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Abstract

Recovery from severe immunosuppression requires hematopoietic stem cell reconstitution and
effective thymopoiesis to restore a functional immune cell repertoire. Herein, a model of immune
cell reconstitution consequent to potentially lethal doses of irradiation is described which may be
valuable in evaluating potential medical countermeasures. Male rhesus macaques were total body
irradiated by exposure to 6.00 Gy 250 kVp x-radiation (midline tissue dose, 0.13 Gy min1)
resulting in an approximate LD10/60 (n = 5/59). Animals received medical management and
hematopoietic and immune cell recovery was assessed (n < 14) through 370 days post exposure. A
subset of animals (n < 8) was examined through 700 days. Myeloid recovery was assessed by
neutrophil and platelet-related parameters. Lymphoid recovery was assessed by the absolute
lymphocyte count and FACS-based phenotyping of B- and T-cell subsets. Recent thymic
emigrants were identified by T cell receptor excision circle quantification. Severe neutropenia,
lymphopenia and thrombocytopenia resolved within 30 days. Total CD3+ cells pL"1 required 60
days to reach values 60% of normal, followed by subsequent slow recovery to approximately
normal by 180 days post irradiation. Recovery of CD3+4+ and CD3+8+ cell memory and naive
subsets were markedly different. Memory populations were > 100% of normal by day 60;
whereas, naive populations were only 57% normal at 180 days and never fully recovered to
baseline post irradiation. Total (CD20+) B cells uL1 were within normal levels by 77 days post
exposure. This animal model elucidates the variable T- and B-cell subset recovery kinetics after a
potentially lethal dose of total-body irradiation that are dependent on marrow-derived stem and
progenitor cell recovery, peripheral homeostatic expansion and thymopoiesis.
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INTRODUCTION

Immune reconstitution following cytotoxic therapy, conditioning for stem cell transplant and
potentially lethal doses of radiation in the accident or terrorist scenario remains a serious
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challenge. The significant delay in regeneration of CD4+ T cells, marked imbalance in the
CD4/CD8 ratio and limited T cell repertoire leave the patient at risk for infectious
complications, viral disease and compromised ability to mount an effective immune
response to vaccines.

Thymopoiesis is dependent on continuous seeding of bone marrow-derived hematopoietic
stem cells (HSC) and/or early T-lineage progenitors (ETP) into a functional thymic niche.
Regeneration of the B cell compartment relies upon recovery of the HSC and B cell lineage
specific hematopoietic progenitor cells (HPC) within the respective bone marrow niche
(LeBien et al. 2008). The prolonged kinetics associated with long-term immune
reconstitution, particularly the T cell repertoire, reflects the requisite regeneration of
hematopoietic stem cells (HSC) to a threshold level compatible with long-term survival and
definitive hematopoietic recovery of functional neutrophils and platelets. Recently defined
assays for assessing naive T-cell subsets and bone marrow-derived output of naive B-cells
may aid in further definition of the recovery kinetics for these two cellular subsets (Haines et
al. 2009; Kohler et al. 2009; Mensen et al. 2013; Sottini et al. 2010).

The ultimate goal is to define an “optimum” therapeutic protocol for treatment of the
hematopoietic syndrome in severely irradiated personnel following a nuclear terrorist event.
The use of leucocyte growth factors and medical management will likely enhance survival
through recovery of hematopoietic progenitor cells and increased production of neutrophils
(Monroy et al. 1988; Schuening et al. 1993; MacVittie et al. 2005; Farese et al. 2013; Farese
et al. 2012b; Dainiak et al. 2011; Plett et al. 2012; Herodin F et al. 2007; Yu et al. 2011;
Armstrong et al. 2012; Hankey et al. 2015; Amgen 2015). However, there have been no
studies that suggest stem cells and associated immune reconstitution are affected through the
use of leukocyte growth factors. Furthermore, there are no medical countermeasures (MCM)
available to mitigate the prolonged T cell deficiencies or the severe depletion of
hematopoietic stem cells required for effective thymopoiesis.

The lack of relevant large animal models of long-term immune cell recovery hinders the
ability to assess efficacy of MCM that may stimulate HSC renewal and immune
reconstitution. A nonhuman primate model has been described that used partial-body
irradiation of significantly higher doses in an effort to link multiple organ injury (MOI) and
delayed immune cell recovery (MacVittie et al. 2012; MacVittie et al. 2014). The use of
low-lethal total body irradiation (TBI) with administration of medical management will
provide a relevant model of hematopoietic myelosuppression and long-term immune
suppression without confounding, overt MOI to assess the treatment efficacy of candidate
MCM to enhance recovery of a functional immune system.

