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Abstract

Total body irradiation (TBI) causes profound suppression of hematopoiesis and T cell
depletion, increasing chances of morbidity associated with opportunistic infections in the
lymphopenic condition. Currently, therapeutic options for improving recovery of the T cell
compartment following radiation exposure are not available. Although mouse and nonhuman
primate studies have demonstrated prolonged effects of TBI on T cell reconstitution, there is a
lack of understanding in the kinetics and metabolic signatures of radioresistant T cells actively
undergoing homeostatic proliferation. Furthermore, whether kinetics of systemic T cell recovery
recapitulates T cell recovery in circulation remains unknown. In the current study, we performed
comprehensive immunophenotyping and single-cell sequencing analyses of radioresistant T cells,
as well as imaging of T cell recovery in vivo, to determine preferentially upregulated pathways
during T cell recovery. We identified T cell populations unique to TBI treatment that upregulate
components essential to support oxidative phosphorylation, a mitochondria-dependent metabolic
process. We further investigated mechanisms of recovery in donor T cells following TBI
exposure in the bone marrow transplant setting. We demonstrated that recovery of alloreactive
donor T cells was highly dependent on aerobic glycolysis, which can be manipulated to reduce
graft-versus-host-disease and preserve the functional recovery of non-alloreactive donor T cells.
We then examined the effect of NT-17, a long-acting recombinant human IL-7, in mediating T
cell reconstitution due to its role in integrating metabolic requirements with pathways critical for
T cell survival and growth. We found that NT-17 led to accelerated T cell recovery following TBI
through both thymic-dependent and independent pathways. More importantly, NT-17 promoted
functional T cell recovery. Taken together, these findings reveal unique kinetics and mechanisms

of T cell recovery in response to radiation. The study also identified NT-17 as a potential
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therapeutic treatment during T cell lymphopenia by supporting critical mechanisms utilized in T

cell recovery.
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1. Introduction

1.1 T cell reconstitution following total body irradiation

Total body irradiation (TBI) is caused by exposure to ionizing radiation of the entire
body, inducing various biological consequences. TBI leads to acute radiation injury that
affects the gastrointestinal, cardiovascular, and central nervous system [1]. Bone marrow
failure is another main source of radiation injury characterized by the destruction of the
hematopoietic system, causing increased infection and hemorrhage. While both the
innate and adaptive immune systems are affected, reconstitution of adaptive immune
cells is a prolonged process that can take up to 2 years, a large window of increased
susceptibility to opportunistic infections. In the current study, we focus on the T cell
reconstitution process following TBI, which mediate protection against viral, fungal, and
bacterial infections. By characterizing numerical, phenotypic, and functional aspects of T
cell recovery, we hope to achieve a more comprehensive understanding of essential
mechanisms during the reconstitution process that will provide novel insights for

medical countermeasures.

1.1.1 Background of total body irradiation exposure

Ionizing radiation can be generated through high energy alpha and beta particles, as
well as electromagnetic radiation such as gamma rays and x-rays, leading to both direct
and indirect biological consequences especially in the context of TBI [2]. Environmental

an occupational exposure due to radiation accidents, as well as nuclear terrorism events
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are main routes of TBI exposure. TBI can also be utilized as an important treatment
component of hematological and solid tumors. In the case of hematological
malignancies, TBI is used as a conditioning regimen in preparation for bone marrow

transplantation to create a niche for donor-derived bone marrow engraftment.

The biological effect of TBI is characterized by increased apoptosis triggered
damage of DNA and other essential cellular components such as cellular membrane and
signaling molecules [3]. Cells undergoing active mitosis, such as lymphocytes and cells
in the gastrointestinal tract, are more prone to radiation-induced cell death.
Consequently, survival rate drops significantly with increasing radiation dose.
Therefore, it is essential to study the biological effects of TBI exposure to improve

medical countermeasures and reduce the rate of morbidity and mortality.

1.1.2 TBI leads to profound T cell depletion and increased risk of
infections

Innate immune cells, such as monocytes and natural killer (NK) cells, recover at a
much faster rate compared to adaptive immune cells after TBI exposure. Among
adaptive immune cells, T cell recovery is a particularly prolonged process. Non-human
primate studies have shown that in contrast to B cells, which recover above baseline
level 180 days following high dose TBI, T cell recovery only yielded approximately 60%

of baseline level [4]. The delay in T cell recovery is partially due to de novo T cell
2



generation, which is a prolonged process that begins with the seeding of bone marrow-
derived progenitor cells into the thymus, followed by sequential stages of thymocyte
selection before mature T cells are exported to the periphery. The reduced capacity of T
cells in terms of number and TCR diversity can lead to increased susceptibility to
opportunistic infections and impaired ability to mount an effective response against

tumor development.

1.1.3 The recovery of various T cell subsets post-TBI

T cell subsets demonstrate a spectrum of sensitivity to ionizing radiation. In
general, regulatory T cells (Tregs), NKT cells, and memory T cells are more
radioresistant [5]. While Tregs can alleviate inflammation-induced tissue damage and
autoimmunity, they can also limit immune response against tumor development and
infections during the lymphopenic window. Other T cells, such as effector memory T
cells, are more resistant to radiation-induced apoptosis than their naive and central
memory counterparts, partially owing to differences in histone acetylation and Bcl-2
expression [6]. Additionally, CD8 T cells are more prone to radiation-induced cell death
compared to CD4 T cells, which can alter the long-term CD4:CDS8 ratio in circulation.
Therefore, T cell recovery can remain incomplete and TBI-induced imbalance of T cell

populations may persist for long periods after exposure.



1.1.4 Thymic-dependent and independent pathways of T cell recovery
after TBI

T cell recovery following TBI is primarily mediated through thymic-dependent
and independent mechanisms. De novo T cell production through the thymus is a
lengthy process that involves the steady influx of stem and early T lineage progenitor
cells in the thymus, followed by thymocyte education. Therefore, damage to the bone
marrow and thymic niche can delay and potentially alter the T cell reconstitution.
Furthermore, impaired thymocyte selection can result in limited TCR repertoire
diversity and impaired capacity to respond to a wide variety of pathogen challenges.
Hence, the thymic-dependent mechanism is critical for long-term T cell reconstitution by
exporting T cells that recognize a diverse range of antigens. Previous studies
demonstrated that the number of early T lineage progenitors and frequencies of double
negative (DN) thymocytes are altered in mice when exposed to TBI at a range of 0.5 gray
(Gy) to 4 Gy [7]. However, whether the effect on progenitor and thymocyte populations
differ is unclear at higher dose, such as 5 Gy to 7 Gy. Aging can also play a role in de
novo T cell generation by reducing the number of lymphoid progenitors [8],
exacerbating T cell depletion in older individuals upon radiation exposure, which also
induces premature senescence of HSCs. Therefore, therapeutic interventions in response

to TBI should also be assessed in association with age.



Radiation exposure can also perturb T cell homeostasis in secondary lymphoid
organs and peripheral tissues, disrupting T cell survival and homeostatic proliferation.
However, peripheral expansion, a thymic-independent T cell generation mechanism, can
lead to recovery of T cell numbers at a much faster pace than de novo T cell generation.
This process is most notable in memory T cells, which recover much faster than naive T
cells after TBI. Memory T cells that recover early after TBI may be able to provide some

degree of protection against opportunistic pathogens.

1.2 T cell reconstitution following bone marrow transplantation

In bone marrow transplantation, TBI is used as a conditioning regimen that
depletes recipient cells, including alloreactive cells that mediate rejection of donor cells,
to create a niche for the engrafted donor cells. The lymphopenic environment formed as
a result of TBI is a source of morbidity and mortality due to increased risk of infection.
While residual radioresistant recipient-derived memory T cells can offer some protection
via recall response, engraftment of donor T cells can also mediate protection against
opportunistic infections and prevent relapse of primary malignancies by mediating anti-
tumor activity. However, donor T cells are a double-edged sword that also induce graft-
versus-host-disease (GVHD), an inflammatory process mediated by alloreactive T cells

that lead to the destruction of recipient tissues upon alloantigen recognition. Therefore,



it is critical to selectively eliminate alloreactive T cells and induce the recovery of non-

alloreactive donor T cells to prevent GVHD and preserve anti-tumor activity.

1.2.1 Recovery of pathogenic versus beneficial donor T cells following
bone marrow transplantation

Allogeneic hematopoietic stem cell transplantation (allo-HSCT) is a critical
curative option for many types of hematologic malignancies [9; 10]. T cell recovery from
the donor bone marrow cells is critical for reestablishing various hematopoietic lineages
following lymphopenia caused by the high-dose conditioning regimen such as TBI [11].
However, T cell reconstitution from hematopoietic stem cells, which can take 12-24
months post-transplantation [12], is a prolonged process that renders patients
susceptible to opportunistic infections. Specifically, this prolonged window of T cell
depletion leads to increased susceptibility to fungal and viral infections, including
aspergillus, candida, and cytomegalovirus, and Epstein-Barr virus [12]. While higher
stem cell doses may enhance the rate of immune reconstitution [13], it is crucial to
maximize the preservation of donor-derived memory T cells that recognize specific
pathogens. Furthermore, it is also essential to consider the preservation of donor T cell-
mediated protection known as graft-versus-leukemia (GVL) effect in order to prevent
relapse of primary malignancies [14]. However, donor T cells that recognize recipient
alloantigens can also contribute to GVHD, the primary cause of non-relapse mortality
[15]. Nonspecific treatments such as T cell depletion therapies and broad

immunosuppressants are linked to elevated rates of relapse and opportunistic infections
6



[16; 17; 18]. Novel approaches are therefore necessary for selectively targeting
alloreactive donor T cells to preserve non-alloreactive T cells that mediate anti-tumor

immunity.

1.2.2 Recovery of alloreactive donor T cells enables the development of
GVHD

Acute GVHD is a primary complication in major histocompatibility complex
(MHC)-mismatched bone marrow transplants that affect target organs such as skin,
liver, and the gastrointestinal tract upon donor T cell recognition of alloantigens [15].
Aside from TCR engagement, additional signals are required to trigger donor T cell-
mediated disease progression. The conditioning regimen, which includes radiation and
chemotherapy, induces the release of proinflammatory cytokines that enhance the
activation and recruitment of antigen presenting cells (APCs) [19]. Upon maturation,
APCs can provide co-stimulation signals and induce activation of alloreactive T cells
that migrate to secondary lymphoid organs. This process is further amplified, leading to
enhanced recovery of alloreactive donor T cells during the expansion phase, followed by
trafficking through the blood and lymph to reach the target organs, inducing tissue
destruction [19]. Importantly, both CD4 and CD8 T cells can mediate tissue damage
through cytotoxicity and release of proinflammatory cytokines. Therefore, it is

important to assess the recovery of both T cell subsets in the current study.



