and promote successful tissue repairing (Lei et al., 2015; Shevyrev and
Tereshchenko, 2020). Additionally, Treg possibly communicates directly and downregulates
innate immune cells including neutrophils and macrophages (Okeke and Uzonna., 2019). Treg has
greater radiation resistance possibly because of the low apoptotic capacity, and thus, increases the
population in the acute phase after exposure, providing radioprotective feature to cancer cells after

radiation therapy (Persa et al., 2015). However, several studies implicated deficiency of the Treg
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function after ionizing radiation exposure. Billiard et al. (2011) found accumulation of
malfunctioning Treg with significantly low Foxp3, which is the critical protein for Treg function,
in the small intestine of mice with single abdominal 10 Gy irradiation over 90 days post irradiation.
Cao et al. (2009), also discovered ionizing radiation exposure over 1.875 Gy decreases FOXP3
expression with other membrane proteins as well as high dose as 30 Gy strongly reduced the
immunosuppressive function of Treg in vivo. There is not enough evidence to support the damage
to Treg influencing the immune and hematopoietic system. Unfortunately, Treg did not correlate
with TNF-a in A-bomb survivor study (Kusunoki et al., 2010), yet the malfunction of Treg could

be one mechanism inducing elevation in myeloid lineage cells.

6.3.5 Residual damage to the hematopoietic system

Residual damage to the hematopoietic system; damage to the HSC and the bone marrow
environment, is the primary cause of these processes above. Murine in vivo and vitro studies have
been provided the evidence as well as the possible mechanisms of the residual damage to the
hematopoietic system (Shao et al., 2014).

HSCs have apoptotic capacity elevated by IR exposure to prevent them from accumulating
DNA damage (Wickremasinghe RG and Hoffbrand 1999; Meng et al., 2003). P53 and the
downstream protein PUMA (p53 upregulated mediator of apoptosis) are activated by IR and lead
HSCs to apoptosis through caspase cascade. Inhibiting or removing those genes and pathways
successfully increase the IR resistance of HSCs by downregulating HSCs (Hirabayashi et al., 1997;
Meng et al., 2003; Shao et al., 2010). To overcome the shortage of HSCs, HSCs need to upregulate
their self-renewal, while IR is known to impair the self-renewal capacity of HSCs (Testa et al.,
1985; Mauch et al., 1995; Himburg et al., 2012), which is one outcome of HSC senescence by IR.

Hence, IR exposure induce HSC loss and deficient self-renewal, leading to the reduction of HSC
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pool.

IR also can change the differentiation of HSCs. Wang et al., (2012) conducted in vivo study
of mice with 4 Gy v irradiation discovered IR promotes lymphoid differentiation more than
myeloid differentiation through activating BATF (basic leucine zipper transcription factor) in G-
CSF/STAT3 dependent manner, possibly exhausting the lymphoid-HSC pool and turning the HSC
pool into myeloid biased. The BATF activation was also associated with shortened telomere and
MDS associated DNA damage signal (p21), indicating residual damage to HSC can keep affecting
the differentiation as well.

Senescence of HSCs is also promoted by IR exposure. Wang et al. (2006) reported irradiated
mice with 6.5 Gy TBI resulted in persistent reduction of HSCs (LKS* and LKS" cells) over 56 days
after exposure with increased expression of cellular senescence markers, p16"™4* and SA-pB-gal
only for LKS* cells. They also discovered sustained deficiency in the clonogenic function of LKS*
cells under the cobblestone area-forming assay. Chua et al (2012) also provided evidence on
persistent HSC malfunction regarding the repopulating potential of the HSCs after 7.6-7.9 TBI in
vivo. There are many possible mechanisms of IR inducing HSC senescence including increased
ROS production at HSCs by altered the regulation of NADPH oxidases (NOX) (Wang et al., 2010),
activation of p38 pathway (Wang et al., 2011; Li et al., 2011), and elevated Ink4a and Arf gene
expression (Wang et al., 2006). HSC senescence by IR does not have evidence on myeloid skewing
so far, yet senescence by aging itself induce HSC more myeloid lineage (Sudo et al., 2000; Rossi
et al., 2005; Beerman et al., 2010)

IR also cause BM stromal cell injury leading to the senescence. Carbonneau et al (2012)
discovered the stromal cell senescence in p16/Arf, which is a cellular senescent marker, dependent

manner, and nonautonomously altered B cell lymphopoiesis in association with pl16/Arf
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expression. Additionally, BM sinusoidal endothelial cells (SEC) was found to be so sensitive to
IR that 9.5 Gy WBI can damage SECs significantly as they require transplantation to regenerate
(Hooper et al., 2009). Considering SECs promotes HSC recovery after IR (Chute et al., 2007; Li
et al., 2010) as well as improving repopulating capacity of aged HSCs (Poulos et al., 2017),
damages to SECs can impair the recovery of HSCs and hematopoietic system. The exact
mechanism of residual damage of BM cells affecting HSC needs more investigation, while HSCs
are possibly affected by the bone marrow environment considering the entangled regulation and
cross-talking between cells in hematopoietic system.

HSCs have a long-life span of 10-60 months, and the hematopoietic system is where all the
leukocytes are produced. Residual damage to HSCs and the bone marrow niche in may be the
primary cause of the long-term consequences of IR including chronic inflammation, chronal

hematopoiesis, as well as immunosenescence.

6.3.6 Summary of plausible mechanisms

All the mechanisms reviewed above are not mutually exclusive and correlates with each
other (Figure 10). Chronic inflammatory status induces random mutations in HSPC, and the
acquired mutation in genes like Tet2 and Ppmld induces clonal hematopoiesis of cells producing
pro-inflammatory cytokines (Yura et al., 2021; Avagyan and Zon 2023). Frequently mutated genes
in CH such as Tet2 and DNMT3A causes immunosenescence by inducing functional alterations of
immune cells (Belizaire et al., 2023). Ter2” neutrophils have limited mobility and phagocytic
function against bacterial infection. Ter2” B lymphocytes result in impaired plasma cell
differentiation and reduced antibody production. DNMT3A”" macrophages and dendric cells have
reduced type-1 IFN, leading to limited response against viral infection. Finally,

immunosenescence and chronic inflammations are also related to each other (Jurk et al., 2014;
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Bektas et al., 2017). ROS and associated DNA damages, which are induced by chronic
inflammation, upregulates NF-xB activation. NF-xB is a transcription factor regulating pro-
inflammatory cytokine production. Activation of NF-kB by inflammatory condition promotes
inflammation by producing more pro-inflammatory cytokine, which process is further stimulated
in senescent T lymphocytes because such senescent cells have limited potential of responding to
the NF-«xB.

The mechanisms mentioned above are only examples. Large amount of studies on human
and experimental animals in vivo and vitro are conducted to understand the mechanism of clonal
hematopoiesis, immunosenesence, and chronic inflammation in regarding to aging. Considering
the long-term effect on hematopoietic and immune system from IR resembles aging in
hematopoietic and immune system, Residual damage to the HSC from IR exposure is highly likely

induces and accelerates the aging through the interrelated mechanism.