Animal selection, husbandry and care

Male, young, sexually mature, rhesus macaques (n = 14), Macaca mulatta, [4.7 + 0.2 kg
body weight (bw)] were in good health, sero-negative for simian immunodeficiency virus,
simian T cell leukemia virus type 1, and herpes B virus, and tuberculosis. The animals
described herein served as irradiation controls for several experiments over a period of 5
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years. The in-life phase of the various experiments ranged between 370 days to 700 days,
therefore data for all parameters was not collected for the entire control population at every
time point through 700 days. A pool of donor nonhuman primate(s) (NHP) (bw > 7 kg) was
used for blood donation. All animal procedures performed and blood volumes withdrawn
were detailed in a study protocol approved by the Institutional Animal Care and Use
Committee. Animal husbandry and care has been previously described in detail (Farese et al.
2012b). Briefly, animal housing and care was performed in accordance with the Animal
Welfare Act (7 U.S.C. 2131 et. seq.) and the Guide for the Care and Use of Laboratory
(Committee for the Update of the Guide for the Care and Use of Laboratory Animals 2011).

Radiation Exposure rationale for radiation dose—This is a well-codified model of
6.00 Gray (Gy) total-body x-radiation-induced myelo- and immuno- suppression in the
rhesus macaque (Eldred et al. 1954; Stanley et al. 1966; Henschke et al. 1957; Haigh et al.
1956; Schlumberger et al. 1954; Allen et al. 1966; Farese et al. 2012b; MacVittie et al.
2000). The rationale for the radiation dose was previously described (Farese et al. 2012b).
Briefly, the radiation dose selected was based on published studies that determined the
lethality DRR for male rhesus macaques exposed to uniform, bilateral exposure to 250 kVp
x-radiation with or without benefit of medical management (Farese et al. 2012b; Neelis et al.
1997; MacVittie et al. 2015).

Radiation exposure and dosimetry—The x-ray machine was calibrated in the
geometry used for NHP irradiation. Depth dose measurements were made at the center of a
cylindrical phantom that approximates the mean diameter of the experimental rhesus
macaque. Three phantoms of increasing size were available. The phantom was made of 0.32
cm Lucite and filled with water. Dose measurements were performed with ion chambers.
TBI was delivered to each NHP with a 250 kVp x-radiation (1.5 mm Cu HVL; 1 mm Al, 0.5
mm Cu) at 0.13 Gy min™1 in the posterior-anterior position, rotated 180° at mid-dose (3.00
Gy) to the anterior-posterior position for completion of the total 6.00 Gy midline tissue dose
(MLTD) exposure. Dosimetry was performed using paired 0.5 cm?3 ionization chambers,
with calibration factors traceable to the National Institute of Standards and Technology.

Animal Irradiation Procedures—Healthy animals previously acclimated to a Lucite
chair restraint were selected for the study. Approximately 18 hours prior to exposure, food
but not water was removed from each NHP. On the day of irradiation, NHP were
administered an antiemetic, Zofran (GlaxoSmithKline, Durham, NC 27713) or Ondansetron
(Hospira, Inc., Lake Forest, IL 60045) [1-2 mg kg™! intravenous (IV) or intramuscular (IM)],
45-90 minutes prior to and following irradiation exposure. Following transport to the x-
radiation facility at the University of Maryland, Department of Radiation Oncology the
sedated NHP was secured in the restraint chair and allowed to awaken prior to TBI. An in-
room camera permitted observation of the NHP during the irradiation procedure. The
transport procedure was reversed when TBI was completed. The NHP were administered
Lactated Ringer’s Solution (LRS) (10-15 mL kg1 1V), returned to their home cage and
recovery from sedation was monitored.
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Medical Management

Antibiotics, fresh irradiated whole blood and fluids were administered as previously
described (Farese et al. 2012b). Some animals (n = 5) were administered Rocephin (Roche
Laboratories Inc., Nutley, NJ 07110) (50 mg kg1 IM, QD) or Claforan (Aventis
Pharmaceuticals, NJ 08807) [50 mg kg™t IM, BID (twice daily)] in lieu of gentamicin.
Zofran or Ondansetron [(0.1-0.2 mg kg™ IV or IM, QD or BID] was administered when
evidence of emesis was observed. Antidiarrheal treatment was administered if diarrhea was
observed as previously described (Farese et al. 2012a). All animals were provided additional
fluid support ad libitum (1 L bottles attached to the front of the cage) in the form of a
commercial hydration fluid (Shaklee Corp., Pleasanton, CA 9458).