1.2.3 Alloreactive donor T cell recovery and pathogenicity are associated
with T cell metabolic reprogramming

The current understanding in T cell function is tightly linked to the metabolic
state, prompting the use of metabolic modulation to dampen harmful inflammatory
responses. Naive, memory T cells and effector T cells adopt distinct metabolic profiles to
support survival and functional requirements. In contrast to naive and memory T cells,
activated effector T cells become highly dependent on aerobic glycolysis to fulfill
biosynthetic demands for cell growth and division [20; 21], cytokine production [22; 23],
which promote pathogenic T cell responses in various inflammatory conditions [24; 25;
26; 27; 28]. Alloreactive donor T cells also undergo extensive metabolic reprogramming
to become activated and induce GVHD upon alloantigen encounter. It is generally
thought that glycolysis, which promotes T cell growth and clonal expansion, is
employed in this process. However, conflicting data have been reported regarding the
requirement of glycolysis versus other metabolic pathways to induce T cell-mediated
GVHD [29]. Specifically, one group reported that alloreactive T cells activated in vivo
are primarily dependent on OXPHOS and fatty acid oxidation (FAO) [30; 31]. In
contrast, in vivo studies by Nguyen et al. showed that alloreactive T cells preferentially
utilize glycolysis metabolite and gene expression analyses [29]. Due to the lack of
treatments that selectively target the metabolism of alloreactive T cells, the role of

glycolysis in T cell-mediated GVHD requires further characterization.
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1.2.4 Recovery of non-alloreactive donor T cells promotes GVL and
protects against opportunistic infections

While alloreactive donor T cells contribute to GVL effect through recognition of
alloantigens expressed on recipient malignant cells, they are also the primary mediator
of GVHD in allogeneic bone marrow transplantation. Previous studies demonstrated
that donor non-alloreactive T cells can also facilitate GVL through recognition of
leukemia-associated antigens (LAA) as well as protection against DNA viruses such as
CMYV, a significant source of morbidity and mortality [32]. In the clinical setting, it is
advised that the infection history of the donor be taken into consideration to optimize
the conditioning regimen prior to bone marrow transplantation, as functional donor
memory T cells specific for CMV can protect against infections during the lymphopenic
period [33]. In addition to reducing the risk of opportunistic infections, non-alloreactive
T cells can prevent tumor development through recognition of different types of LAAs,
including neoantigens in acute myeloid leukemia and self-antigens that are

overexpressed on malignant cells [34; 35].



1.2.5 Anti-tumor capacity and memory T cell persistence are dependent
on different metabolic pathways compared to activated alloreactive T
cells

T cell metabolism is tightly linked to the differentiation status, and functions.
More differentiated T cells, such as TEM and terminally differentiated effector cells
(TEFF), are characterized by increased metabolic activity compared to TN and TCM [36].
Importantly, increasing differentiation status and higher metabolic activity are
correlated to decreased anti-tumor capacity [36]. In particular, TEFF exhibit increased
dependence on aerobic glycolysis for expansion and cytokine production [37], but suffer
at the cost of reduced longevity in vivo, a critical component in sustaining anti-tumor
response. Mechanistically, ROS generated through increased metabolic activity
facilitates loss of quiescence and limits long-term self-renewal capacity [36; 38].
Furthermore, compared to activated alloreactive T cells, which are highly dependent on
glycolysis, memory T cells with increased long-term persistence are characterized by
mitochondrial fusion and enhanced fatty acid oxidation (FAO) [39]. In mouse models of
melanoma, glycolysis inhibitors such as 2-DG has been linked to reduced T cell
differentiation status and enhanced anti-tumor function [40]. Therefore, the metabolic
distinction between anti-tumor T cells and alloreactive T cells can be exploited to

selective suppress alloreactive T cells through metabolic manipulation.
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1.3 IL-7 integrates T cell generation mechanisms and metabolic
demands to support T cell recovery

IL-7, a y. cytokine, is an essential component in T cell development and mature T
cell homeostasis. Indeed, mice harboring a mutation in IL-7Ra exhibit defective
thymocyte development and undergo severely impaired lymphopenia induced
proliferation (LIP) [41]. IL-7 also regulates metabolism in mature T cells. Specifically, IL-
7 facilitates glucose uptake and glycolysis to support T cell survival and growth through
Akt activation. As a critical factor that integrates T cell survival, homeostatic
proliferation, and metabolic regulation, IL-7 is a promising candidate to restore T cell

numbers and function.

1.3.1 IL-7 is critical for de novo T cell generation and homeostatic
proliferation of mature T cells

IL-7 has unique roles at different stages of thymocyte development. At the T
lineage progenitor stage, defective IL-7 signaling can lead to reduced early thymocyte
progenitors (ETPs) [42]. IL-7 also serves as a growth factor for double negative (DN)
thymocytes to support to survival and proliferation of DN2 thymocytes. Moreover, IL-7
signaling is essential for the survival and transition of double positive (DP) thymocytes

into mature CD8 T cells.
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Beyond thymopoiesis, IL-7 also regulates the mature T cell pool in the periphery.
LIP of naive T cells, also known as homeostatic proliferation, is dependent on IL-7 and
high affinity self-pMHC ligands. During T cell depletion, IL-7 concentration is increased,
inducing LIP to fill the lymphopenic niche with proliferating naive T cells that gradually
acquire a “memory phenotype” without encountering the cognate antigen [43; 44]. At
low concentrations, IL-7 promotes T cell survival by upregulating the expression of anti-
apoptotic proteins such as Bcl-2 through STATS5 activation [45]. Besides IL-7, other v«
cytokine cytokines such as IL-15, can also mediate homeostatic proliferation, even in the
absence of lymphopenic conditions [45]. IL-15-mediated proliferation is much stronger
than IL-7 and selectively drives CD8 TN proliferation over CD4 TN, favoring the
generation of central memory T cells [46]. Memory T cells are generally dependent on a
mixture of IL-7 and IL-15 for survival and homeostatic proliferation, although the
specific requirements vary based on the memory T cell subset [45]. Specifically, antigen-
specific memory CD8 T cells generated during acute infections are more dependent on
IL-7 for survival compared to memory phenotype CD8 T cells, which are primarily
depend on IL-15 for homeostatic proliferation. In contrast, both antigen-specific memory
CD4 T cells and memory phenotype T cells are highly dependent on IL-7 for both

survival and homeostatic proliferation.
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1.3.2 IL-7 supports T cell persistence and growth through regulation of
distinct metabolic processes via PI3K/Akt axis and STAT5 activation

In addition to regulating thymocyte development and homeostatic expansion,
IL-7 also plays a role in the metabolic regulation of T cells. Previous studies revealed
that IL-7 maintains glycolysis by controlling Glutl and hexokinase 2 expression through
PI3K/Akt activation, which is critical in regulating the metabolic state, cell growth and
survival [47]. Specifically, T cells harboring a deletion in IL-7R, which is essential for
activation of downstream pathways, showed significant reduction in glycolytic flux.
Importantly, this phenotype was reversed through IL-7Rf transgene expression in T
cells on an IL-7R-deficient background, restoring glycolysis utilization and T cell
survival. IL-7 is also essential for preventing T cell atrophy and promoting cell division
in vivo in a glycolysis-dependent manner. In addition to regulating glycolytic
metabolism, IL-7 also promotes CD8 memory cell longevity by regulating triglyceride
synthesis and fatty acid oxidation through glycerol transport, which ensures metabolic

fitness and supports accelerated recall response [48].

1.3.3 NT-17, a long-acting recombinant human IL-7 that boosts T cell
recovery in various disease states in clinical trials, potentially supports T
cell recovery post-TBI

Total body irradiation (TBI) causes profound suppression of hematopoiesis and T cell

depletion, increasing chances of infection. Currently, therapeutic options for improving
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recovery of the T cell compartment following radiation exposure are not available.
Exogenous administration of IL-7 has been shown to increase peripheral blood (PB) T
cell levels in mice and humans [49; 50]. However, this effect can be offset by the short
half-life (<10 hours) of IL-7 in circulation. NT-I7 (efineptakin alfa) is a long-acting
homodimeric recombinant human IL-7 fused with a hybrid Fc fragment. The Fc region
consists of heavy chain regions from both human IgD and IgG4 [51], which enhances the
half-life in vivo through neonatal Fc receptor-mediated recycling [52]. Additionally, as
increased molecular size correlates with less efficient system clearance through the
kidneys, its large molecular size of 104-kDa relative to endogenous IL-7 (25-kDa) also
contributes to enhanced persistence. Importantly, clinical trials have demonstrated that
NT-I7 is not only well-tolerated with minimal adverse effects, but also persistently
increases T cell counts at a dose-dependent manner [51]. Therefore, NT-17 is a long-
lasting form of IL-7 that can be further assessed for its ability to rescue compromised T

cell immunity, including the window of TBI-induced lymphopenia.

1.4 Significance and study objective

1.4.1 Characterizing the phenotypic, differentiation, and metabolic
profile of T cell recovery following total body irradiation

Although previous studies demonstrated variations in survival advantages within T cell
populations, differences in proliferation kinetics and mechanisms have not been

comprehensively examined [4; 6]. Moreover, T cell populations unique to TBI exposure
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and their gene expression profile during active T cell recovery have not been extensively
characterized. In the context of peripheral expansion, there are very few findings for the
unique gene expression for T cells that undergo homeostatic proliferation. In one murine
study, 9 candidate genes were assessed for their potential role in homeostatic
proliferation through quantitative PCR. However, only one gene with no homologies in
nonrodent specifies was found to be consistently increased in T cells that undergo
homeostatic proliferation [53]. Moreover, the lack of comprehensive characterization of
radioresistant T cell populations and their transcriptional landscape during the active
recovery window following ionizing radiation prompts us to assess the unique gene
signatures of radioresistant T cells and mechanisms involved in systemic T cell recovery.
A more comprehensive approach is required to address the transcriptional signature of
radioresistant T cells during recovery from TBI. In the current study, we investigated the
phenotypic, metabolic, and functional aspects of T cell recovery after radiation exposure.
In addition, we also characterized the role of thymic-dependent and peripheral
expansion pathways following TBI to achieve a more comprehensive understanding of
essential mechanisms during the reconstitution process. Implications from these
findings will improve the identification and the optimal treatment window and

therapeutic interventions.
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1.4.2 Harnessing T cell metabolism to prevent the recovery of
alloreactive donor T cells and promote the recovery of donor T cells
against tumor development following bone marrow transplantation