Clonal hematopoiesis

_Residual
aamage to-

Immuno- / \ Chronic

senescence <€ > Inflammation

Figure 10 Interrelated mechanisms of long-term effect of IR in hematopoietic and immune
system
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6.4 Confounding factors

6.4.1 Sex

Radiosensitivity and the late effect risk is different depending on sex. Females are generally
more radiosensitive than males based on several epidemiological evidence (Narendran et al.,
2019). A-bomb survivor studies proposed higher solid cancer risk in females. Chornobyl studies
suggested higher female mortality, thyroid condition including cancer, as well as higher overall
cancer rate including hematopoietic cancer. These higher radiosensitivity and higher rate of disease
likely indicate but also lead to more significant long-term damages in the hematopoietic/immune
system in females. The mechanistic understanding is still limited, while possible reasons include
females having more reproductive tissues than males (Olson, 2010), different immune response
because of sex hormones and X-chromosomes, leading to better recovery in males after acute
exposure as proposed in mice study (Wu et al., 2020). Additionally, murine studies provided some
evidence of the difference on long-term effect of ionizing radiation such as different IR-induced
gene and protein expression, IR-induced DNA methylation, apoptotic potential, as well as cell
proliferative potential (Kovalchuk et al., 2004; Koturbash et al., 2008; Koturbash et al., 2011).

However, our result showed the opposite. Female animals had less neutrophil skewing than
male animals. One cause may be the baseline difference, while the sexual dimorphism on
neutrophils and lymphocytes are contrasting; some studies show females tend to have relatively
low neutrophil% and NLR than males and some are the opposite (Howard et al., 2019; Pellegrino
et al., 2023), and those studies for rhesus macaques were limited and there were no statistically
significant difference was proposed so far (Koo et al., 2019). Regarding the lower morbidity of
almost all the disease in female animals than males when compared within the same dose groups,

our result suggests that the radiation sensitivity among different sex may be different from what it
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have been suggested.

There are several plausible reasons why females could be more tolerant than males against
the late effect of IR in hematopoietic and immune systems. One possible mechanism is that the
difference in sex hormones. Sex hormones, especially estrogens and androgens, are known to
induce thymic involution. Mice and human studies also suggested the ablation of sex hormones
improves recovery after bone marrow transplantation and possibly reverse thymic aging
(Sutherland et al., 2015; Hince et al., 2008). Females have more drastic depletion of estrogen level
than that of androgen in males (Decaroli and Rochira, 2017). Thus, the lower levels of sex
hormones may have helped female animals maintain immune homeostasis more effectively than
males. The other plausible mechanism is difference in X chromosomes. X chromosomes have
many genes related to immune system (Noguchi et al., 2013). Females having two pair of X
chromosomes possibly give older females more resistance to infections but sensitivity to
autoimmune disease compared to males (Libert et al., 2010; Klein and Flanagan, 2016) and this
same mechanism may give females more tolerance to the long-term effect of IR in hematopoietic
and immune system.

The recent NCRP report suggested the lung cancer risk from chronic radiation exposure is
not significantly different among males and females (NCRP 2022). Also, there are no animal
studies suggesting higher morbidity in any late effect diseases in females. While the cohort only
includes 4 control females, which limited number may have provided less reliable results, this

study suggests higher tolerance in the female animals for the long-term effect of IR exposure.

6.4.2 Age at the time of exposure

Younger population is at higher risk of DEARE because of the long-life expectancy after the

exposure and the immune system under development (UNSCEAR, 2013). There are
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epidemiological evidence including significantly higher all solid cancer risk in A-bomb survivor
cohort (Ozasa et al., 2012), and increased thyroid, breast, brain and skin cancer, as well as leukemia
in radiation therapy and diagnostic cohort (Kleinerman, 2006; Little et al., 2022).

The results of the analysis show strong effect of age at exposure in monocyte counts and
percentages, suggesting exposed at younger age with high dose are likely to have higher monocyte
count and percentages. This result is partially consistent with longitudinal analysis of leukocyte
counts from A-bomb survivor cohort (Hsu et al., 2010), indicating strong effect of age at bombing
under 20 years old, while the effect was opposite to our result. Their analysis also suggested
statistically significant effect of age at bombing under 20 years old in the leukocyte count of
females, neutrophil count of both sex, while these are also opposite trend of our results. The
difference is possible because the A-bomb survivor cohort has larger age range the rhesus macaque
cohort. The data from population exposed under 20 years old in the A-bomb survivor study are
also younger at the sampling.

Previously, lower age at irradiation in the rhesus cohort was reported to only associated with
low body weight, testicular atrophy, brain lesions, osteopenia, and dermatitis/alopecia (Little et
al., 2022), which may lead to the high monocyte count and percentages. These condition more
likely related to the residual damage from the IR exposure than chronic inflammatory state or
immune disturbance, while this condition can possibly induce chronic inflammatory status. Since
the animals exposed at younger are still relatively young and alive in the cohort, they may the
present inflammatory related disease later in their lifetime.

Mechanisms of difference in long-term response of IR in immune and hematopoietic system
among age at exposure is not fully understood. One possible mechanism is defective immune

homeostasis in animals exposed at younger age. Kusunoki et al (2003) reported significantly large
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CD4 memory TCR repertoire in population >20 years old (ATB 20+) at the bombing compared to
the control or the cohort under 20 years old (ATB <20). Considering the deviation is possibly due
to the clonally expanded population of memory T cells, the ATB 20+ population may have
expanded the memory cell population to achieve immune homeostasis, which was disturbed by
significant depletion of naive T cell and CD4 T cell population. Since younger population
generally have less experience of encountering pathogen, attaining less variety of memory T cell
and the TCR, ATB <20 population may not be able to pursue the same process as the ATB 20+
cohort, resulting in less maintained immune homeostasis and less functioning immune system,
leading to high production of monocytes.

This study is one of the few studies of longitudinal analysis of leukocyte counts and the
differentials of IR exposed cohorts, reporting the association in elevated monocyte counts and
percentages in the circulating blood. Monocytes are responsible for chronic inflammation (see
chapter 3.3.2). Chronic inflammation is associated with many diseases including cancer and CVD.
A-bomb survivors exposed at younger age have significantly higher risk of cancer throughout of
their lifetime (Ozasa et al., 2012). The association of noncancer disease risk and age at exposure
and has not yet reported (Preston et al., 2003; Ozasa et al., 2012), but this study suggests population
exposed to high dose at younger age are at high risk of developing inflammatory disease because

of the disturbed immune and hematopoietic system related to the high production of monocytes.

6.4.3 Mitigators

The status of mitigator assignment had no significant effect on the longitudinal trend in this
study. One reason is that this analysis assigned one parameter (Y) to assignment of any mitigators.
The rhesus cohort received different mitigators with different function, which may have different

effect on the long-term effect, and the study design may have failed to detect the different function
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of different mitigators. Another reason is that rhesus macaque cohort in this study are originated
from different study projects. The later cohorts, which were younger at the age of the sampling,
tend to be from studies of mitigators. Therefore, the animals with mitigators were possibly too
young to develop any late effects in hematopoietic and immune system. Some of the ARS
mitigators have proven to have long-term effect. For example, PEGylated IL-11 is effective for H-
ARS as well as increase blood cell counts and HSPC population up to 12 months in mice study
(Sharma et al., 2020). Therefore, more follow-up examination as well as detailed study design
would be significant to observe the effect of mitigators on the long-term effect of IR on

hematopoietic system.