Clinical Observations

Hematologic Evaluations—Serial hematopoietic evaluations were performed on rhesus
macaques (n=12 to 14 on days 0 through 370, n = 4 to 8 on days 400 through 550, n = 3 on
days 580 through 700). Peripheral blood was obtained by venipuncture at selected time
points from the saphenous vein to assay complete blood count (CBC) (Sysmex K-4500,
Long Grove, IL, 60047 or Beckman Coulter Ac-T diff, Beckman Coulter, Inc., Miami, FL,
33196) including manual WBC differential performed on blood film (Hematek 11™, Bayer
Corp., Diagnostic Division, Tarrytown, NY, 10591) stained with Wright-Giemsa using a
stain pack (Fisher Scientific, Pittsburgh, PA, 16275).

Flow Cytometric Studies—Rhesus macaque lymphocyte subset analysis was performed
on EDTA-anticoagulated, peripheral blood [(n < 14), Figs. 3-6, Tables 2-3]. The monoclonal
antibodies and isotype controls, blood processing method, and cell acquisition and analysis
have been previously described (MacVittie et al. 2014). Briefly, a whole blood lysing
method recommended by BD Biosciences was used (BD Biosciences, 2350 Qume Drive,
San Jose, CA 95131) and samples were acquired on a Becton Dickinson FACSCalibur™
flow cytometer and analyzed using CellQuest Pro software (BD Biosciences). The standard
panels of antibodies used to differentiate T and B or NK cells were CD3/CD20/CD8/CD4
and CD3/CD8/CD16, respectively. Due to the lack of cross-reactivity between the available
human CD45R0O monoclonal antibodies (mAb) with rhesus cells, CD45RA and CD62L
mAb were used to differentiate between naive and memory T cell subsets. Because there is
evidence that CD45R0O+ memory cells can re-acquire CD45RA without losing CD45R0O
(Arlettaz et al. 1999), T cell naive or memory phenotyping herein was designated as
CD45RA+/CD62L+/CD4 or CD8 and CD45RA-/CD62L+/CD4 or CD8, respectively. The
normal, baseline (BL) values for these subsets in rhesus macaques were similar to that seen
in normal humans. Another consideration in developing reliable phenotypic definitions of T
cell subsets in the macaque was that macrophages can express CD4 and natural killer cells
can express CD8 (Carter et al. 1999). Therefore, only cells positive for CD3 in addition to
CD4 or CD8 were designated as T cells. Additionally, because antiCD8 coated microbeads
were used to separate the CD8+ cells for T cell receptor excision circle (TREC) analysis this
sample also contained NK cells. Therefore, NK cells (CD3-CD8+CD16+) were identified by
flow cytometric methods. This value was subtracted from the reported CD8+ cells pL"! and
used to determine the number of TREC+ CD8+ T cells pL1.
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T cell Receptor Excision Circle (TREC) quantitation in lymphocyte subsets

Peripheral blood collection—Peripheral blood (7 to 10 mLs) was obtained from rhesus
macaques (n < 12) by venipuncture and drawn into a syringe containing K2-EDTA
anticoagulant. During the in life phase of the study, an animal’s absolute lymphocyte count
(ALC) was required to be approximately 2,000 cells uL1 in order to yield an adequate
numbers of T cells to process for TREC content within the approved blood volume.
Therefore, TREC analysis was not performed on all animals during the early time points
post-irradiation (Fig. 7). Additionally, only a few animals [(n < 5), Fig. 7] were observed
between days 400 through 700.

Isolation of Peripheral Blood Mononuclear Cells and CD4 and CD8 T Cell
Purification—Peripheral blood (PB) mononuclear cells (MNC) were separated from PB
samples by density gradient centrifugation using Histopaque 1077, (Sigma-Aldrich, 3050
Spruce St., St. Louis, MO, 63103) according to the manufacturer’s recommended protocol.
The MNC were divided into two samples and incubated with either antiCD4+ or antiCD8+
MACs™ MicroBead and separated on positive selection columns (Miltenyi Biotec, 2303
Lindbergh Street, Auburn, CA 95602) according to the manufacturer’s protocol. The
selected cells were counted, pelleted by centrifugation, and frozen at -80°C.

DNA Extraction—DNA was extracted from cell pellets using 100 pg mL"1 of Proteinase K
(Roche Molecular Biochemicals, address Mannheim, Germany) in 10 mM Tris-HCL. Cell
pellets were stored at -80°C.

PCR—The primers and probe were developed using Primer Express software version 1.0
(Applied Biosystems, Foster City, CA, USA). A forward primer 5’-cacatccctttcaaccatgct-3’
and reverse primer 5’-gccagctgcagggtttagg-3’ together with the probe, 5’-FAM-
acgcctctggtttttgtaaaggtgctcact-TAMRA-3’ (Applied Biosystems) were used. Real-time PCR
was performed using the ABI Prism® 7700 Sequence Detection System and software
(Applied Biosystems). Samples, including negative controls and samples previously
analyzed, were analyzed in duplicate. A standard curve, used to quantify TRECs, was
created from PCR analysis of serial dilutions of a plasmid containing a signal-joint
breakpoint (generously provided by Dr. Daniel Douek) (Sodora et al. 2000; Douek et al.
1998; Douek et al. 2000).