In addition to radiation exposure as a result of nuclear accidents and terrorism
events, TBI is also a core component of conditioning regimen in preparation for
allogeneic bone marrow transplantations. In this setting, TBI-induced lymphopenia
creates a niche for the engraftment of donor cells. Since donor cells include both
alloreactive T cells and non-alloreactive T cells, donor T cell recovery can be a double-
edged sword that mediates recipient tissue damage and prevents tumor relapse. Current
transplant approaches to reduce GVHD include induction of immunosuppression, T cell
depletion, and cyclophosphamide administration. However, the selectivity of these
treatments is limited, leading to simultaneous suppression of T cells mediating
protection against common viruses and bacterial infections, as well as tumor antigen-
specific T cells. Selective depletion of alloreactive T cells ex vivo offers a different
approach to preserve non-alloreactive donor T cells. The ex vivo depletion approach
features a mixed lymphocyte reaction (MLR) of purified donor T cells and irradiated
recipient antigen presenting cells or lymphocytes, followed by photodepletion or
addition of antibodies that target activated T cells [32]. However, these treatments have
shown limited depletion efficiency and off-target effects that also affect nonalloreactive
T cells. We hypothesize that specific inhibition of alloreactive donor T cells through

metabolic manipulation will enhance the preservation of T cells mediating GVL effects.
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Despite the large body of studies, the role of glycolysis in the pathogenicity of
alloreactive T cells and the sparing of GVL activity with glycolysis blockade remain
poorly understood [29; 30; 31; 54; 55]. Previous studies indicated that alloreactive T cells
activated in vivo are primarily dependent on OXPHOS and fatty acid oxidation (FAO)
[30; 31]. In contrast, in vivo studies by Nguyen et al. showed that alloreactive T cells
preferentially utilize glycolysis through metabolite and gene expression analyses (20).
However, these studies could not exclude the dependence of antigen presenting cells
(APCs) on glycolysis due to the systemic treatment with glycolysis inhibitors [29; 56; 57;
58]. Non-specific treatments using metabolic inhibitors can affect the function and
survival of other cell types and cannot be assumed to accurately reflect the biology of
alloreactive T cells. Other groups also demonstrated indirect connections between
glycolysis and T cell-mediated GVHD [59; 60]. More importantly, whether glycolysis
inhibition is capable of preserving anti-tumor effects of non-alloreactive T cells is
unknown. It is imperative to evaluate GVL effects in preclinical studies to prevent tumor
relapse prior to the introduction of glycolysis inhibitors to the clinical setting. A model
limiting the utilization of glycolysis exclusively in T cells is necessary to address its role
in T cell-driven GVHD and the preservation of GVL effects. Glucose uptake in T cells
can be facilitated through glucose transporter (Glut) family members Gluts 1, 3, 6, and 8
[27]. Glutl, the primary glucose transporter in T cells, is upregulated as soon as 2 hours

following activation [27]. Transgenic animals that constitutively express Glutl are
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susceptible to the development of systemic inflammatory diseases [61; 62]. Given the
discordant findings [29; 30; 31; 54], we previously utilized animals harboring a T cell-
specific genetic deletion for Glutl (Glut1™°) to address the role of glycolysis in GVHD
[27]. However, whether the effect on disease progression is a strain-specific
phenomenon, the mechanisms leading to the differences in GVHD development, and
impacts on GVL effects were not examined. Donor T cells derived from these animals
are functionally deficient for glycolysis, allowing for the examination of glycolysis in T
cell-mediated GVHD. In the current study, we examined the molecular pathways by
which glycolysis modified the pathogenic phenotype of alloreactive T cells through
proliferative response and cell death mechanisms, demonstrating a key role for
glycolysis without confounding factors from other glycolysis-dependent cell types [56;
57; 58]. We also evaluated for the first time the therapeutic potential and feasibility for
the separation of GVL from GVHD through ex vivo glycolysis inhibition using the small

molecule inhibitor, 2-Deoxyd- glucose (2-DG).

1.4.3 Enhancing T cell reconstitution using long-acting recombinant
human IL-7, which integrates T cell generation mechanisms and
metabolic demands during T cell recovery.

As a critical component during T cell development and maintenance, IL-7 facilitates de
novo T cell generation and homeostatic expansion in the periphery. Clinical trials have
demonstrated the that IL-7 administration promotes peripheral T cell expansion, leading

to enhanced TCR repertoire diversity [63]. These mechanisms contribute to enhancing
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survival and proliferation in both naive and memory T cells, which are directly linked to
regulation of metabolic activity. Previous studies revealed that IL-7 supports T cell
survival, growth, and cell division through glycolysis regulation [47]. Hence, IL-7 is a
promising candidate that integrates multiple requirements for T cell recovery, including
metabolic regulation and diverse T cell generation mechanisms. However, these IL-7-
mediated T cell recovery mechanisms can be compromised by its short-half life in vivo.
NT-I7, a long-acting recombinant human IL-7, consists of homodimeric IL-7 fused to
human Fc fragments IgD and IgG4 [51]. Studies have shown that NT-I7 has a
significantly extended half-life due to neonatal Fc receptor recycling mechanisms
associated with the recombinant human Fc fragments fused to IL-7. Both mouse and
human studies consistently show that NT-I7 administration consistently enhance T cell
counts. We propose that NT-17 can rescue systemic T cell recovery following TBI
exposure in both lymphoid organs and peripheral blood, shortening the lymphopenic
window. Moreover, we further propose that NT-I7-mediated T cell recovery is linked to
both thymic-dependent and -independent pathways, as well as inducing changes at the
HSC and progenitor stage, which may also lead to the reestablishment of other
hematopoietic lineages. Due to the extended half-life of NT-17, we hypothesize that the
effect on T cells can be sustained even after the administration of NT-17, leading to both

numerical and functional T cell recovery.
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2. Methods

2.1 T cell recovery following Total body irradiation

2.1.1 Mice

The B6.129-Gt(ROSA)26 Sortm2(ACTE-LuoTyi/Nci strain (common strain name: ROSA26-
pCAGGs-LSL-luciferase) on the C57BL/6 background was originated from the Jacks
Laboratory and obtained via the NCI mouse repository. Live mice were obtained
through in vitro fertilization at Duke University Medical Center. The B6.Cg-Tg(Cd4-
cre)1Cwi/Bflu] (CD4Cre) strain, C57BL/6 strain, and B6(Cg)-Tyrc-2]/] strain were
purchased from Jackson laboratories (Bar Harbor, ME). T-Luc mice were generated by
crossing the ROSA26-pCAGGs-LSL-luciferase strain to the CD4Cre strain to generate
heterozygotes. Chimera mice were generated using white C57BL/6 recipients and T-Luc
donors. Following 10.5 Gy TBI, white C57BL/6 recipients were transplanted with 1 x 10°
whole bone marrow from T-Luc donors. Following reconstitution, BLI was performed to
determine T cell reconstitution from donor cells. All mice were maintained in a specific
pathogen-free facility at Duke University. All experimental procedures were approved
by the Institutional Animal Care and Use Committee (IACUC) of Duke University

Medical Center.

2.1.2 TBI model

Mice were given sublethal TBI doses at 0 Gy, 2 Gy, 5 Gy, and 7 Gy using a Mark I-68A

137Cs irradiator (JL Shepherd and Associates, San Fernando, CA). For 7 Gy BMT
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treatments, mice were given either T cell depleted (TCD) (1 x 10’/mouse) or lineage-

negative bone marrow cells (0.5 x 10°/mouse) through tail vein.

2.1.3 Bioluminescent imaging

Mice were anesthetized using isofluorane, followed by D-Luciferin injection (30 mg/kg,
PerkinElmer, CT) 10 minutes prior to imaging. Imaging was performed using a Xenogen
IVIS 100 imaging system (Xenogen Corporation, Alameda, CA) for maximal signal
intensity at 4-minute exposure time. Living Image 2.5 software (Caliper, Newton, MA)

was used for imaging analyses.

2.1.4 TCR sequencing

Splenocyte cell pellets were isolated (1 million splenocytes per mouse), flash frozen in
10% DMSO, sent to Adaptive Biotechnologies for DNA extraction and sequencing.
TCRP deep sequencing was performed via the ImmunoSEQ platform using a multiplex
PCR amplification method that resolves CDR3 sequences in the TCR[ region. Total
productive rearrangements and Shannon entropy for each sample are provided in the

supplementary section.
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2.1.5 TCR repertoire analyses

The sequencing data were accessed from the ImmunoSEQ platform. Clonality, Shannon
entropy, rearranged nucleotide and amino acid sequences, V resolved, D resolved, ]
resolved, productive frequencies of single clones were downloaded from the Adaptive

server. Shannon entropy was computed for all clones found within each V] combination.

2.1.6 Single-cell sequencing library preparation

Single cell expression libraries were prepared using the Chromium Single Cell Next
GEM 3’ v3.1 Gene Expression Assay (cat# 1000121, 10x Genomics, Pleasanton, CA, USA).
Briefly, cell suspensions from FACS purified live CD45.1-CD45.2*CD3*CD4*CD8- and
CD45.1-CD45.2*CD3*CD4-CD8 cells were mixed with reverse transcription reagents and
loaded on the 10x Genomics Chromium Controller Single-Cell Instrument (10x
Genomics, Pleasanton, CA, USA) along with gel beads and oil to generate single-cell gel
bead in emulsions (GEMs). GEM-RT was performed in an Eppendorf Mastercycler Pro
(cat#950030020, Eppendorf): 53 °C for 45 min, 85 °C for 5 min; held at 4 °C. After reverse
transcription, GEMs were lysed and full-length cDNA was purified with DynaBeads
MyOne Silane Beads (cat#37002D, Thermo Fisher Scientific). cDNA was amplified using
the Eppendorf Mastercycler Pro (cat#950030020, Eppendorf): 98 °C for 3 min; cycled 11-
13 x:98°C for 155, 67 °C for 20 s, and 72 °C for 1 min; 72 °C for 1 min; held at 4 °C.

Amplified cDNA product was purified with the SPRIselect Reagent Kit (0.6 x SPRI)
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(cat#B23318, Beckman Coulter). Standard NGS dual indexed libraries were constructed
using the reagents in the Chromium Single-Cell 3’ v3.1 Library Kit, following these
steps: (1) fragmentation, end repair and A-tailing; (2) SPRIselect cleanup; (3) adapter
ligation; (4) postligation cleanup with SPRIselect; (5) sample index PCR; (6) post index
PCR cleanup. The barcoded sequencing libraries were quantified by quantitative PCR
(cat#KK4824, KAPA Biosystems Library Quantification Kit for Illumina platforms).
Sequencing libraries were transferred to the Duke University Center for Genomic and
Computational Biology (GCB) and were loaded on a Nextseq 500 (Illumina, San Diego,
CA, USA) for sequencing. Libraries were pooled to equimolar concentration to a total

of 1.4pm and sequenced in single index mode (28x8x91) with a 5% PhiX spike-in.