6.5 Disease morbidity and inflammatory status

6.5.1 Disease morbidity in the study cohort

Incidence of morbidity, disease, and conditions observed during clinical examination are in
Figure 11. The criteria used for diagnoses are in appendix D. Periodontitis had high incidence in
all dose groups. Periodontitis is an age related disease common in rhesus macaques (Gonzalez et
al., 2016). Reproductive organs such as testis and ovary are known for their sensitivity to ionizing
radiation (ICRP 2012). The dose dependent injury and associated recovery of testicular atrophy in
the RLEC animals is well investigated and reported at Schaaf et al., 2023. Cataracts are an age
associated disease in rhesus macaques, but lenses of the eyes are highly radiosensitive organs and
the WBI is associated with cataracts (Sonneveld et al., 1994; Zierhut et al., 2000; ICRP 2012). The
kidney and brain tissues are known to display late effects of ionizing radiation because of slow
cell proliferation (Barnett et al., 2009). Renal fibrosis and brain injury in the RLEC have been

investigated and reported elsewhere (Cohen et al., 2020; Andrews et al., 2020). For these tissues
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displaying late effects, chronic inflammation likely not the cause, but chronic inflammation could

be induced as one of the consequences of these diseases.
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Figure 11 Incidence (%) of disease and conditions in the study cohort

The high morbidity of testicular atrophy in >LD50 groups may be one reason that no

statistically significant difference in lymphocyte%, neutrophil% and neutrophil to lymphocyte

91



ratio was observed in the >LD50 dose group. As mentioned in 6.4.1, sex hormones, such as
androgens and estrogens, induce thymic involution, the ablation of which can improve recovery
of immune deficient condition. The >LD50 dose group had the highest testicular atrophy morbidity.
Malfunctioning reproductive organs possibly downregulated androgen releases, and thus helped
the animals overcome long-term effects in the hematopoietic and immune system after radiation
exposure. Additionally, LD10-50 dose groups had the lowest morbidity of ovary dysfunction.
Relatively normally functioning ovaries provided higher estrogen level to female animals in the
LD10-50 group, leading to less tolerance of the immune system and more prevalent long-term
effects in the LD10-50 dose group.

Chronic inflammation suggested from the analysis in this study is itself an underlying cause
of many diseases including cardiovascular disease, cancer, diabetes mellitus, chronic hepatic and
renal disease, as well as autoimmune diseases (Furman et al., 2019; Pahwa et al., 2022). Among
those, hypertension, heart disease, tumor, as well as diabetes are often reported in RELC cohort
and A-bomb survivor cohort and possibly closely related to chronic inflammation. In the following,
the association between chronic inflammation and hypertension, heart disease, tumor, as well as

diabetes mellitus are reviewed.

6.5.2 Neoplasia

The incidence of neoplasia was small, but there was a clear increase in the incidence of
cancer reported for the RLEC (Sills et al., 2021). Sarcoma was about 40% of the neoplasm
diagnosis, and the most common outcomes were malignant nerve sheath tumors and malignant
glomus tumors. Both tumors are uncommon in aged, non-irradiated rhesus macaques, and not
commonly observed with radiation exposure (Broerse et al., 2000; Simmons et al., 2011).

Carcinoma was only approximately 20% of the diagnosis, while carcinoma is most prevalent in
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neoplasms of aging, non-irradiated animals. The most common carcinoma diagnosis included renal
cell and hepatocellular carcinomas. While the cancer diagnosis occurred at most of the body sites,
skin and subcutis was the most common composing 40% of the diagnosis.

The A-bomb survivor study also demonstrated a high incidence and excess risk of neoplasms
from radiation exposure (Preston et al., 2007). However, the type of cancer in the A-bomb survivor
study was very different from the RLEC. Squamous cell carcinoma and adenocarcinoma composed
over 70% of the cancer diagnosis, while sarcomas are less than 1% of the diagnosis for A-bomb
survivors. Approximately 27% of A-bomb survivor cancers were stomach cancer, followed by
lung, colon, and liver. The difference in the size of cohort, dose and age range were possibly factors
of the difference in the type and site of neoplasia, while the A-bomb survivor cohort is consists of
a Japanese population, which is known to have a high incidence in stomach cancer, highly likely
one reason for differences.

Chronic inflammation is an underlying cause of cancer development but also triggered by
cancer development by various mechanisms (Coussens and Werb, 2000; Singh et al., 2019; Greten
and Grivennikov, 2019). For example, Reactive oxygen and nitrogen species produced by
macrophages in chronic inflammatory condition can generate mutagenic agents such as
peroxynitrite, inducing DNA mutations in proliferating epithelial and stroma cells (Maeda and
Akaike, 1998). Inflammatory cytokines such as TNF-a not only induce DNA damage but also
helps initiation, growth, and metastasis of cancer (Smyth et al., 2004; Yoshimura 2006).
Additionally, tumor cells and cells in tumor microenvironment produce more pro-inflammatory
cytokines (Jackson et al., 2002; Lazar-Molnér et al., 2004; Pollard 2004). Sills et al. (2021) did not
find any statistical significance in the first cancer incidence among dose groups but discovered the

dose-dependent incidence in developing more than one tumor with the highest in LD50-90 group
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of 47.1%, and 25.0% in over LD90 group. The elevated trend in myeloid cells reported in this
dissertation may be one of the causes and consequences of cancer development in the RELC

cohort.

6.5.3 Cardiovascular disease

Epidemiological studies have proven increased risk of cardiovascular disease (CVD) in A-
bomb survivors (Yamada et al., 2004; Shimizu et al., 2010), Mayak nuclear workers (Azizova et
al., 2010), Chornobyl emergency workers (Kashcheev et al., 2017), British nuclear worker cohorts
(McGeoghegan et al., 2008). Cardiovascular diseases include different diagnosis, while the most
prevalent and studied was ischemic heart diseases. Ischemic heart disease is commonly caused by
atherosclerosis, which is plaque development in the coronary artery and associated depressed
oxygen supply to the myocardium of heart (Gofman et al., 1966). The risk factor includes Age,
BMLI, alcohol and tobacco use, cholesterol, hypertension, as well as diabetes mellitus (Hajar, 2017).
Hypertensive heart disease, rheumatic heart disease, as well as heart failure were also a significant
risk in A-bomb survivors, which may be related to the limited medical resources for diagnosis and
the lifestyle of the cohort including high salt consumption and poor hygienic conditions (Ozasa et
al., 2017).

In this study cohort, the incidence of heart disease seems to increase in a dose-dependent
manner, except for the high incidence in the control animals (Fig.9). Control animals tend to be
older animals compared to the other dose groups, which may be one reason for the high incidence
since CVD is also an age-related disease of rhesus macaques. Mean age at first CVD diagnosis
was much younger in exposed animals than control animals (Control: 11.3, <LD10: 10.5, LD10-
50: 9.7, and >LD50: 9.4 years old), implecating an impact of ionizing radiation exposure. The

incidence of hypertension was higher in irradiated animals (Figure 11). However, hypertension
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does not seem correlated with heart disease since only 24% of animals with heart condition had
hypertension diagnosis.