RESULTS

Mortality, hematopoietic suppression and recovery

Mortality—Radiation exposure of rhesus macaques to 6.00 Gy x-ray TBI is an approximate
LD10/60 with medical management and results in severe, acute myelosuppression and
prolonged immune cell suppression. Using this model, 59 animals were designated as
irradiation controls for a multitude of experiments conducted over a 12 year period. Survival
and hematopoietic recovery were evaluated. The overall mortality was 8.5% (5/59). A subset
of animals that were TBI during the final five years of these studies were evaluated for
relatively long-term lymphocyte recovery based on cell surface antigen expression (n < 14)
and TREC recovery (n < 12).
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Neutrophil and platelet response following TBI—The acute myelosuppression was
characterized by a significant reduction in neutrophil-related parameters. Neutropenia (ANC
<500 cells pL1) began on day 5.5 + 0.2 and persisted for 15.1 (« 0.6) days. The neutrophil
nadir was 51 (+ 17) cells pL-1 and the time to recovery to ANC > 500 or 1,000 cells uL1
was 20.9 (x 0.6) days and 22.6 (x 0.7) days, respectively (Fig. 1, Table 1). Antibiotic
support was required for 15.1 (+ 0.8) days. Febrile neutropenia defined as a concurrent ANC
<500 cells pL-1 and body temperature > 103.0°F (39.4°C), occurred in 50% of the NHP and
the first day was observed on day 9.1 (+ 1.3). Platelet-related values were also reduced. The
duration of thrombocytopenia (platelet count < 20,000 platelets uL"1) was 5.4 (+ 0.5) days.
The mean, median and range of the platelet nadir were 6,929 (+ 2,093) platelets uL1, 4500
platelets uL-1 and 0-31,000, respectively. The first day of thrombocytopenia occurred on day
11.0 (% 0.3) and the range was from day 9 to day 12 post TBI. The mean, median and range
of the time to recovery to a platelet count > 20,000 platelets uL- 1 were 17.0 (+ 0.4) days, 17
days and day 15 to day 20, respectively (Fig. 1). Only 21% of the animals (3/14) required a
transfusion (average 1.6 transfusions per NHP).

Lymphoid suppression and recovery

Absolute lymphocyte counts (ALC): Exposure to 6.00 Gy TBI caused a characteristic,
significant, early decrease in the ALC from a mean pre irradiated value of 5,509 (+ 698)
cells uL"1 to a nadir of 167 ( 27) cells uL™! (3.0% of BL) (Fig. 2). ALC recovery to within
non irradiated levels occurred slowly over time to levels approximately 25%, 60% and
100% of BL by 28 days, 60 days and 105 days, respectively.

Peripheral Blood B and T cells, T cell memory and naive subsets, recent
thymic emigrants, and double positive cells (CD4+CD8+) post TBI

Total peripheral blood B cells: Recovery of the T and B cell populations and respective
subsets were markedly different (Figs. 3 and 4, Table 2). The peripheral blood B cell count
in BL NHP was 1430 + 259 cells uL"1. At 7 days post irradiation, B cells were profoundly
depleted to 0.8% of BL B cells (12.0 + 5.5 B cells uL"1). However, recovery was rapid,
achieving 3.9%, 17.8%, and 64.5% of BL at 28, 42, and 60 days post TBI, respectively. By
approximately 77 days, the B cell levels remained at or above BL levels throughout 370
days post TBI. A gradual decline of B cells was noted in the small subset of animals (n < 7)
observed through 700 days (Fig. 3, Table 2).

Total peripheral blood T cells: The BL total T cell count in rhesus macaques was 3916 +
528 cells puL"1 with a corresponding T cell subset ratio of 1.2 (2165 CD3+4+ cells pL to
1858 CD3+8+ cells pL-1). Total T cell depletion was also severe (Fig. 4, Table 2). T cells
decreased to 5.1% of BL (202 + 43 CD3+ cells puL"1) at 7 days post TBI. Total T cell
recovery was rapid through 60 days post TBI, reaching approximately 60% of BL levels
(2,265 + 322 CD3+ cells uL1) with a T cell subset ratio of 0.5. The recovery of the total T
cell population was = 80% of BL at 180 days through 460 days post TBI at 6.00 Gy (Fig. 4,
Table 2).