2.1.7 Single-cell sequencing sequencing data processing and analyses

The raw reads were processed using the 10x Genomics Cell Ranger pipeline (v.3.0.2).
The “cellranger mkfastq’ command was used to demultiplex libraries to FASTQ format
files. The "cellranger count” was used to identify cell barcodes and feature counts to the
mouse transcriptomes (refdata-cellranger-mm10-3.0.0). Libraries were anchored and
integrated using the top 2000 variable features per library calculated via the “vst”
method in Seurat package (v 3.1.1). Default normalization and reduction on these 2000
features between the libraries was calculated, and the first 20 dimensions used as input

for anchoring. Post anchoring, data were scaled by "ScaleData’ function with default
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setting, PCA was performed and the first 20 PC’s were used for UMAP dimensionality
reduction and subsequent clustering using resolution 0.5. Marker genes per cluster were
calculated using Seurat’s "FindAllMarkers® function and the “wilcox” test option and

only return positive markers.

Datasets were further filtered based on cells of interest (CD4 & CD8) and clustering was
performed again on the subsets of these cells using resolution 0.5. Combining multiple
libraries using the integration strategy described in Stuart and Butler allowed for
calculation of differential expression, not only between clusters, but within clusters across
libraries using default parameters in Seurat [64].This allowed calculation of differential
expression within cell type between Control, Day 5 and Day 21. Differential expression of
relevant cell marker genes was visualized on UMAP plot to reveal specific individual cell
types. Additional downstream analyses included examining the cellular distribution of a
priori genes of interest, closer examination of genes associated with cell clusters, and the
refined clustering of cells in order to identify further resolution of cell types, in addition

to comparing differences between experiments of different states.

2.1.8 Gene ontology enrichment analysis

Gene Set Enrichment Analysis (GSEA) was performed using Broad’s GUI

(Graphical User Interface) GSEA tool for Windows Operating System. Hallmark signature
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database version 7.2 was used as gene set to find out differentially regulated pathways

between Day21 and Control.

2.1.9 Trajectory analyses

The cell trajectory analysis was performed using R package Monocle2 that uses reversed
graph embedding to describe multiple fate decisions in a fully unsupervised manner [65].
The dimensionality was reduced by performing a Principle Components Analysis (PCA)
followed by t-SNE to project cells into two dimensions (Monocle2 Documentation).
Density peak clustering, based on each cell’s local density (P) and the nearest distance (A)
of a cell to another cell with higher distance, identifies cell clusters in 2-D t-SNE space [65].
The top significant genes across all clusters as input for the RGE algorithm were used to

define progress through the trajectory (Monocle2 Documentation).

2.1.10 Metabolic assays

Extracellular acidification rate (ECAR) and oxygen consumption rate (OCR) assays were
performed using the XF24 extracellular flux analyzer (Seahorse Bioscience) as previously
described [66]. ECAR was measured at indicated time points following sequential
compound injections (10 mM glucose, 1 uM oligomycin, and 20 mM 2-DG). Basal OCR
was measured prior to compound injection. Glucose uptake assays were described

previously (Wieman et al., 2007). 2-Deoxy-d-[H?] glucose (2 mCi/reaction) was added to
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T cell cultures and quenched by 200 uM phloretin (Calbiochem, San Diego, CA).

Radioactivity of solubilized cell pellets was measured using a scintillation counter.

2.1.11 Murine cell preparation and T cell stimulation

Lymphocytes were isolated from blood, spleens, bone marrow, and thymi. For blood
collection, 50 ul of peripheral blood, collected using EDTA-coated syringe, were stained
with monoclonal antibodies for 15 minutes at room temperature. The stained samples
were then processed using BD FACS Lysing Solution (BD Biosciences) to lyse red blood
cells. Splenocytes were isolated, filtered through a 70 uM cell strainer, and depleted of
red blood cells with ACK lysis solution. Thymi were collected, filtered through a cell
strainer. Lineage negative bone marrow was prepared using the Lineage Cell Depletion
Kit (Miltenyi Biotec, Germany) for reconstitution of the 7 Gy BMT recipients via tail vein

injection.

2.1.12 Flow cytometry

The following Abs were used to detect surface expression of corresponding proteins:
anti-CD4-APC-Cy7 (clone GK 1.5), anti-CD8-PE-Cy?7 (clone 53-6.7), anti-CD44-PE-Cy5.5
(clone IM7), anti-CD25-APC (clone PC61), anti-CD3-PE (clone 145-2C11), anti-B220-
PerCP-Cyb5.5 (clone RA3-6B2), anti-CD49b-FITC (clone DX5). All antibodies were

purchased from BD Pharmingen (San Diego, CA), BD Biosciences (Franklin Lakes, New
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Jersey), Biolegend (San Diego, CA), and eBioscience (San Diego, CA). Fixable Viability
Dye eFluor 780 (catalog 65-0865) was used to distinguish viable cells (eBioscience, San
Diego, CA). Stained samples were analyzed using FACSCanto flow cytometer (BD

Biosciences). Data were analyzed using Flow]Jo software (Tree Star, Ashland, OR).

2.1.13 Statistics

Data were analyzed using Prism Graphpad (Version 6, San Diego, CA). Error bars
represent mean + SEM. Unpaired two-tailed student’s t tests, one-way ANOVA with
Tukey’s multiple comparisons test, were utilized for group comparisons. Survival curve
comparisons were performed using Log-Rank (Mantel-Cox) test. P-values < 0.05 were
considered statistically significant. The differences of Shannon entropy were tested by

two-way ANOVA followed by Tukey’s honestly significant difference test.

2.2. T cell recovery in Bone marrow transplantation

2.2.1 Mice

C57BL/6 (H-2b, CD45.2), C3H/He] (H-2%, CD45.2), BALB/c (H- 24, CD45.2), B6.SJL (H-2°b,
CD45.1) mice were purchased from Jackson laboratories (Bar Harbor, ME). Glut1T-KO
(Glut1?x CD4Cre) mice, Glutl”"mice, and TCR-tg 4C mice are in the C57BL/6
background as described previously (15, 28-30). Wildtype (WT) animals include both

C57BL/6 and littermate controls. All mice were maintained in a specific pathogen-free
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facility at Duke University. All experimental procedures were approved by the
Institutional Animal Care and Use Committee (IACUC) of the Duke University Medical

Center.

2.2.2 Murine cell preparation and T cell stimulation

Splenocytes were isolated, filtered through a 70 uM cell strainer, and depleted of red
blood cells with ACK lysis solution. Thymi were collected, filtered through a cell
strainer. Murine total, CD4+, or CD8+ T cells were isolated from splenocytes by negative
selection using mouse Pan T Cell Isolation Kit II (Miltenyi, Germany). Dendritic cells
(DCs) were isolated from splenocytes using CD11c Microbeads UltraPure (Miltenyi).
Bone marrow cells were collected from femurs and tibia by flushing using a syringe and
passing through a strainer. To prepare T cell depleted bone marrow (TCDBM), bone
marrow cells were first incubated with anti-CD90.2 antibody (clone 30H12; BD
Pharmingen, CA) on ice for 1 hour. Subsequently, cells were treated with Low Tox-M
Rabbit Complement (Cedarlane, Burlington, Canada) for 1 hour at 37°C and washed
twice for injection. For in vitro T cell stimulation, 7.5 x 105 T cells isolated from donor
spleens were incubated in 12 wells, flat-bottomed plates with 1.5 x 105 BALB/c irradiated
DCs (20 Gy) at 37°C in 5% CO2 for 16 hours; irradiated BALB/c splenocytes (20 Gy) were
used when indicated. T cells isolated from the recipient spleens were utilized for in vivo

expansion analyses. For antibody stimulation in vitro, 12 wells, flat-bottomed plates
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were coated with goat anti-hamster IgG antibody (Invitrogen) at 20ug/ml overnight,
followed by wash with PBS prior to stimulation with anti-CD3 at Tug/ml (BD
Pharmingen, clone 145-2C11) and anti-CD28 at 0.3ug/ml (Invitrogen, clone 37.51)
antibodies. For metabolic assays, T cells were co-cultured with BALB/c irradiated DCs or
IL-7 (0.3 ng/ml) for 120 hours. For intracellular staining of TNFa, WT or Glut1T-KO T
cells were stimulated with purified BALB/c DCs for 72 hours, with the addition of PMA
(Sigma, 20ng/ml), ionomycin (Sigma, 1uM), and monensin (Thermofisher) 4 hours prior
to collection. For ex vivo inhibition assays, 1 x 10¢ T cells were first stimulated with
irradiated BALB/c splenocytes (20 Gy) for 16 hours in complete RPMI with 10% fetal
bovine serum. Following 16 hours, T cells were washed and stimulated with freshly
isolated BALB/c splenocytes (irradiated) for an additional 24 hours, 48 hours, 72 hours,

or 96 hours in the presence of media control or 2-DG at a final concentration of SmM.

2.2.3 Human cell preparation and T cell stimulation

Human T cells were purified using RosetteSep human T cell enrichment cocktail
(STEMCELLTechnologies, Vancouver, Canada) from donor peripheral blood
mononuclear cells (PBMCs). T cells (1.25 x 105 cells) were co-cultured with irradiated
PBMCs (20 Gy) from unrelated donors (5 x 10° cells) for 16 hours, followed by 24-hour
incubation with 2-DG, washed and incubated with PBMC stimulators or Dynabeads

human T-Activator CD3/CD28 for 72 hours (Thermo Fisher, Waltham, MA). Human
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samples from de-identified healthy donors were obtained from American Red Cross

under an approved protocol.

2.2.4 GVHD model

Recipient mice were lethally irradiated at 9.5 Gy for C3H/He]J, 8.5 Gy for BALB/c, or 10.5
Gy for C57BL/6 mice using a Mark I- 68A 137Cs irradiator (JL Shepherd and Associates,
San Fernando, CA) and transplanted via tail vein injection within 4 hours following
irradiation. Recipients were transplanted with 1 x 107 TCDBM cells/mouse from C57BL/6
donors with or without 1 x 10° T cells from WT or Glut1™©mice. Survival, weight
change, skin changes (hair loss and ruffling, erythema), hunching posture, diarrhea, and
activity were monitored daily for clinical grading. Mice that met humane endpoints

were sacrificed according to Duke University IACUC protocols.

2.2.5 GVL model

Recipient BALB/c mice were lethally irradiated at 8.5 Gy, followed by transplantation
with 1 x 107 TCDBM cells/mouse from C57BL/6 donors with or without T cells from WT
or Glut1T-KO mice, along with 5 x 10° Luc-EGFP BCL1 cells or 1 x 10° Luc-EGFP A20
cells. Survival and weight loss were recorded daily. Recipients were further monitored
for tumor growth by bioluminescent imaging (BLI) and GVHD evidence by skin

changes, activity, posture, and diarrhea. Biopsies were taken from spleen and liver for
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evidence of tumor growth. Mortality due to GVHD or tumor was distinguished by BLI,
necropsy, and histology. In the absence of tumor detection, the cause of death was ruled

as GVHD.