Debo et al. (2016) investigated cardiac morphology, function, as well as circulating
biomarkers from RLEC male animals. The Debo et al (2016) cohortstudied animals 6-10 years
post irradiation which had recieved 6.5-8.4 Gy whole-body gamma irradiation and were compared
with age matched controls. Histological assessment revealed the prevalence of myocardial fibrosis
in exposed animals. Echocardiography showed that the left ventricular diameter was significantly
decreased in exposed animals. These results agreed with other investigations on mice and rhesus
macaques with WBI exposure (Wondergem et al., 1999; Unthank et al., 2015). They also reported
higher heart rates in irradiated animals, while no other indicator of functional deterioration of
hearts were observed including irregular blood pressure. Investigations on coronary arteries were
not included in the study, but significantly high MCP-1 was reported. MCP-1 is significantly
correlated with coronary atherosclerosis (Register et al., 2005).

Mechanisms of CVD induced by PBI such as thorax radiation therapy for breast cancer and
Hodgkin’s lymphoma is well understood through animal experiments (Stewart et al., 2013). High
radiosensitivity of endothelial cells are the main cause of initiating atherosclerosis development in
coronary arteries and also results in damage to the microvasculature of myocardium, leading to
cell death and myocardial fibrosis. In contrast, the mechanisms for CVD by WBI is not well
understood (ICRP 2012). Different mechanisms other than direct damage to the myocardium and
endothelial cells of coronary artery may be related to the development of CVD. Chronic
inflammation as well as impaired immune system by IR exposure is suspected as one causes of
CVD. The association of chronic inflammation and CVD, especially for atherosclerosis, is well

documented in patients with autoimmune condition (Arida et al., 2018; Kobiyama and Ley, 2018).
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Viral and bacterial infections also induce CVDs (Lowe 2001; Triant., 2013; Dhakal et al., 2020).
Additionally, type 2 diabetes mellitus (T2DM), which is one of the late effect diseases of acute
radiation exposure (see the next chapter), is also one leading cause of CVD and ischemic heart
disease. Debo et al. (2016) did not observe any association of T2DM and cardiac structural changes
in RLEC. Etiology of WBI induced CVDs is highly likely to be multifactorial and requires more
investigation. Results from Debo et al. (2016) and the chronic inflammatory condition revealed in
this analysis suggests the RLEC rhesus cohort is useful for exploring the mechanistic

understanding of CVD as DEARE.

6.5.4 Diabetes Mellitus

Type 2 diabetes mellitus (T2DM) has been suspected as a late-effect disease after TBI.
T2DM was reported in childhood cancer survivors with RT, and had higher incidence with WBI
than PBI (Meacham et al., 2009). Studies on A-bomb survivors demonstarted a high prevalence of
diabetes mellitus, while the effect of IR is not consistent and distribution of type 1 and 2 is unclear
especially since studies were missing information and incomplete (Ito et al., 1994; Tatsukawa et
al., 2022). The T2DM incidence in our RLEC study cohort (Figure 11) is relatively small, while
there are several reports of subsets of the RLEC cohort developing type 2 diabetes mellitus as
DEARE.

T2DM of irradiated Rhesus macaques had insulin resistance and hypertriglyceridemia but
not obesity (Kavanagh et al., 2015; Bacarella et al., 2019). The irradiated animals with and without
T2DM were both leaner and had less fat mass than controls. Adipocytes from irradiated animals
were significantly larger with increased lipolysis, indicating irradiated animals cannot produce
enough adipocytes and are storing more lipids in limited number of cells. Thus, irradiated animals

may not be able to respond to metabolic needs properly with changes in blood sugar level, leading
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to T2DM. The other possible mechanism is in skeletal muscle tissue. Muscle is responsible for
metabolizing 90% of blood glucose. Kavanagh reported the irradiated and non T2DM animals
were leaner and had less fat mass than irradiated T2DM animals. Additionally, muscle fibrosis has
been observed as a late effect of radiation exposure in RT cancer therapy patients as well as the
RLEC cohort (Yarnold et al., 2010; Stubblefield., 2011; Fanning et al., 2017). Therefore, loss of
muscle tissue or function may have induced T2DM in irradiated animals.

Considering the inflammatory cytokine level was not necessarily associated with T2DM in
the two RLEC studies above, chronic inflammatory status may not be a cause of T2DM here but
still could be one of the consequences. T2DM can be caused by chronic inflammation but also can
induce chronic inflammation (Akash et al., 2013). For example, B cells of pancreas, responsible
for producing, storage, and secretion of insulin, produces the pro-inflammatory cytokine, IL-1f,
and damages 3 cells under T2DM condition (Maedler et al., 2002). Additionally, inflammation is
known to be linked with obesity and T2DM (Van Greevenbroek et al., 2013; Esser et al., 2014).
Chronic inflammation induced by IR exposure may be one cause of radiation induced T2DM

without obesity.
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7  Future perspectives

This study design and analysis has limitations. Limitations and possible future study
directions are addressed in this chapter. Firstly, the assumption of linear trends of leukocyte counts
and the differentials may not be true. Non-linear mixed effect models or generalized additive
models could possibly be used for analysis, although nonlinear models generally make
interpretation more challenging. Finding the threshold or time of initiation of late effects was not
the object of this study, but utilizing nonlinear models may help investigate the possible timeline
of late effects.

Secondly, the analysis did not include disease and health status, so the influence of these
factors on the longitudinal trend is unknown. Joint regression models may be a useful addition to
future analysis with more data. Joint regression models are composed of linear mixed models for
longitudinal outcomes and a survival function for certain event (Tsiatis and Davidian, 2004; Cekic
et al., 2019), so that we can analyze the effect of a certain event, which will be death or mortality
of a certain disease for the RLEC animals, to the longitudinal trend of leukocyte counts and the
differentials. Unfortunately, joint regression analysis did not improve the analysis in this study
possibly because limited information was available regarding death. Death in the cohort included
natural death as well as euthanasia for experimental purpose and pathological reasons. Finally,
now we know that long-term effects on hematopoietic system exist and appears in leukocyte
biomarkers, the next question would be how this long-term effect is associated with specific
disease incidence, the severity and comorbidity. Linear mixed models cannot discern this
informaion, and more sophisticated methods including machine learning (ML) and Al would be
required. ML/AI would also make it possible to provide risk estimation of diseases based on the

exposed dose, leukocyte counts and the differentials, and other cofounding factors.
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Limitation also lies in the rhesus macaque cohort and the dataset. The study cohort is
consisted of animals that survived acute radiation syndrome, which intrinsically induces selection
bias to the analysis. The selection bias could be stronger for animals exposed to high dose because
the acute syndrome would be more severe with higher dose. Secondly, the RLEC animals die by
natural death or euthanasia much earlier than expected, considering the average (approximately 25
years) and maximum lifespans (40 years) of rhesus macaques (Roth et al., 2004). The reason for
early death is unknown, while the complete follow-up of acute radiation exposure may not be
achievable because of the limited life span. Difference in irradiation protocol including different
radiation source and energy (1.25 MeV Co-60 gamma vs 6 MV Linac X-ray), as well as animal
positioning (anterior-posterior/posterior-anterior vs bilateral) may induce differences in the dose
delivery and homogeneity to the body (Singh et al., 2019; Gibbons, 2020), possibly leading to
differences in late effects. No random distribution of age, sex, use of mitigator is another limitation
of this cohort. The <LD10 dose group had relatively younger animals, which may be one cause of
the smaller and less significant long-term effect in the dose group. Despite these limitations, the
RLEC cohort is still very advantageous for studying the long-term effects of IR especially because
of the richness in repetition and variety of measurements based on intensive health examinations.