T cell Naive and Memory Subsets: Naive and memory total T cell levels at BL (n = 14)
were 2152 + 374 cells pL1 and 1652 + 244 cells uL"1, respectively (Figs. 5-6, Table 3). The
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recovery of CD3+4+ and CD3+8+ naive cell levels to pre irradiated values was similar. The
maximum level of both CD3+ naive subsets was approximately 68% of BL at 300 + 30 days
post TBI and remained constant through 370 days post exposure (Fig. 5, Table 3). In the
cohort followed during the remaining time post TBI (n < 8), naive cells in both T cell
subsets declined by approximately 65% of BL.

In contrast, both the CD3+4+ and CD3+8+ memory cell populations recovered levels at or
above BL values by 60 days post exposure (Fig. 6, Table 3). The maximum increase from
BL levels in memory CD3+4+ cells was 134% at 340 days, whereas memory CD3+8+ cells
were 188% by 60 days post irradiation. Thereafter, the memory cell populations in both
subsets (CD3+4+ cells and CD3+8+ cells) remained above BL levels in all animals through
day 370 (n=12-14), as well as in the animals (n < 8) followed for 700 days post TBI. The
early increase in memory subsets reflected the functional and kinetic differences between
peripheral homeostatic expansion and thymopoiesis in restoring respective T cell
compartments.

Recent thymic emigrants (RTE)—RTE absolute levels in peripheral blood were
enumerated as total TREC+ T cells pL1. The earliest time point RTE analysis was feasible
based on ALC recovery was 30 days post TBI (n=6). The total TREC+ CD3+ cell nadir, 3 +
1 cells pL1 occurred on days 30 to 42 (n = 6) (Fig. 7). The recovery of total TREC+ T cells
uL1 to within the mean BL value of 31 + 9 pL1 in all animals studied (n = 12) required
approximately 110 days. Thereafter, the total TREC+ T cells uL1 were sustained at or
above BL levels through 340 days post TBI. In animals followed through 700 days (n < 7)
the TREC+ T cells uL"! remained elevated up to 460 days post TBI then gradually returned
to within BL values.

Analysis of the recovery kinetics of TREC+CD4+ and TREC+CD8+ cells pL-1 was equally
dramatic. The BL levels of TREC+CD4+ and TREC+CD8+ cells pL1 were 18.9 + 4.9 cells
uL-1and 11.8 + 4.6 cells pL-1, respectively. The recovery of both TREC+ T cell subsets
following TBI was similar in that recovery to levels greater than BL was gradual. TREC
+CD4+ cells pL1 hovered within 20% of BL through 60 days, then increased to 50% of BL
at 90 days and eventually surpassed BL levels by 120 days. TREC+CD8+ cells uL1 levels
were approximately 10% of BL through 42 days, but then mirrored the recovery pattern of
TREC+CD4+ cells. The recovery of TREC+ T cell subsets was striking and remained >
200% of BL levels up to 340 days in all animals and the trend continued in animals observed
through 460 days post TBI (n < 7). The ratio of absolute number of TREC+CD4+ to TREC
+CD8+ cells pL1 was 1.6 for BL values. Following TBI, this ratio remained above 1.0 and
the highest ratios were noted on days 42 (3.0) and then again on days 120 and 147 (2.6).

Recovery of Double Positive (DP) T cells: CD4+8+ T progenitor cells plummeted
following TBI. DP T cells decreased from BL levels, 226 + 58 cells uL1 to 14.8 + 3.3 cells
uL1 on day 14 post irradiation (data not shown). Recovery improved quickly reaching 57%
of BL at 35 days to 103% of BL at 60 days. CD4+8+ T progenitor cells remained above BL
through 370 days in all animals (n = 13) and continued in a subset of animals (n < 7) until
700 days post TBI.
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DISCUSSION

The rhesus macaque has been an important model for elucidation of immune suppression
associated with chemotherapy-induced toxicity, HIV/SIV infection, stem cell transplant
conditioning, chronic infections, hematology, virology and immunology (Nikolich-Zugich
2007; Herodin et al. 2005; Bosco et al. 2010). A valid model is essential to the development
of MCM against the radiation-induced myelosuppression and mortality associated with the
H-ARS (Monroy et al. 1988; Farese et al. 2013; Farese et al. 2012b; MacVittie et al. 2014;
Hankey et al. 2015; Thrall et al. 2015; Monroy et al. 1988; Farese et al. 2013; Farese et al.
2012b; MacVittie et al. 2014; Hankey et al. 2015; Thrall et al. 2015). NHP models for
radiation-induced immune cell kinetics and immunosuppression associated with the
potentially lethal exposure that results in the H-ARS are not well-defined. A recent report
has described the immune cell depletion and recovery consequent to high-dose partial-body
irradiation with an approximate 5% sparing of bone marrow (PBI/BM) (MacVittie et al.
2014). This model requires HSC mobilization from the spared BM to reconstitute the
hematopoietic system and support immune reconstitution via HSC seeding of the thymus
with consequent thymopoiesis. The PBI/BM model permitted high-dose radiation exposure,
10 Gy to 12 Gy, to approximately 95% of the body that included the thymus and majority of
secondary lymphoid tissue. Immune cell recovery was assessed through 180 days post
exposure. The recovery kinetics demonstrated the significant and disparate roles of B cell
recovery, homeostatic peripheral expansion (HPE) of T cells, HSC and HPC recovery,
memory T cell expansion, and recovery of thymopoiesis and generation of RTE and naive T
cells. An additional model was developed to assess prolonged immune cell recovery
consequent to 6.00 Gy uniform, bilateral TBI, a low-lethal but highly myelo- and immuno-
suppressive dose. Clinically relevant, medical management administered post TBI resulted
in low mortality despite significant myelosuppression.