2.2.6 Tumor cell lines

Luciferase (Luc)- and the enhanced green fluorescent protein (EGFP)-expressing (Luc-
EGFP) BCL1 cells, a B-cell leukemia/ lymphoma cell line of BALB/c origin, were a
generous gift from Dr. Defu Zeng (City of Hope, Duarte, CA). A20 cells, another Beell
leukemia/lymphoma cell line of BALB/c origin, were initially purchased from ATCC
(Manassas, VA). A20 cells expressing the Luc-EGFP gene were made by lentivirus-
mediated gene transduction. Briefly, 293T cells cultured in Dulbecco’s Modified Eagle
Medium (DMEM) media (Sigma-Aldrich, St. Louis, MO, USA) were co-transfected with
pLEX (ThermoFisher)-EF1a-luciferase-EGFP together with the packaging plasmids,
pMD2.G (a gift from Didier Trono (Addgene plasmid # 12259) and psPAX2 (A gift from
Didier Trono (Addgene plasmid # 12260)), by calcium phosphate precipitation. After 24
hours, the DMEM media was replaced with fresh medium. At 48 hours after
transfection, medium containing lentivirus was harvested and filtered through a 0.45
uM syringe filter. Viral infection was carried out in a 12-well plate using 5 x 105 A20
cells with 0.5 ml of lentiviral medium containing 10 pg/mL polybrene (Sigma-Aldrich,

St. Louis, MO). At 24 hours after infection, cells were selected with 1 ug/mL puromycin
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for 7 days and clonal Luc-EGFP positive cells were then selected by FACS sorting.
Periodically, cells were treated with puromycin to weed out cells which had silenced

reporter gene expression.

2.2.7 Bioluminescent imaging

Mice were anesthetized using isofluorane, followed by D-Luciferin injection (30 mg/kg,
PerkinElmer, CT) 10 minutes prior to imaging. Imaging was performed using a Xenogen
IVIS 100 imaging system (Xenogen Corporation, Alameda, CA) for maximal signal
intensity at 5-minute exposure time. Living Image 2.5 software (Caliper, Newton, MA)

was used for imaging analyses.

2.2.8 Mixed lymphocyte reaction

Purified T cells (2.5 x 10° cells) were incubated in 96-wells, flatbottomed plates with 5 x
10° irradiated (20 Gy) BALB/c splenocytes for indicated periods at 37°C in 5% CO2. Cells
were pulsed with SH-thymidine (ImCi [0.037MBq]/well) 16 hours before being counted

by a MicroBeta Trilux liquid scintillation counter (EG&G Wallac, Turku, Finland).

2.2.9 Metabolic assays

ECAR and OCR assays were described in 2.1.10
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2.2.10 Enzyme-linked immunosorbent assay

Supernatants from T cell cultures were collected and assessed by enzyme-linked
immunosorbent assay (ELISA) using antibodies against interferon g (IFNg) and

interleukin-2 (IL-2) (BD Pharmingen, San Jose, CA) as described previously.

2.2.11 Flow cytometry

The following antibodies were used to detect surface protein expression: anti-CD4-PE
(clone H129.19), anti-CD4-APC (clone RM4-5), anti-CD8-PE-Cy?7 (clone 53-6.7) were
purchased from BD Pharmingen (San Diego, CA) and BD Biosciences (Franklin Lakes,
New Jersey); anti-CD69-PerCP-Cy5.5 (clone H1.2F3) was purchased from Biolegend (San
Diego, CA). Fixable Viability Dye eFluor 780 (catalog 65-0865) was used to distinguish
viable cells (eBioscience, San Diego, CA). For intracellular staining, anti-pS6-PE
(eBioscience, clone cupk43k) and anti-Bim-PE (CST, Danvers, MA, clone C34C5) were
used; anti-Mcl-1 (clone Y37) and anti-Noxa (clone 114C307) primary antibodies were
purchased from Abcam (Cambridge, UK). Secondary antibodies, anti-rabbit IgG Fab2-
AF647 (catalog ab181347) and anti-mouse IgG Fab2-AF647 (catalog ab169358) were
purchased from Abcam. For intracellular staining, cells were first stained with
antibodies for surface proteins, fixed with 4% PFA, then permeabilized using 0.5%
Tween 20 in PBS. For staining of TNFa, eBioscience Foxp3/Transcription Factor Staining

Buffer Set was used (ThermoFisher). Cells were fixed and permeabilized at 4 degrees
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Celsius for 30 minutes, followed by washing with 1x permeabilization buffer,
intracellular staining for 20 minutes. Following staining, cells were washed twice before
running. For secondary staining, secondary antibodies were added following addition of
unconjugated primary antibodies. For isotype controls, Rabbit IgG XP (R)-PE (CST,
catalog 5742S), mouse IgG1k-PE (BD Pharmingen, clone MOPC-21), Rabbit IgG (Abcam,
ab37415), mouse IgG1lk (Abcam, clone B11/6) were used. For apoptosis assay, the
Apoptosis Detection Kit (BD Pharmingen), which includes Annexin V-PE and 7-Amino-
Actinomycin D (7AAD), was used. Stained samples were analyzed using FACSCanto
Flow Cytometer (BD Biosciences) and data were analyzed using FlowJo software (Tree

Star, Ashland, OR).

2.2.12 Western blotting

Cells were lysed with Pierce™ IP Lysis Buffer (ThermoFischer), which contains 25mM
Tris-HCl1 pH 7.4, 150 mM NaCl, 1% NP- 40, 1 mM EDTA, 5% glycerol, supplemented
with protease inhibitor (Thermo Scientific) and phosphatase inhibitor (Thermo
Scientific). Cell debris was then removed by spinning for 5 minutes at 4°C. Protein
concentrations were determined using the Pierce BCA Protein Assay Kit (Thermo
Scientific). Whole cell extracts (50mg of proteins) were fractionated by SDSPAGE and
transferred to a nitro cellular membrane using a transfer apparatus according to

manufacturer’s instructions (Bio-Rad). Membranes were blocked with LICOR blocking
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buffer, washed and incubated with primary antibodies (1:1000 in blocking buffer) at 4°C
for 12 hours. After washing, membranes were incubated with a 1:10000 dilution (in
blocking buffer) of fluorescent 700 or 800 anti-rabbit or anti-mouse antibodies for 1 hour
at room temperature. Blots were washed with TBST five times and scanned using
LICOR machine. Anti-Puma antibody (ab9643), anti-Noxa antibody (clone 114C307,
ab13654), and anti- Mcl-1 antibody (clone Y37, ab32087) were purchased from Abcam.
Anti-Mdm?2 antibody (clone D-7, sc-13161) was purchased from Santa Cruz

Biotechnology Inc. (Dallas. TX).

2.2.13 Histology

Biopsy samples were taken from skin, small and large intestines, liver, and spleen and
were stored in neutral buffered formalin. Specimens were embedded in paraffin, cut into
5-mm sections, and stained with hematoxylin-eosin (H&E). Coded slides were assessed
by D.C. single blinded to the GVHD status. Histological GVHD was graded using a
semi-quantitative system based on histologic changes in the small intestine, colon, skin,
and liver. Histological characteristics used for scoring included inflammatory infiltrates,
apoptosis of keratinocytes, separation of dermal-epidermal junction, and formation of
cleft, follicular dropout, and fibrosis in the skin; inflammation, apoptosis of bile duct

epithelial cells, apoptosis of hepatocytes, cholestasis, fibrosis, and parenchyma in the
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liver; and lamina propria inflammatory cell infiltrate, crypt regeneration, crypt epithelial

cell apoptosis, crypt loss, mucosal ulceration, and fibrosis in the intestine.

2.2.14 Statistics

Data were analyzed using Prism Graphpad (Version 6, San Diego, CA). Error bars
represent mean + SEM. Unpaired two-tailed student’s t tests, one-way ANOVA with
Tukey’s multiple comparisons test, were utilized for group comparisons. Survival curve
comparisons were performed using Log-Rank (Mantel-Cox) test. P-values < 0.05 were

considered statistically significant.

2.3. Role of NT-17 in T cell recovery

2.3.1 Mice

Generation of T-Luc chimera mice was described as shown in 2.1.1. C57BL/6 mice were
purchased from Jackson laboratories (Bar Harbor, ME). All mice were maintained in a
specific pathogen-free facility at Duke University. All experimental procedures were
approved by the Institutional Animal Care and Use Committee (IACUC) of Duke

University Medical Center.
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2.3.2CBC

Peripheral blood was drawn via retro-orbital bleed. Blood was collected with K2EDTA
(Beckton Dickinson) and analyzed using an automatic hematology analyzer (HEMAVET

HV950FS; Drew Scientific).

2.3.3 Murine cell preparation and T cell stimulation

Isolation of bone marrow, spleen, blood, thymi, and lineage negative cells were as

described in 2.2.11. T cell stimulation in vitro was described in 2.2.2.

2.3.4 Bioluminescent imaging

Bioluminescent imaging was performed as described in 2.1.3

2.3.5 Flow cytometry

Antibodies used for peripheral blood and thymocyte immunophenotyping were
described in 2.1.12. The remaining antibodies used are as follows: anti-CD48-FITC (clone
HM48-1), anti-CD150-APC (clone TC15-12F12.2), anti-Scal-PE (clone D7), anti-c-Kit-PE-
Cy7 (clone 2B8), anti-Lineage-PerCP-Cy5.5 antibodies (catalog 561317) BD. All
antibodies were purchased from BD Pharmingen (San Diego, CA), BD Biosciences
(Franklin Lakes, New Jersey), and Biolegend (San Diego, CA). Fixable Viability Dye

eFluor 780 (catalog 65-0865) was used to distinguish viable cells (eBioscience, San Diego,
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CA). Intracellular staining was performed as described in 2.2.11. Stained samples were
analyzed using FACSCanto flow cytometer (BD Biosciences) and BD LSRII flow

cytometer. Data were analyzed using FlowJo software (Tree Star, Ashland, OR).