As more data become available in the future, the limitations will become less significant.
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8 Conclusion

This study successfully investigated the hypothesis using longitudinal analysis of leukocyte
counts and differentials from RLEC rhesus macaques.

Hypothesis 1: Long-term hematopoietic effects from acute radiation exposure occurs
in NHP cohorts. The first analysis in chapter 4 provided evidence on long-term effects of ionizing
radiation to hematopoietic system, which agrees overall with hypothesis 1. The long-term effects
were further investigated and confirmed with more data in the second analysis in chapter 5.

Hypothesis 2: High-exposed cohorts have stronger effects than low dose cohorts
(<LLD50). The second analysis addressed the effect of different dose levels. Higher dose (>LD10
dose) animals had a more significant dose effect compared to the lower dose exposed animals,
while the longitudinal effect on the highest dose group (>L.D50) was less significant and prevalent
compared to the middle dose group (LD10-50), which did not agree with the hypothesis. The
possible reason includes selection bias and the limited dataset for >LD50, which was not enough
to provide statistical significance.

Hypothesis 3: Sex, age at the time of exposure, and mitigator may also affect the long-
term response. The second analysis also investigated confounding factors including sex, age at
the time of exposure, and the use of mitigator. The significance of sex was observed in neutrophil
counts and percentages, lymphocyte counts and percentages, as well as neutrophil-to lymphocyte
ratio. The sex difference of higher neutrophils and lower lymphocytes in male animals indicates
more significant late effects in male animals, which was the opposite of the hypothesis. Possible
causes may be the baseline sex difference in the balance and count of neutrophil and lymphocytes.
Female radiosensitivity may not be as large as suggested in other studies. The factor of age at the

time of exposure was significant only for monocyte counts and percentages, indicating the late
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effects are more significant in animals exposed at younger age, which was consistent with the
hypothesis. There was no statistical significance in the factor of mitigator use, which disagreed
with the hypothesis and the possible reason is the study design included different types of
mitigators as one factor as well as the unbalanced dataset where mitigators were assigned to
animals in the cohort that were relatively younger.

Many possible mechanisms were hyothesised to cause the monocyte elevation and
neutrophil skewing in >L.LD10 dose exposed animals. Clonal hematopoiesis, chronic inflammation,
immunosenescence, as well as residual damage to the hematopoietic system are suggested in the
literature as having an association with radiation exposure, and it is highly likely they contribute
to thelate effects suggested in this study in a interrelated way. The monocyte elevation and
neutrophil skewing can also be caused by aging in the hematopoietic system and immune system,
indicating this study is agrees with previous studies that ionizing radiation exposure generally
induces acceleration of aging in the hematopoietic and immune system.

Monocytes are the main mediator of chronic inflammation, and the elevation is a biomarker
of chronic inflammation. The increase of disease morbidity in a dose related manner in the study
cohort suggested radiation induced chronic inflammation as one of the causes since chronic
inflammation is related to many diseases including neoplasia, cardiovascular disease, and diabetes
mellitus. Other conditions in radiosensitive organs such as kidney, testis, and ovary were not likely
induced by chronic inflammation, while late effects could induce systemic inflammation in
animals.

The study results partially agreed with analysis of the A-bomb survivor cohort study. The
effect of radiation exposure in longitudinal trends of monocyte counts and percentages, as well as

neutrophil and lymphocyte counts were also observed in A-bomb survivors, while the neutrophil
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skewing was not observed, and the monocyte percentages were only significant in older
populations. The comparison indicates more significant late effects in the rhesus macaque cohort.
The reason for greater and more effects could be the much higher dose in the rhesus macaque
cohort than A-bomb survivors. There are differences in disease morbidity including different
tumor type prevalence. These difference indicate the advantages of utilizing the RLEC cohort for
evaluation of the long-term risk of radiation exposure. A-bomb survivor cohort studies have been
the base of many radiation protections and regulations. However, A-bomb survivors are composed
of a Japanese population and their lifestyle and nutrition are very different even from modern
Japanese population. For the DEARE prognosis, these lifestyle factors are indispensable.
Additionally, accumulating evidence suggests the significance of genetics in radiosensitivity and
disease morbidity, which may further question relying on the data from A-bomb survivor cohort
as representative of the general world population. Rhesus macaques share 95-97.5 % of genes with
humans, and the immune and hematopoietic system are very similar. Advantageous features of the
RLEC include controlled lifestyles and extensive health records, and findings from RLEC animals
should be incorporated more in regulatory suggestions.

The study result also indicates that the lower dose cohort (<LD10) had almost no significant
adverse long-term effects on the hematopoietic system, while animals in the dose group tend to be
younger, and more data would be required to confirm the long-term effects. The analysis and
dataset have limitations, but most limitations can be solved with more data, which will be available
with time. Developing ML/AI methods with this dataset would be more informative and could

contribute more to the understanding the long-term effect of ionizing radiation.
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Appendix

A. List of Abbreviations

ARS acute radiation syndrome
BM bone marrow
CBC complete blood counts
CD cluster of differentiation
CH clonal hematopoiesis
CI confidential interval
CLP common lymphoid progenitor cells
CMP common myeloid progenitor cells
CVD cardiovascular disease
DC dendritic cells
DEARE delayed effect of acute radiation exposure
EMM estimated marginal mean
HSC hematopoietic stem cell
LT-HSC long-term HSC
ST-HSC short-term HSC
IL Interleukin
IFN interferon
IR ionizing radiation
LMM liner mixed model
MPP multipotent progenitor cell

NHP non-human primates
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NLR neutrophil-to-lymphocyte ratio
RLEC radiation late effect study cohort
ROS reactive oxygen species

RT radiation therapy

RM rhesus macaques

SEC sinusoidal endothelial cells

SD standard deviation

TBI total body irradiation

TNF tumor necrotic factor

T2DM type 2 diabetes mellitus
WBC white blood cell

WBI whole body irradiation
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O Free-ranging, wild animals will be used in their natural habitat,
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Grant - Protocol Congruency

If funded by a subaward or subcontract on a US Public Health Service (PHS) sponsored project?, the
Collaborating Institution certifies the animal use as described In the protocol and grant are congruent:
&ves ONo dBHOX

The CSU IACUC also requires that the Collaborating Institution provide, as applicable:
* Documentation of IACUC approval for modifications to the approved protocol as well as
triennial reviews of the protocols;
« Prompt notification of review and reporting ofS:
© any unexpected/adverse events that occur during the conduct of the research activities
associated with this (A that directly Impact animal welfare,
o any incidents of noncompliance with PHS Policy, the Guide for the Care ond Use of
Laborotory Animols, or any suspension of this activity by the IACUC;
¢ CSU requires that the collaborating Institution provide notification of change in PHS Assurance
status or AAALAC, International Accreditation status;
* Forinstitutions not located in the US, a copy of the approved animal care and use protocol.

CSU IACUC may review the attached documentation and determine if a duplicative review is
warranted or this form Is sufficlent to ensure animal welfare.

4 PHS agencies: National Institutes of Health (NIH), Food and Drug Administration (FOA), Center for Disease Control and
Prevention (CDC), Health and Human Services Blomedical Advanced R h and Develop Authority (HHS BARDA),
Veterans Affairs {VA), and National Sclence Foundation (NSF).