Immune cell reconstitution is dependent upon the radiation dose- and time-dependent
kinetics of BM-derived HSC recovery and generation of early thymic progenitors with
subsequent seeding in a functional thymic niche. TBI of 6.00 Gy significantly reduced the
number of surviving HSC. HSC must recover to threshold levels to ensure adequate
production of B cell progenitors as well as effective HSC mobilization and subsequent
seeding of a receptive, post-irradiation thymus for generation of new T cells. These
coordinated requirements predict a prolonged recovery period post high-dose TBI (Foss et
al. 2001; Foss et al. 2002; Dudakov et al. 2010; Goldschneider 2006; Donskay et al. 2003;
Thiebot et al. 2005; Zlotoff et al. 2011a; Zlotoff et al. 2011b; MacVittie et al. 2014).
Hematopoiesis and B cell regeneration occur concurrently with HPE and generation of
thymus-independent memory T cell subsets (Mackall et al. 1996; Mackall et al. 1995).

The radiation-induced lymphopenic environment provides the critical cytokine milieu for
the initial expansion of surviving memory subsets shown to occur relatively rapidly within
60 days post TBI. B cell recovery required approximately 75 days post TBI, significantly
longer than the approximate 30 days required for BM-derived myelopoietic recovery of
ANC and platelets. The B cell kinetics were similar to that noted in the PBI/BM sparing
model (MacVittie et al. 2014). Unfortunately this report is without a more definitive analysis
of total B cell recovery. Recent protocols have been developed to assess recent BM-derived
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emigrants, defined as kappa-depleting recombinant excision circles (KREC) as a counterpart
to thymic-derived emigrants as TRECs (Mensen et al. 2013; Sottini et al. 2010). The ability
to assess KRECs in the NHP would permit a correlation to immature transitional, naive and
mature B cells.

Total CD3+ T cells required approximately 60 days, for the initial phase of recovery to 60%
of BL and gradually increased to within BL values by approximately 180 days post TBI.
Similarly, the initial recovery of total CD3+ T cells to an equivalent level (60% of BL) in
the PBI/BM sparing model occurred within 77 days. However, T cells remained below BL
values through 180 following PBI between 9.0 to 12.0 Gy with BM sparing relative to full
recovery noted in the 6.00 Gy TBI model (MacVittie et al. 2014).

The HPE is dominated by expansion of CD4+ and CD8+ memory T cell subsets which
recovered to within BL values by 60 days and 42 days post TBI, respectively and remained
at or above BL values throughout the 370 days study duration. The recovery of memory
subsets within the dose range used for TBI and PBI/BM5 models appears to be dependent on
the surviving memory cell subsets within the respective acute lymphopenic, humoral
environments (Mackall et al. 1997; Mackall et al. 1996; Mackall et al. 1995). The study
herein, regretfully, precluded the functional assessment of the CD20+ B cells or CD3+ T
cells.

Thymopoiesis and de novo production of naive T cells requires the BM-derived
mobilization of HSC and/or early thymic progenitors and successful seeding into a receptive
thymic niche (Zlotoff et al. 2011a; Zlotoff et al. 2011b; Bhandoola et al. 2012;
Goldschneider 2006). The prolonged recovery of thymopoiesis, as evidenced by the relative
delay in TREC+ and naive CD3+CD4+ and CD3+CD8+ cell recovery, is a consequence of
the requisite coordinated and chance events critical to production of naive T cells in the post
irradiation microenvironment. Indeed, preclinical and clinical studies suggested a complex
sequence of biologic events in the post irradiation, myelosuppressed BM, coupled with an
irradiated, dysfunctional thymus that contributes to the long recovery of naive T cell
production (Chung et al. 2001; Foss et al. 2001; Thiebot et al. 2005; Dudakov et al. 2010;
Kenins et al. 2008; Zubkova et al. 2005). There was a significant early data base on the
efficacy of in vivo administration of IL-7 in rodent models of immunosuppression or BMT
as well as in NHP models of SIV-infected rhesus macaques and autologous BMT in baboons
(Abdul-Hai et al. 1996; Mackall et al. 2001; Fry et al. 2003; Storek et al. 2003).
Unfortunately IL-7 did not progress beyond preclinical efficacy. This study was also limited
in the amount of plasma analysis for relevant cytokines such as IL-7 and/or histochemical
identification of IL-7 in the epithelial cells of the thymic niche.