2.3.6 Statistical analysis

Data were analyzed using Prism Graphpad (Version 6, San Diego, CA). Error bars
represent mean + SEM. Unpaired two-tailed student’s t tests, one-way ANOVA with
Tukey’s multiple comparisons test, were utilized for group comparisons. Survival curve
comparisons were performed using Log-Rank (Mantel-Cox) test. P-values < 0.05 were

considered statistically significant.
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3. Results

3.1 Characterizing phenotypic, differentiation, and metabolic profile
of T cell recovery following total body irradiation

Evaluation of recovery kinetics and gene expression profile of radioresistant T cell
subsets, as well as mechanisms of T cell reconstitution is essential for determining the
window susceptibility post-TBI, optimal window of treatment, and identifying
therapeutic candidates that modulate mechanisms of T cell generation. Here, we
assessed absolute T cell counts in various tissues along with immunophenotyping and
single-cell sequencing to characterize the transcription and functional profile of
radioresistant T cell populations, as well as the contribution of thymic-dependent and

thymic-independent pathways to T cell reconstitution.

3.1.1. Investigating kinetics of T cell recovery in the peripheral blood
(nadir, window of susceptibility, radiation dose-dependent)

Blood and lymphatic vasculature serves as highways connecting T cells to secondary
lymphoid organs and peripheral tissues. Peripheral blood T cell are sensitive to IR and
can be used as an indicator for tissue damage in response to radiation. To investigate the
kinetics of peripheral blood T cell recovery, cell counts were assessed at baseline, day 3,
then weekly over the course of 180 days. Additionally, to determine whether T cell
reconstitution is radiation dose-dependent, peripheral blood T cell reconstitution

dynamic was monitored following TBI at 2 Gy, 5 Gy, and 7 Gy. Untreated mice as well
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as mice treated with 7 Gy TBI followed by bone marrow transplantation were included
as unirradiated control and positive control for T cell reconstitution, respectively. T cell
numbers decreased drastically on day 3 in a dose-dependent manner. Specifically, T
cells in the 7 Gy-treated group were depleted more than 50- to 300-fold in CD4 and CD8
T cells, respectively (19 + 14/uL blood, CD4 T cells, p < 0.05; 4 + 2/uL blood, CD8 T cells,
p <0.05) (Figure 1). TBI dose at 5 Gy yielded 32 + 14/uL blood in CD4 T cells (p<0.05) and
10 + 8/uL blood in CD8 T cells (p < 0.05). In contrast, more T cells survived on day 3 at 2
Gy TBI, accounting for 10% of pretreatment cell numbers (123 + 27/uL blood, CD4 T
cells, p<0.05; 93 + 36/uL blood, CD8 T cells, p <0.05). T cell numbers continued to
decline and reached the nadir on day 7 for all TBI groups. Following the continuous
decline immediately after TBI, all groups underwent a steady rise in T cell numbers from
day 14 to day 42 at a radiation dose-dependent manner. As expected, T cell numbers in
the transplant group recovered more rapidly and exceeded 7 Gy TBI group on day 14.
Although the dose-dependent difference remained apparent on day 14, this trend was
gradually diminished as differences among T cell numbers began to diminish from day
21 to day 42, suggesting active endogenous T cell reconstitution of the peripheral blood.
Interestingly, aside from the low dose group (2 Gy), TBI groups receiving higher doses
at 5 Gy and 7 Gy also demonstrated T cell recovery comparable to unirradiated controls
on day 21. From day 42 to day 180, T cell numbers recovered to levels similar to

unirradiated and transplant controls. These results suggest that peripheral blood T cell
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recovery is delayed with increasing doses of radiation exposure, indicating a window of
susceptibility to opportunistic infections. At the sublethal doses examined in this study,
both CD4 and CD8 T cells recovery back to baseline on day 180, suggesting a

quantitative reconstitution of peripheral blood T cells.
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Figure 1. T cell recovery kinetics in the peripheral blood is TBI dose-
dependent.

C57BL/6 mice were unirradiated (0 Gy), sublethally irradiated at 2 Gy, 5 Gy, 7 Gy, or
irradiated at 7 Gy and transplanted with 1 x 107/mouse TCDBM cells from C57BL/6
mice. Blood was collected at indicated time points. Numbers of CD4* (A) and CD8* (B)
T cells were determined by flow cytometry. Data are means + SEM. * P < 0.05, 0 Gy vs.
2 Gy; # P<0.05, 0 Gy vs. 5 Gy; & P <0.05, 0 Gy vs. 7 Gy; * P <0.05, 0 Gy vs. 7 Gy BMT;
multiple unpaired t test. BMT, bone marrow transplant.

3.1.2. Establishing an imaging system to track T cell recovery in vivo

Previous studies have benefitted from the organ donor network, which provides
access to a wide variety of tissues to examine T cell maintenance in additional to the

peripheral blood [67; 68; 69]. Although peripheral blood cell counts are used as a
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surrogate marker for tissue damage in radiation biodosimetry [70], investigating T cell
recovery at the systemic level will provide a more comprehensive understanding of the

process.

To visualize T cell recovery in vivo, we sought to generate a reporter strain that
specifically expresses luciferase in both CD4 and CD8 T cells through CD4-driven Cre
expression, which is active in late double negative and early double positive thymocytes
[71]. To establish a T cell-specific luciferase reporter strain for bioluminescent imaging
(BLI), Lucflovflexstrain was crossed to CD4-Cre strain to generate CD4-Cre x Lucflox/flox(T-
Luc) animals. This allows for the constitutive expression of luciferase induced by CD4-
Cre promoter during thymic development. To assess luciferase expression in vivo,
whole body imaging was performed on T-Luc mouse given D-luciferin (Figure 2A, top
left panel), allowing for the visualization of cervical lymph nodes, thymus, spleen,
inguinal lymph nodes, as well as the gastrointestinal (GI) tract. Upon dissection of
lymphoid organs and non-lymphoid organs, luciferase expression was primarily
detected in lymphoid organs rather than non-lymphoid organs (Figure 2A, top right
panel). Notably, imaging of T-Luc mice also allowed for the detection of Peyer’s Patches
(Figure 2A, middle panel). Next, to determine whether luciferase expression is restricted
to T cells, we sorted splenic T cells (CD3*CD4* and CD3+CD8), B cells (B220*CD3-), NK

cells (CD49b*CD3-B220-), and all other cell types (CD49b-CD3-B220-) by FACS. Sorted
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cells were plated at various concentrations for imaging (Figure 2B). While luciferase
activity was not detectable in non-T cell populations, luciferase activity in T cells was
proportional to the number of cells in each well, further validating that luciferase

expression in T-Luc mice is restricted to T cells.
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Figure 2. Expression of luciferase in T-Luc mice is T cell-specific.

(A) Luciferase expression in T-Luc mice (top left panel), lymphoid and non-lymphoid
organs (top right panel), and GI tract (middle panel). (B) Luciferase expression in T
cells, B cells, NK cells, and all other cell types in various cell numbers. Cells were
sorted from splenocytes using FACS.
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To assess T cell reconstitution kinetics, T-Luc mice were subjected to 5 Gy TBI,
followed by weekly BLI to visualize T cell locations following irradiation. Following TBI,
T cells were visible in cervical lymph nodes, thymus, and GI tract (Figure 3A). However,
pigmentation in the original C57BL/6 background limits the detection sensitivity when
small numbers of T cells are present, particularly during early stages of recovery from
radiation. Furthermore, the limited numbers of available T-Luc mice greatly reduce the
number of biological replicates. Additionally, the shaving was performed weekly prior
to imaging to improve detection of T cells. To address these issues, we sought to
generate chimera mice using congenic white C57BL/6. Following 10.5 Gy TBI, white
C57BL/6 recipients were transplanted with 1 x 10° whole bone marrow from T-Luc
donors (Figure 3B). Following reconstitution, monthly BLI was performed to determine
T cell reconstitution from donor cells. 3 months following transplantation, T-Luc-
derived T cells populated both primary and secondary lymphoid organs (Figure 3C),
indicating stabilized chimera generation that simulates the presence of T cells in the
physiological condition without TBI. Therefore, the chimeras with stabilized T cell

reconstitution can be used to subsequent evaluation of T cell recovery in TBI model.
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Figure 3. Establishing an in vivo imaging model to track T cell recovery.

(A) T cell recovery following 5 Gy TBI of T-Luc mice. Mice were shaved prior to
imaging. BLI, bioluminescent imaging. (B) BLI of T-Luc mice treated with vehicle of
NT-17 following 5 Gy TBI. (C) Generation of white C57BL/6 chimeras using donor
bone marrow from T-Luc mice. 1 x 10° whole bone marrow was transferred per white
C57BL/6 recipient following 10.5 Gy TBI. BM, bone marrow. (D) BLI of baseline
chimera screening for T cell reconstitution at 1 month, 2 months, and 3 months after
transplantation.

3.1.3. Investigating kinetics and mechanisms of systemic T cell
recovery following TBI
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We have shown that chimera recipients of T-Luc donors can be utilized to study
T cell recovery after stable reconstitution by bone marrow cells (Figure 3). To evaluate
kinetics of systemic T cell recovery, fully reconstituted chimeras (3 months after
transplantation) were subjected to sublethal irradiation at 5 Gy. Location and magnitude
of T cell recovery were monitored through in vivo imaging until day 98 (Figure 4A).
Early following TBI (day 7, day 14, and day 28), BLI signal intensity was significantly
reduced compared to baseline animals. (Figure 4A, top panel). Specifically, the lowest
signal intensity was spotted on day 7, recapitulating kinetics observed in peripheral
blood. Notably, both thymic activity and T cell presence in peripheral tissues were
drastically decreased, followed by a slow and gradual recovery back to baseline levels
(Figure 4A, bottom panel). Importantly, BLI imaging suggests that both thymic-
dependent and thymic-independent pathways are involved during recovery from TBI,
although further experiments are required to address the kinetics and relative

contribution of each pathway.
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Figure 4. Evaluating systemic T cell recovery through in vivo imaging.

Chimera mice were generated by transferring 1 x 10° whole bone marrow per white
C57BL/6 recipient following 10.5 Gy lethal irradiation. 3 months following
transplantation, chimera mice were subjected to sublethal irradiation at 5 Gy
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following stable reconstitution by donor bone marrow. Systemic T cell recovery was
assessed through in vivo imaging until 98 days after radiation exposure (A). *P < 0.05
(day 14 vs. baseline; day 28 vs. baseline), **P < 0.01 (day 7 vs. baseline).

3.1.4. Role of TBI in thymic development during T cell recovery

Following development and maturation in the thymus, recent thymic emigrants
migrate to various sites and contribute to the peripheral T cell pool (27-29). We
hypothesize that increasing TBI doses induce waning thymic output, which may be
mediated by a continuous decline in bone marrow-derived early thymic progenitors and
radiation damage to the thymus.