* Guidance on Prompt Reporting to OLAW under the PHS Policy on Humane Care and Use of Laboratory Animals:

notica.

Revised june 21, 2019
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C. Diagnostic criteria for disease and conditions

Organ/Disease Diagnostic criteria

Testis Testis volume <10ml each after 7 years of age

Ovary Vaginal discharge, Uterine abnormality

Cataracts Any lens opacity on annual slit-lamp exam

Kidney Blood Urea Nitrogen (BUN) >30mg/dL or Serum creainine (Cr) >1.1 mg/dL
Loss of renal volume >50%

Brain MRI lesions visible on susceptivility weighted imaging (SWI)

Lung

Pulmonary consolidation on CT scan or emphysema >25%;
percent blood oxygen saturation (SPO,) <80%; Respiratory rate>80bpm
Hypertension = maximum arterial pressure (MAP) >120

Heart Murmur detected on auscultation or echocardiography

adult stroke volume <5ml and cardiac output (CO) <0.5L/min at >7y
Tumor Any neoplastic disease by imaging or biopsy
Diabetes Hemoglobin Alc >6.5%

3 fasting blood glucose measurements >100mg/dL
any non-fasted blood glucose >200 mg/dL

D. R codes

Preliminary analysis

Setup

knitr::opts_chunk$set( TRUE)
library(readxl)

library(ggplot2)
library(tidyverse)

library(1lme4)

library(1lmerTest)
library(pbkrtest)

library(emmeans)

library(dplyr)

library(scales)

Data_all <- read_excel("Data for R_manuscript_2.xlsx")

#change unit of abs neut/lLymph/mono
Data_all$abs_neut=Data_all$abs_neut/1000
range(Data_all$abs_neut)
Data_all$abs_lymph=Data_all$abs lymph/1000
range(Data_all$abs_lymph)
Data_all$abs_mono=Data_all$abs_mono/1000
range(Data_all$abs_mono)

#scale m_sample
Data_all$m sample s=scale(Data_all$m sample)
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#assign irradiation status as factor
Data_all$irr=as.factor(Data_all$irr)

Outlier elimination and dataset for each blood parameters

Data_wbc=cbind.data.frame( Data_all$id, Data_all$irr, Data_all
$m_sample, Data_all$m_sample_s, Data_all$wbc)

lower_wbc <- quantile(Data_wbc$wbc, 0.01)

upper_wbc <- quantile(Data_wbc$wbc, 0.99)

Data_wbc= Data_wbc %>% filter(wbc<upper_wbc,wbc>lower_wbc)

Data_absneut=cbind.data.frame(id=Data_all$id, Data_all$irr, Data_a
11$m sample, Data_all$m sample_s, Data_all$abs neut)
lower_absneut <- quantile(Data_absneut$abs_neut, 0.01)

upper_absneut <- quantile(Data_absneut$abs neut, 0.99)

Data_absneut= Data_absneut %>% filter(abs_neut<upper_absneut,abs neut>lower_a
bsneut)

Data_abslymph=cbind.data.frame( Data_all$id, Data_all$irr, Data_
all$m_sample, Data_all$m sample_s, Data_all$abs_lymph)
lower_abslymph <- quantile(Data_abslymph$abs_lymph, ©.01)

upper_abslymph <- quantile(Data_abslymph$abs_lymph, ©.99)

Data_abslymph= Data_abslymph %>% filter(abs_lymph<upper_abslymph,abs_lymph>1lo
wer_abslymph)

Data_absmono=cbind.data.frame(id=Data_all$id, Data_all$irr, Data_a
11$m_sample, Data_all$m sample_s, Data_all$abs_mono)
lower_absmono <- quantile(Data_absmono$abs_mono, 0.01)

upper_absmono <- quantile(Data_absmono$abs _mono, ©.99)

Data_absmono= Data_absmono %>% filter(abs_mono<upper_absmono,abs_mono>lower_a
bsmono)

Data_neut=cbind.data.frame(id=Data_all$id, Data_all$irr, Data_al
1$m_sample_s, Data_all$m_sample, Data_all$neut)

lower neut <- quantile(Data_neut$neut, 0.01)

upper_neut <- quantile(Data_neut$neut, ©.99)

Data_neut= Data_neut %>% filter(neut<upper_neut,neut>lower_neut)

Data_lymph=cbind.data.frame(id=Data_all$id, Data_all$irr, Data_all
$m_sample, Data_all$m_sample_s, Data_all$lymph)

lower lymph <- quantile(Data_lymph$lymph, ©.01)

upper_lymph <- quantile(Data_lymph$lymph, ©.99)

Data_lymph= Data_lymph %>% filter(lymph<upper_lymph,lymph>lower_lymph)

Data_mono=cbind.data.frame(id=Data_all$id, Data_all$irr, Data_all
$m_sample, Data_all$m sample_s, Data_all$mono)

lower _mono <- quantile(Data_mono$mono, ©0.01)

upper_mono <- quantile(Data_mono$mono, ©.99)

Data_mono= Data_mono %>% filter(mono<upper_mono,mono>lower_mono)
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Data NLR=cbind.data.frame(id=Data_all$id, Data_all$irr, Data_all$m
_sample, Data_all$m_sample_s, Data_all$NLR)

lower NLR <- quantile(Data_NLR$NLR, ©.01)

upper_NLR <- quantile(Data_NLR$NLR, ©.99)

Data_NLR= Data_NLR%>% filter (NLR<upper_NLR,NLR>lower_NLR)

Analysis
## Leukocyte count
#Llinear mixed model
1mm_wbc<- 1lmer(log(wbc) ~m_sample_s*factor(irr)+(1+m_sample_s|id)+e, Da
ta_wbc, ImerControl( "bobyqga"))
plot(1mm_wbc)
summary (1mm_wbc)
#estimated trends
emtrends(1lmm_wbc, pairwise ~ irr,
"m_sample s")
test(emtrends(lmm _wbc, pairwise ~ irr,
"m_sample_s") )
#estimated means
emmeans(1lmm_wbc, pairwise ~ irr | m_sample_s)
pairs(emmeans(lmm_wbc, pairwise ~ irr | m_sample_s))

## Absolute neutrophil count
#Llinear mixed model
1mm_absneut<- 1lmer(log(abs_neut) ~m_sample_s*factor(irr)+(1+m_sample_s|id)+0,
Data_absneut, ImerControl( "bobyga"))
plot(1lmm_absneut)
summary (1lmm_absneut)
#estimated trends
emtrends (1mm_absneut, pairwise ~ irr,
"m_sample s")
test(emtrends(1lmm_absneut, pairwise ~ irr,
"m_sample_s") )
#estimated means
emmeans (1lmm_absneut, pairwise ~ irr | m_sample_s)
pairs(emmeans(1lmm_absneut, pairwise ~ irr | m_sample_s))

##Absolute Lymphocyte count
#Llinear mixed model
1mm_abslymph<- 1lmer(log(abs_lymph) ~m_sample_s*factor(irr)+(1+m_sample_s|id)+
9, Data_abslymph, ImerControl( "bobyqga"))
plot(1lmm_abslymph)
summary (1mm_abslymph)
#estimated trends
emtrends (1lmm_abslymph, pairwise ~ irr,
"m_sample_s")
test(emtrends(1lmm_abslymph, pairwise ~ irr,
"m_sample_s") )
#estimated means
emmeans (1lmm_abslymph, pairwise ~ irr | m_sample_s)
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pairs(emmeans(1lmm_abslymph, pairwise ~ irr | m_sample s))