Recent investigations into thymic regeneration after high-dose irradiation in several mouse
models have suggested an interesting interaction between depletion of double-positive
thymocytes, 1L-23 release from thymic dendritic cells and stimulation of IL-22 production
by a subset of RORyt+ innate lymphoid cells (Dudakov et al. 2012). Endogenous IL-22 was
increased in the thymus and interacts with 1L-22 receptor+ thymic epithelial cells to promote
their survival and proliferation. Furthermore, IL-22 administered exogenously, pre and post
irradiation and transplant increased thymic cellularity. Additional studies have demonstrated
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the efficacy of reversible sex steroid blockade with luteinizing hormone-releasing hormone
antagonist (LHRH-Ant) to enhance thymopoiesis in sublethally irradiated mice (Velardi et
al. 2014). The enhanced recovery of thymic cellularity was also noted in young and aged
male as well as female mice. Lai and colleagues, using a mouse model of allogeneic BM
transplantation, demonstrated the efficacy of a recombinant hybrid cytokine of IL-7 and
hepatocyte growth factorf (IL-7/HGFp) to increase thymic reconstitution and functional
activities of peripheral T cells (Jin et al. 2011; Lai et al. 2013). These studies provide
important insights into potential MCM to stimulate regeneration of functional thymopoiesis.

The kinetics of cell recovery provided an interesting parallel between the uniform irradiation
in both the TBI model and the PBI/BM5 model that essentially myeloablates 95% of active
BM yet spares approximately 5% of tibial BM. Hematopoiesis in the 6.00 Gy TBI model is
initiated from surviving stem and progenitor cells diluted throughout the entire marrow
space. In contrast, hematopoiesis, to include stem cell and T cell progenitors and B cell
lymphopoiesis in the PBI/BM5 model initiates recovery from marrow located in the tibiae
that received an approximate 0.50 Gy dose of radiation. It is important to note that the
thymus received a uniform dose of 6.00 Gy x-radiation or 9.00-12.00 Gy LINAC-derived
photons in the TBI and PBI/BM5 models, respectively.

Regrettably, the time frame for the conduct of this study precluded the use of additional,
newly defined markers for naive T cells and recent bone marrow-derived, naive B cell
emigrants. A recent marker, CD31, has been promoted to differentiate between recent
thymic-derived CD4*CD31* naive T cells and a more mature CD4*CD31" naive T cells in
peripheral blood (Kohler et al. 2009; Mensen et al. 2013). The analysis of B cell
lymphopoiesis has been aided by the recent identification of kappa (K) depleting
recombinant excision circles (KRECs) formed during the production of marrow-derived
naive B cells. KRECs are reported in approximately 50% of newly produced B cells
(Mensen et al. 2013; Sottini et al. 2010; Frankova et al. 2008). Mensen et al. showed that the
CD31" subset of naive T cells was better correlated with TREC level post allogeneic HSC
transplant than the CD31- subset. They further demonstrated that KREC levels correlated
with transitional as well as naive B cell recovery (Mensen et al. 2013). These new markers,
including protein tyrosine kinase 7 (PTK7), another marker for CD4* RTE, and CD103
(aEP7 integrin) a marker of CD8+ RTE may help elucidate the time course of hematopoietic
and immune reconstitution after high-dose irradiation-induced myelo- and
immunosuppression (Haines et al. 2009; McFarland et al. 2000).

These NHP models provide the means to investigate the efficacy of MCM developed to
mitigate the acute radiation-induced ARS and the delayed effects of acute radiation exposure
(DEARE). Radiation-induced immune suppression is a key component of both acute and
delayed effects. The entire time to onset and progression of radiation-induced delayed organ
injury will occur in the context of severe immunosuppression. There are no MCM that can
mitigate the key cellular events required for stimulating effective thymopoiesis when
administered as a mitigator within 24 to 72 hours post exposure. The model described herein
may provide a means for the assessment of cellular and functional immune reconstitution
consequent to acute high-dose TBI.
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Figure 1.
Absolute neutrophil count (ANC) and platelet count (PLT) in rhesus macaques (n = 14)

exposed to 6.00 Gy x-irradiation (mean values + standard error). Animals received medical
management following total body irradiation (TBI). Parameters were monitored pre
irradiation (day 0) and on selected days through the in life phase of each animal (n = 14 on

days 0-1, n =4 on days 2-3, n = 7 on day 5, n = 11-14 on days 4, 6 to 370, n = 5-8 between

days 400 to 460, n = 3-4 between days 475 to 700) post TBI and are presented as cells pLL.
The ANC and PLT recovery was within baseline values by approximately 24 days post TBI
(full screen graph) and continued in all animals monitored through 700 days (insert).
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Figure 2.