Thymocytes were collected at 98 days after TBI treatments for total thymocyte
numbers. Thymocyte numbers exhibited a trend for dose-dependent decline, with a
significant defect at 7 Gy compared to unirradiated group (Figure 5A). For T cell
development assessment, double-negative (DN) thymocyte frequencies were analyzed
by CD44 and CD25 expression (Figure 5B). Overall, the above data revealed that TBI
treatments caused a defect in total thymic output but did not affect T cell lineage
commitment (DN2 to DN3) and [3-selection (DN3 to DN4), as the frequencies for each
DN stage were comparable across all groups (Figure 5C). There was an increase in the
double-positive (DP) frequency at 2Gy, likely due to the corresponding drop in DN
frequency (Figure 5D). However, it appears that positive selection was not impaired.
Similarly, negative selection was unaffected as reflected by comparable SP populations.
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Importantly, these data are in line with previous findings that thymic recovery is limited

by the number of BM-derived settling progenitors (30-32), as the total DN frequency

underwent a diminishing trend following increasing doses of TBI (Figure 5D).
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Figure 5. TBI induced defects in total thymic output.

At week 14, thymocytes were collected for total thymocyte numbers (A). DN
thymocyte frequencies were analyzed by CD44 and CD25 expression (B) and shown
in (C). CD4 SP, CD8 SP, and DP thymocyte frequencies separated by CD4 and CD8
expression were shown in (D).
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3.1.5. TCR repertoire diversity is largely preserved following various
doses of TBI exposure

De novo T cell generation through thymic development is the primarily pathway
to establish a T cell population bearing diverse TCRs that recognize a variety of antigens.
We have shown that thymic activity is significantly reduced following TBI (Figure 5). It
is essential to assess whether reduced thymic activity leads to reduced TCR repertoire
diversity, an indicator of the capacity to respond to a diverse range of antigens. To
determine whether various TBI doses lead to distinct repertoire diversity outcomes, we
analyzed the clonal diversity of each group in splenic T cells using clonality as a
measurement of the degree of dominance by expanded clones within the entire
repertoire (Figure 6A). As expected, majority of the clones across all groups underwent
minimal clonal expansion due to the lack of immunization with specific antigens.
Furthermore, we observed an overall effective maintenance of repertoire diversity at
low, intermediate, and high dose TBI, with a trend for decreased diversity for
intermediate and high doses (higher clonality). We further assessed the Shannon
entropy of observed clones assigned to each V] recombination (Figure 6B), with the
curve logoN representing the maximum diversity (highest possible entropy). The above
data demonstrated that intermediate TBI dose significantly reduced the TCR diversity
compared to unirradiated group. As expected, we observed a trend for decreased

diversity across all TBI groups when compared to BMT group where thymic output was
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increased by donor bone marrow progenitors. However, we did not detect a statistical
difference between high dose TBI and unirradiated group, possibly due to limited
sample size. To visualize the frequency distribution of individual clones, we analyzed
the top 100 clones designated by distinct amino acid sequences of the CDR3 region
(Figure 6C). Representing the relative frequencies of observed clones, the distributions
of specific samples correspond to the degree of clonal expansion (samples 163 and 165 in
intermediate dose TBI, sample 174 in high dose TBI). Overall, the TCR repertoire
diversity across all TBI groups appeared to be effectively restored compared to
unirradiated group, indicating no overt defect and possible underlying compensatory

mechanisms to maintain diversity.
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Figure 6. Preservation of T cell repertoire diversity following TBI.

C57BL/6 mice were sublethally irradiated at various doses. Splenocytes were isolated
at week 14 and analyzed for clonality (A) and Shannon entropy for corresponding V]
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cassettes (B) using TCRp deep sequencing. Splenocytes were further analyzed for the
frequency distribution of top 100 clones (C). p <0.05, 0 Gy vs 5 Gy; 2 Gy, 5 Gy, 7 Gy
vs. 7 Gy BMT.

3.1.6. Single-cell RNA-sequencing reveals distinct T cell populations
unique to TBI treatment

We have demonstrated that both thymic-dependent and -independent pathways
are actively involved during T cell recovery from TBI. Specifically, we showed that total
thymocyte output is reduced in response to increasing TBI doses. However, the T cell
subsets that actively undergo peripheral expansion is has not been comprehensively
studied in the TBI setting. To address these questions, we utilized single-cell sequencing
to characterize unique gene signatures of various radioresistant T cell subsets involved
in peripheral expansion. Following exposure to lethal TBI (10.5 Gy) and bone marrow
transplantation from CD45.1* donors, we collected splenocytes from recipient-derived
(CD45.2%) T cells of control (n = 3), 5 days (n = 6), and 21 days (n = 5) groups (Figure 7A).
The distribution of various lymphocytes prior to purification is shown was assessed by
flow cytometry (Figure7B). Early after TBI (day 5), T cell frequency was elevated
compared to control group, along with an increase in NKT cell frequency. Later during
recovery (day 21), total T cell frequency was reduced, likely contributed by increased
proliferation of other cell types. In addition, although v0 T cell frequency was elevated

during recovery, af3 T cells remained the predominate T cell population. To characterize
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how distinct T cell populations respond and recover from TBI, splenic CD4 and CD8 T
cells were purified by fluorescence-activated cell sorting (FACS) and pooled for library
construction using the 10x Genomics Chromium platform, followed by sequencing
using Illumina’s NextSeq high output platform. Sequencing depth was approximately
50,000 reads per cell. Quality control was performed using Seurat to filter out doublets
and lysed cells. Cells that passed quality control were kept for further analysis,
including dimensionality reduction using Uniform Manifold Approximation and
Projection (UMAP), differential gene expression analysis, and clustering. We first
performed unsupervised clustering analysis, excluding NKT cells and regulatory T cells
in attempt to further resolve the populations, yielding six distinct clusters (clusters 0, 1,
2, 3,4, and 6) (Figure 7C). SingleR, an automatic annotation method was used to
determine cell identities based on the reference cell types using the murine
Immunological Genome Project ImmGen) database. Clusters 0 and 1 strongly
corresponded to CD4 and CD8 naive T cells (TN), respectively (Figure 7D). Other top
matches for cluster 1 includes CDS8 effector and memory T cells (TEFF and TM),
indicating heterogeneity within the cluster. By contrast, the identities of clusters 2, 3, 4,
and 6 correlated primarily to TM or TEFF (Figure 7D). Notably, all four clusters matched
strongly with thymocytes, indicating elevated proliferative capacity. To better identify
each cluster, a second annotation method was applied using representative genes from

known T cell subsets, including TN, TM, and TEFF (Figure 7E). In addition, genes
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associated with cycling and proliferation were included for annotation. Overall, the
phenotype of clusters 0 and 1 indicates the presence of predominately TN, along with
some TM. In addition, the expression of cycling genes was considerably lower than the
remaining clusters. Clusters 2, 3, 4, and 6 primarily exhibited the effector memory T cell
(TEM) phenotype of both CD4 and CD8 T cell origins. The four clusters were further
divided into 2 categories based on the relative expression of cycling genes: moderately
(MP) and highly proliferative (HP) TEM1 and TEM2. The above annotation system of
the unsupervised clustering analysis suggests that while naive T cells were shared
across control and TBI groups, four distinct proliferative TEM subsets were unique to
irradiated animals. Furthermore, the emergence of proliferative TEM subsets indicates

that T cells actively undergo homeostatic proliferation following radiation exposure.
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Figure 7. Single-cell sequencing reveals distinct clusters unique to TBI groups.

(A) Experimental design for scRNA-seq of splenic T cells from control and irradiated
mice. Splenic T cells were pooled from each group (control, n = 3; day 5, n = 6; day 21,
n =5), isolated by FACS, subjected to library construction and RNA sequencing.
scRNA-seq, single-cell RNA sequencing. (B) Distribution of distinct lymphocyte cell
types prior to T cell purification analyzed by flow cytometry. (C) Clustering analysis
reveals six main populations in control, day 5, and day 21 groups. NKT cells and
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regulatory T cells were excluded from the analyses. Cells are represented by
individual points, assigned to annotated cell types within each cluster. (D)
Annotation of clusters 0 and 1 indicates the presence of primarily naive T cells while
Clusters 2, 3, 4, and 6 exhibit a distinct proliferative effector memory phenotype.
Clusters were annotated by SingleR based on the ImnmGen reference dataset of
murine immune cells. Black boxes highlight matches T cell populations. Red boxes
highlight similarity to proliferative thymocytes. (E) Annotation of various clusters
using markers associated with known T cell subsets. Expression heatmap showing the
relative expression of naive, memory, effector, and cycling genes. The scale bar
indicates expression level based on z-score distribution.

3.1.7. Trajectory analyses reveal thymic-independent generation of
radioresistant T cells, which involves the acquisition of effector
memory phenotype during recovery

To resolve the relationships of proliferative TEM populations and TN,
unsupervised trajectory analysis for CD4 (Figure 8) and CD8 T cells (data not shown)
was performed to determine the differentiation lineage, respectively. CD4 T cells were
ordered along a pseudotime axis based on the progression of their transcription profile
(Figure 8A). We also examined the placement of control, day 5, versus day 21 cells along
the pseudotime trajectory (Figure 8B). Notably, while control and day 5 T cells are
located toward the early and middle segments of the path, a great number of day 21
cells were ordered along the latter segments, indicating a progressive change in cellular
phenotype over the course of recovery. To determine the identities of cells that are
present within each segment, Seurat clusters were annotated along the trajectory (Figure

8C). While TN were primarily mapped along the root of the trajectory, followed by MP
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TEM and HP TEM were located in the middle or at the end of the trajectory. Similar to
analyses using CD4 T cells, the trajectory of CD8 T cells recapitulated the location of the
above population along pseudotime. In addition, further analysis revealed that
trajectory construction was based on the graded expression of proliferation markers.
Collectively, these findings suggest the potential for radioresistant TN to serve as the

primary source of recovery during homeostatic proliferation.
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Pseudotime analysis of CD4 T cells from control and day 5, day 21 irradiated groups.
(A) Monocle pseudotime trajectory of T cells from all three groups. Cells are labelled
along pseudotime progression. (B) Distribution of CD4 T cells from control, day 5 and
day 21 after irradiation on the pseudotime trajectory. (C) Distribution of annotated T
cell subsets were identified on the differentiation trajectory, ranging from less
differentiated, transition, and more differentiated phenotypes.
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3.1.8. Radioresistant T cells demonstrate a preferential upregulation
of mitochondrial activity and oxidative phosphorylation during the
recovery process

To investigate T cell responses to irradiation after TBI, we utilized pathway
enrichment analysis for biological processes and cellular components to determine
pathways upregulated in irradiated T cells compared to control T cells. Analysis was
performed for CD4 and CD8 T cells respectively to reveal the presence of shared
pathways and potential differences during recovery. The kinetics of cellular responses
can be visualized by comparing enriched pathways on day 5 and day 21 (Figures 9A and
9B). Early following TBI, CD4 T cells exhibited upregulation in lymphocyte proliferation
and apoptotic pathways (Figure 9A, left panel). Later during recovery, cellular
component analysis revealed upregulation of genes associated with mitochondrial
activity (Figure 9B, left panel), indicating that mitochondrial metabolism may play a role
in T cell persistence. Interestingly, CD8 T cells shared similar characteristics for
increased mitochondrial activity (Figure 9A and 9B, right panels). However,
upregulation of mitochondrial-associated pathways occurred on day 5 after irradiation,
indicating that CD8 T cells may be more dependent on mitochondrial activity for
persistence and recovery. These findings suggest that T cells rely on mitochondrial
metabolism such as oxidative phosphorylation to promote survival and proliferation
following TBI. GSEA analyses of day 21 T cells further showed that irradiated T cells

upregulate mTORCI1 signaling pathway (Figure 9C), which is linked to overall increase
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in metabolic activity. Moreover, both oxidative phosphorylation and glycolysis
pathways were upregulated in day 21 T cells compared to control T cells. To confirm the
metabolic state of day 21 T cells, freshly isolated day 21 or control T cells were subjected
to Mito Stress Test to measure mitochondrial respiration (Figure 9D). Mito Stress Test,

which examines mitochondrial function, revealed higher rate of oxygen consumption
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rate (OCR) in radioresistant T cells. Further analysis showed that radioresistant T cells

undergo enhanced basal respiration and maximal respiration.
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Figure 9. CD4 T cells upregulate lymphocyte proliferation and mitochondrial
metabolic pathways during recovery after TBI.