## Absolute monocyte count
#Llinear mixed model
1mm_absmono<- lmer(log(abs_mono) ~m_sample_s*factor(irr)+(1+m_sample_s|id)+0,
Data_absmono, ImerControl( "bobyga"))
plot(1lmm_absmono)
summary (1mm_absmono)
#estimated trends
emtrends(1lmm_absmono, pairwise ~ irr,
"m_sample_s")
test(emtrends(1lmm_absmono, pairwise ~ irr,
"m_sample_s") )
#estimated means
emmeans (1lmm_absmono, pairwise ~ irr | m_sample_s)
pairs(emmeans(lmm_absmono, pairwise ~ irr | m_sample_s))

##Neutrophil %
#Llinear mixed model
1mm_neut<- lmer(neut ~m_sample_s*factor(irr)+(1+m_sample_s|id)+0, Data_
neut, ImerControl( "bobyga"))
plot(1lmm_neut)
summary (1lmm_neut)
#estimated trends
emtrends(1lmm_neut, pairwise ~ irr,
"m_sample _s")
test(emtrends(1lmm_neut, pairwise ~ irr,
"m_sample_s") )
#estimated means
emmeans (1lmm_neut, pairwise ~ irr | m_sample_s)
pairs(emmeans(1lmm_neut, pairwise ~ irr | m_sample_s))

## Lymphocyte %
#Llinear mixed model
1mm_lymph<- 1lmer(log(lymph) ~m_sample_s*factor(irr)+(1+m_sample_s|id)+0,
Data_lymph, ImerControl( "bobyqga"))
plot(1lmm_lymph)
summary (1mm_lymph)
#estimated trends
emtrends (1mm_lymph, pairwise ~ irr,
"m_sample s")
test(emtrends(1lmm_lymph, pairwise ~ irr,
"m_sample_s") )
#estimated means
emmeans (1lmm_lymph, pairwise ~ irr | m_sample_s)
pairs(emmeans(1lmm_lymph, pairwise ~ irr | m_sample_s))

## Monocyte %

#linear mixed model
1mm_mono<- lmer(mono ~m_sample_s*factor(irr)+(1+m_sample s|id)+0, Data_
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mono, ImerControl( "bobyqga"))

plot(1lmm_mono)

summary (1mm_mono)

#estimated trends

emtrends (1lmm_mono, pairwise ~ irr,
"m_sample_s")

test(emtrends(1lmm_mono, pairwise ~ irr,
"m_sample_s") )

#estimated means

emmeans (1mm_mono, pairwise ~ irr | m_sample_s)

pairs(emmeans(lmm_mono, pairwise ~ irr | m_sample_s))

## NLR
#linear mixed model
1mm_NLR<- 1lmer(log(NLR) ~m_sample_s*factor(irr)+(1+m_sample_s|id)+0,
ta_NLR, ImerControl( "bobyqga"))
plot(1lmm_NLR)
summary (1mm_NLR)
#estimated trends
emtrends (1mm_NLR, pairwise ~ irr,
"m_sample _s")
test(emtrends(1lmm_NLR, pairwise ~ irr,
"m_sample_s") )
#estimated means
emmeans (1lmm_NLR, pairwise ~ irr | m_sample_s)
pairs(emmeans(lmm_NLR, pairwise ~ irr | m_sample_s))

Analysis part 2

Setup, Data processing
knitr::opts_chunk$set( TRUE)
library(readxl)

library(ggplot2)
library(tidyverse)

library(1me4)

library(1lmerTest)
library(pbkrtest)

library(emmeans)

library(dplyr)

library(scales)

library(ggeffects)

library(gtools)

Data_all <- read excel("Data for R_manuscript 3.x1lsx")

#change unit of abs neut/lymph/mono
Data_all$abs neut=Data_all$abs neut/1000
Data_all$abs_lymph=Data_all$abs lymph/1000
Data_all$abs_mono=Data_all$abs_mono/1000

#transform id, sex, miti to factor
Data_all$id=as.factor(Data_all$id)
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Data_all$sex=factor(Data_all$sex, c("M", "F"))
Data_all$miti=as.factor(Data_all$miti)

#scale m_sample
Data_all$m _sample s=scale(Data_all$m_sample)

#add dose Level factor
funl<-function(x){
if(x>=5.5){
if(x<=6.8){ans="2"}
else{ans="3"}
}
else if (x>0){ans="1"}
else {ans="0"}}
Data_all$dlevel<-sapply(Data_all$dose, funl)
Data_all$dlevel=as.factor(Data_all$dlevel)

#add age at the time of exposure
#control animals don't have age at radiation, so impute as first observed age
tmp = by(Data_all[,c("id", "m sample")], Data_all[,"id"], function(x)

{

x[which.min(x$m_sample), ]

}
tmp = data.frame(do.call("rbind", tmp)); names(tmp) = c("id", "t1")
Data_all = merge(Data_all, tmp, "id", T)
Data_all$agel = Data_all$m airrad
Data_all[which(is.na(Data_all$agel)), "agel"]

= Data_all[which(is.na(Data_all$agel)), "t1"]

Analysis
## Leukocyte count
# Linear mixed model
1mm_wbc_1<- lmer(log(wbc) ~m_sample_s*dlevel+sex+miti+agel+(1+m_sample_s|id),
Data_all, T)
plot(lmm_wbc_1) #check residual distribution
summary (1lmm_wbc_1) #get estimates and p-values
## check significance of interaction (m_sample*dlevel)
1mm_wbc_1la<- 1lmer(log(wbc) ~m_sample s*dlevel+sex+miti+agel+(1+m_sample s|i
d),
Data_all, F)
1mm_wbc_1b<- 1lmer(log(wbc) ~m_sample s+dlevel+sex+miti+agel+(1+m_sample s|i
d),
Data_all, F)
anova(lmm wbc_1la,lmm _wbc_ 1b)

## absolute neutrophil count

# Linear mixed model

1mm_absneut_1<- 1lmer(log(abs_neut+l) ~m_sample_s*dlevel+sex+miti+agel+(1+m_sa
mple_s|id), Data_all)

plot(1lmm_absneut 1)
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summary (1lmm_absneut 1)
## check the significance of interaction (m_sample*dlevel)
Imm_absneut_la<- lmer(log(abs_neut+l) ~m_sample_ s*dlevel+sex+miti+agel+

(1+m_sample_s|id), Data_all, F)
Imm_absneut_1b<- 1lmer(log(abs_neut+l) ~m_sample s+dlevel+sex+miti+agel+
(1+m_sample_s|id), Data_all, F)

anova(lmm_absneut_1la,1lmm_absneut_1b)
## check the significance of interaction (m_sample*dlevel *sex)
Imm_absneut_1.5a<- lmer(log(abs_neut+l) ~m_sample_s*dlevel*sex+miti+agel+

(1+m_sample_s|id), Data_all, F)
Imm_absneut_1.5b<- 1lmer(log(abs_neut+l) ~m_sample_s*dlevel+sex+miti+agel+
(1+m_sample_s|id), Data_all, F)

anova(lmm_absneut_1.5a,1mm_absneut_1.5b)