Absolute lymphocyte count (ALC) in rhesus macaques exposed to 6.00 Gy x-irradiation
(mean values + standard error). Animals received medical management following total body
irradiation (TBI). Parameters were monitored pre irradiation (day 0) and on selected days
through the in life phase of each animal (n = 14 on days 0-1, n = 4 on days 2-3, n = 7 on day
5, n=11-14 on days 4, 6 to 370, n = 5-8 between days 400 to 460, n = 3-4 between days 475
to 700) post TBI and presented as cells uL-1. The ALC did not return to within baseline
values until approximately 100 days post-TBI (full screen graph) and continued in all
animals monitored through 700 d (insert).
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Figure 3.

Time course of peripheral T- and B-lymphocyte loss and recovery in peripheral blood of
rhesus macaques following 6.00 Gy total body x-irradiation (mean values + standard error).
Samples were obtained on selected days (n = 12-14 between days 0 to 370, n = 6-7 between
days 385 to 460, n = 3-4 between days 475 to 700) following TBI. Whole blood was stained
with fluorescently tagged antiCD3, antiCD20 antibodies, red blood cells were lysed, then T-
and B-lymphocytes were identified using a flow cytometer, quantified and presented as cells
pLt,
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Figure 4.
Time course of peripheral blood T cell loss and recovery in rhesus macaques following 6.00

Gy total body x-irradiation (mean values * standard error). Samples were obtained on
selected days (n = 14 on day 0 through day 370, n =6 or 7 on day 385 to day 475,n=3 or 4
on day 490 to day 700) following TBI. Whole blood was stained with fluorescently tagged
antiCD3, antiCD4 and antiCD8 antibodies, red blood cells were lysed, and total T cells
(CD3+ cells uL"1) and T cell subsets (CD3+4+cells uL"t and CD3+8+ cells pL-1) were
identified using a flow cytometer, quantified and plotted.
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Figure 5.

Time course of peripheral blood naive T cell recovery in rhesus macaques following 6.00
Gy total-body x-irradiation (mean values + standard error). Samples were obtained on
selected days (n = 14 on day 0, n = 1-8 day 7 to day 35, n = 10-14 day 42 to day 370, n = 5-8
on day 400 to day 550, n = 3 on day 580 to day 700) following TBI. Whole blood was
stained with fluorescently tagged antiCD3, antiCD45RA, antiCD62L and either antiCD4 or
antiCD8 antibodies, red blood cells were lysed, and T cell naive subsets
(CD3+CD4+CD45RA+CD62L+ cells uL! or CD3+CD8+CD45RA+CD62L+ cells uL1)
were identified using a flow cytometer quantified and plotted.
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Figure 6.

Time course of peripheral blood memory T-cell recovery in rhesus macaques following 6.00
Gy total-body x-irradiation (mean values + standard error). Samples were obtained on
selected days (n = 14 on day 0, n = 1-8 day 7 to day 35, n = 10-14 day 42 to day 370, n = 5-8
on day 400 to day 550, n = 3 on day 580 to day 700) following TBI. Whole blood was
stained with fluorescently tagged antiCD3, antiCD45RA, antiCD62L and either antiCD4 or
antiCD8 antibodies; red blood cells were lysed, and T cell memory subsets
(CD3+CD4+CD45RA-CD62L+ cells uL! or CD3+CD8+CD45RA-CD62L+ cells uL1)
were identified using a flow cytometer, quantified and plotted.
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Figure 7.

Time (Days) Post Irradiation

Time course of peripheral blood T cell receptor excisions circles (TREC) + recovery in
rhesus macaques following 6.00 Gy total-body x-irradiation (mean values + standard error).
Samples were obtained on selected days (n =9 on day 0, n = 6-10 on days 30 to 90, n =
11-12 on days 120 to 340, n = 5-7 on days 370 to 430, n = 1-3 on days 460 to 700) following
TBI. Mononuclear cells (MNC) were collected by density gradient centrifugation and
incubated with microbeads coated with antiCD4 or antiCD8 then cells and separated on a
positive selection column. DNA was extracted and PCR analysis performed and the absolute
levels of RTE CD4+ cells pL-1 or CD8+ T cells uL1 were quantified and plotted.
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