## absolute Lymphocyte count

# Linear mixed model

Imm_abslymph 1<- 1lmer(log(abs_lymph) ~m_sample_ s*dlevel+sex+miti+agel+(1l+m_sa
mple_s|id), Data_all)

plot(1lmm_abslymph_1)

summary (1lmm_abslymph_1)

# check the significance of 1interaction (m_sample*dlevel)

Imm_abslymph_la<- 1lmer(log(abs_lymph) ~m_sample_s*dlevel+sex+miti+agel+

(1+m_sample_s|id), Data_all, F)
Imm_abslymph_1b<- 1lmer(log(abs_lymph) ~m_sample s+dlevel+sex+miti+agel+
(1+m_sample_s|id), Data_all, F)

anova(lmm_abslymph_1a,1lmm_abslymph_1b)
# check the significance of 1interaction (m_sample*dlevel *sex)
1mm_abslymph_1.5a<- lmer(log(abs_lymph) ~m_sample_s*dlevel*sex+miti+agel+

(1+m_sample_s|id), Data_all, F)
Imm_abslymph 1.5b<- lmer(log(abs_lymph) ~m_sample s*dlevel+sex+miti+agel+
(1+m_sample_s|id), Data_all, F)

anova(lmm_abslymph 1.5a, 1lmm_abslymph 1.5b)

## absolute monocyte count

# Linear mixed model

1mm_absmono_1<- lmer(log(abs_mono+l) ~m_sample s*dlevel+sex+miti+agel+(1+m_sa
mple_s|id), Data_all)

plot(1lmm_absmono_1)

summary (1lmm_absmono_1)

# check the significance of interaction (m_sample*dlevel)

Imm_absmono_1la<- lmer(log(abs_mono+l) ~m_sample s*dlevel+sex+miti+agel+

(1+m_sample_s|id), Data_all, F)
1mm_absmono_1b<- 1lmer(log(abs_mono+1l) ~m_sample_s+dlevel+sex+miti+agel+
(1+m_sample_s|id), Data_all, F)

anova(lmm_absmono_1la,1lmm_absmono_1b)
# check the significance of interaction (m_sample*dlevel *agel)
Imm_absmono_1.5a<- lmer(log(abs_mono+l)~m sample s*dlevel*agel+sex+miti+

(1+m_sample_s|id), Data_all, F)
Imm_absmono_1.5b<- 1lmer(log(abs_mono+1l) ~m_sample_s*dlevel+agel+sex+miti+
(1+m_sample_s]|id), Data_all, F)
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anova(lmm _absmono_1.5a,1mm_absmono_1.5b)

## neutrophil%

# Linear mixed model

Imm_neut_1<- lmer(neut ~m_sample_ s*dlevel+sex+miti+agel+
(1+m_sample_s|id), Data_all)

plot(1lmm_neut_1)

summary (1lmm_neut_1)

# check the significance of interaction (m_sample*dlevel)

Imm_neut_la<- lmer(neut~m_sample_s*dlevel+sex+miti+agel

+(1+m_sample_s|id), Data_all, F)
1mm_neut_1b<- 1mer(neut~m_sample_s+dlevel+sex+miti+agel
+(1+m_sample_s|id), Data_all, F)

anova(lmm_neut_1l1a,lmm_neut_1b)
# check the significance of interaction (m_sample*dlevel *sex)
Imm_neut_1.5a<- lmer(neut ~m_sample_s*dlevel*sex+miti+agel+

(1+m_sample_s|id), Data_all, F)
Imm_neut_1.5b<- lmer(neut ~m_sample_ s*dlevel+sex+miti+agel+
(1+m_sample_s|id), Data_all, F)

anova(lmm _neut_1.5a,1lmm _neut_1.5b)

## LymphocyteX%

# Linear mixed model

Imm_lymph 1<- lmer(lymph ~m_sample_s*dlevel+sex+miti+agel+
(1+m_sample_s]|id), Data_all, T)

plot(1lmm_lymph 1)

summary (1mm_lymph_1)

# check the significance of interaction (m_sample*dlevel)

Imm_lymph 1a<- lmer(lymph ~m_sample s*dlevel+sex+miti+agel+

(1+m_sample_s|id), Data_all, F)
1mm_lymph_1b<- 1mer(lymph ~m_sample_s+dlevel+sex+miti+agel+
(1+m_sample_s|id), Data_all, F)

anova(lmm_lymph 1a,lmm_lymph_ 1b)
# check the significance of interaction (m_sample*dlevel *sex)
Imm_lymph_1.5a<- lmer(lymph ~m_sample_ s*dlevel*sex+miti+agel+

(1+m_sample_s|id), Data_all, F)
1mm_lymph_1.5b<- 1lmer(lymph ~m_sample_s*dlevel+sex+miti+agel+
(1+m_sample_s|id), Data_all, F)

anova(lmm _lymph_1.5a, 1mm_lymph_ 1.5b)

## monocyte’

# Linear mixed model

1mm_mono_1<- 1lmer(mono ~m_sample_s*dlevel+sex+miti+agel+
(1+m_sample_s|id), Data_all)

plot(1lmm_mono 1)

summary (1mm_mono_1)

# check the significance of 1interaction (m_sample*dlevel)

Imm_mono_la<- lmer(mono ~m_sample s*dlevel+sex+miti+agel+
(1+m_sample_s|id), Data_all, F)

Imm_mono_1b<- lmer(mono ~m_sample s+dlevel+sex+miti+agel+
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(1+m_sample_s|id), Data_all, F)
anova(lmm_mono_1la,lmm_mono_1b)
# check the significance of 1interaction (m_sample*dlevel *agel)
Imm_mono_1.5a<- lmer(mono~m_sample_s*dlevel*agel+sex+miti+

(1+m_sample_s|id), Data_all, F)
Imm_mono_1.5b<- lmer(mono ~m_sample_s*dlevel+agel+sex+miti+
(1+m_sample_s|id), Data_all, F)

anova(lmm_mono_1.5a,lmm_mono_1.5b)

## NLR

# Linear mixed model

Imm_nlr_1<- lmer(log(NLR+1) ~m_sample s*dlevel+sex+miti+agel+
(1+m_sample_s]|id), Data_all)

plot(lmm_nlr_1)

summary (1lmm_nlr_1)

# check the significance of interaction (m_sample*dlevel)

Imm_nlr_la<- lmer(log(NLR+1) ~m_sample_s*dlevel+sex+miti+agel+

(1+m_sample_s|id), Data_all, F)
Imm_nlr_1b<- lmer(log(NLR+1) ~m_sample_s+dlevel+sex+miti+agel+
(1+m_sample_s|id), Data_all, F)

anova(lmm _nlr_1a,lmm _nlr_1b)
# check the significance of interaction (m_sample*dlevel *sex)
Imm_nlr_1.5a<- lmer(log(NLR+1) ~m_sample s*dlevel*sex+miti+agel+

(1+m_sample_s|id), Data_all, F)
Imm_nlr_1.5b<- lmer(log(NLR+1) ~m_sample_s*dlevel+sex+miti+agel+
(1+m_sample_s|id), Data_all, F)

anova(lmm_nlr_1.5a,1lmm_nlr_1.5b)
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