(A) Naive T cells (Tn) from 5 days after transplantation were analyzed for enriched
pathways compared to control T cells. Pathways enriched in recipient-derived CD4
and CD8 Tn are displayed in the left and right panels, respectively. (B) Naive T cells
(T~) from 21 days after transplantation were analyzed for enriched pathways
compared to control T cells. Pathways enriched in recipient-derived CD4 and CD8 Tn
are displayed in the left and right panels, respectively. (C) GSEA analysis of
recipient-derived T cells shows upregulation of mTORC1 signaling pathway,
oxidative phosphorylation, and glycolysis. (D) Control splenic T cells (CD45.2*) or
recipient-derived irradiated T cells (CD45.1*) following transplantation were sorted
by FACS, followed by Mito Stress Test to determine basal respiration, ATP
production, and maximal respiration with an XF24 extracellular flux analyzer. Oxygen
consumption (OCR) was measured following injection of oligomycin, FCCP, rotenone
and anytimycin A.

The above findings indicate that radioresistant T cells increase the utilization of
oxidative phosphorylation during the recovery phase. However, the metabolic alteration
can also promote oxidative stress, potentially limiting the functional state and
reconstitution dynamics. We next examined the expression of various oxidative stress
markers, including Hsp90aal, Prdx1, Prdx2, and Txnl in control, day 5, and day 21 T
cells (Figure 10A, left panel) and across previously annotated Seurat clusters (Figure
10A, right panel). As T cells gradually increases the utilization of mitochondrial
respiration (Figure 9), the expression of oxidative stress markers steadily increases along
pseudotime, which is further emphasized in Figure 10B, which shows the distribution of

cells expressing low, intermediate, and high levels of stress markers across various

groups. In day 5 and day 21 T cells, the majority of cells demonstrate higher level of
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expression compared to control T cells. This was further recapitulated in the expression
of different T cell populations (Figure 10A, right panel). As expected, later during the
recovery process, clusters 2 through 6, which are annotated as memory T cells, showed

greater oxidative stress compared to TN (clusters 0 and 1).
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Figure 10. T cells upregulate oxidative stress markers during recovery
following irradiation.

CD4 T cells from control, day 5, and day 21 were analyzed for the expression of
oxidative stress markers. (A) Expression of Hsp90aal, Prdx1, Prdx2, and Txn1 in
control, day 5, and day 21 T cells (left panel), as well as among various seurat clusters
annotated in Figure 1 (right panel) along pseudotime. (B) Pie chart representation of
oxidative stress marker expression at low, intermediate, and high levels in control,
day 5 and day 21 T cells.
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3.1.9. During recovery, subsets of radioresistant T cells acquire
increased proliferation capacity in response to different sources of
stimuli in vitro

To characterize the phenotype and proliferative capacity of T cell subsets
following irradiation, control or recipient-derived radioresistant T cells 21 days after
transplantation were sorted based on TN (CD44-CD62L*), TCM (CD44*CD62L*), and
TEM (CD44*CD62L") phenotypes for subsequent assays. Each subset was then subjected
to in vitro homeostatic stimulation in the presence of IL-7 and IL-15 to assess the
proliferative capacity after labelling with carboxyfluorescein succinimidyl ester (CFSE).
Five days following stimulation, both radioresistant CD4 and CD8 TN and TEM showed
enhanced proliferation compared to control T cells. Radioresistant CD4 TCM showed
moderately increased proliferation while CD8 TN showed decreased proliferation
compared to control T cells (Figure 11A). In addition to homeostatic proliferation,
surviving T cells can potentially mediate protection against opportunistic infections
following radiation exposure. Therefore, it is critical to assess their capacity to respond
to TCR stimulation. To evaluate the proliferative response of radioresistant T cells in the
presence of TCR stimuli, sorted T cells were incubated with anti-CD3 and anti-CD28
antibodies. Although radioresistant memory T cells demonstrated comparable
proliferation to control T cells, both CD4 and CD8 TN showed markedly increased

ability to proliferate relative to control group (Figure 11B).
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Figure 11. Radioresistant T cell subsets demonstrate increased proliferation in
response to in vitro stimulation.

(A) Radioresistant naive and effector memory T cells undergo enhanced homeostatic
proliferation in vitro. Sorted T cells were labelled with CFSE and stimulated in vitro
in the presence of IL-7 and IL-15 for 5 days. (B) Radioresistant naive T cells
demonstrate enhanced proliferation capacity in response to TCR stimulation. Sorted
T cells were labelled with CFSE and stimulated in vitro in the presence of anti-CD3
and anti-CD28 antibodies for 5 days.
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3.2. Manipulating donor T cell recovery following bone marrow
transplantation

Compared to radioresistant T cell recovery after a single dose of TBI exposure, T
cell recovery in the bone marrow transplant setting involves both donor and recipient T
cells. Donor T cells consist of both alloreactive T cells, which mediate tissue damage
upon recognition of recipient alloantigens, and non-alloreactive T cells. While recovery
of alloreactive T cells mediate GVHD, an undesirable outcome, non-alloreactive T cells
can prevent tumor development and provide protection against infections during the
lymphopenic window. Therefore, it is critical to prevent the donor alloreactive T cell
recovery while preserving non-alloreactive T cells. Studies have shown that donor T cell
recovery following transplantation is primarily driven by activation and expansion in
response to recipient alloantigens, a thymic-independent process associated with
increased demand for aerobic glycolysis. In the current study, we propose to exploit the
metabolic requirements to reduce alloreactive T cell recovery and preserve donor T cells

with irrelevant specificities.

3.2.1. Donor T cell pathogenicity is fueled by glycolysis upon
recognition of alloantigens, a thymic-independent process during donor
T cell recovery
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To manipulate the metabolic state of donor T cells, which are highly dependent
on aerobic glycolysis, we utilized donor T cells derived from mice harboring Glutl
deletion, which diminishes glycolysis utilization by limiting glucose transportation into
the cytosol. Previously, we demonstrated the role of Glutl in T cell-mediated acute
GVHD using the C57BL/6 = BALB/c major histocompatibility complex (MHC)-
mismatched bone marrow transplant (BMT) model [27]. To confirm that the observation
is not strain-specific, C3H/He] recipients were also utilized for the transfer of Glut1™*° or
wild-type (WT) C57BL/6 T cells to induce acute GVHD. All WT recipients died from
GVHD within 20 days while eight out of ten Glut1™*© T cell recipients survived long-
term (Figure 12A). In addition, Glut1™O© T cell recipients showed comparable body
weight and clinical scores with TCDBM recipients (Figures 12B-C). Therefore, consistent
with the previous study, these findings further support a key role for Glutl to promote

donor cell pathogenicity.
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Figure 12. Glutl is required for donor T cells to induce acute GVHD.

Acute GVHD was induced by transplantation of C57BL/6-derived 1 x 10’ TCDBM or
along with 1 x 10° WT or Glut1™*0 total T cells into lethally irradiated (9.5 Gy)
C3H/He]J recipients (A-C). Lethally irradiated (8.5 Gy) BALB/c recipients were
transplanted with 1 x 10¢ WT or Glut1™*0 CD4* (D-F) or CD8* T cells (G-I), along with
1 x 10’ TCDBM from C57BL/6 donors. Recipients were monitored for survival (A, D,
and G), body weight (B, E, and H), clinical score (C, F, and I) up to 56 days after
transplantation. Data were representative of three experiments. ****P < 0.0001, ***P <
0.001, log-rank test (n =10 per group, A; n =5 per group, D and G); data are shown as
mean = SEM (B-C, E-F, H-I), *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 (Glut1™K°
vs. WT); P < 0.05, *P < 0.01, **P < 0.001, ****P < 0.0001(TCDBM vs. WT), 2-tailed Student
t test.

We further examined whether Glutl is required for CD4* and CD8* T cells to
induce acute GVHD, respectively. In contrast to WT recipients, both CD4* Glut1™© and

CD8* Glut1™© T cell recipients survived long-term (Figures 12D and 12G). However, the
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kinetics of GVHD development and target organs affected differed. Both body weights
and clinical scores in CD4* Glut1™° T cell recipients significantly improved early
following BMT (Figures 12D-12F). In contrast, the kinetics of GVHD development in
CD8* T cell recipients is relatively delayed, leading to improvement in Glut1™*° T cell
recipients later during disease progression compared to the control group (Figures 12G-
12I). Target organ damage was also assessed by histology (data not shown). Both small
intestine and colon exhibited reduced damage in CD4* Glut1™*° compared to WT
recipients. In contrast, skin damage was significantly reduced in CD8* Glut1™*©
recipients. Overall, transfer of either CD4* or CD8* Glut1™O©T cells significantly

improved long-term survival and ameliorated acute GVHD.

3.2.2. Glutl is required for the metabolic reprogramming and expansion
of donor alloreactive T cells

T cells rapidly undergo metabolic reprogramming following activation,
prioritizing glucose metabolism to promote growth and proliferation [72]. We first
assessed whether alloreactive Glut1™ °T cells were able to initiate metabolic
reprogramming. Glutl™OT cells had significantly decreased glucose uptake following
alloantigen stimulation (Figure 13A). Alloreactive Glut1™ T cells were unable to utilize
glycolysis, indicated by ECAR compared to WT T cells during glycolysis stress test

(Figure 13B). Metabolic assays further confirmed deficient glycolysis, glycolytic capacity,
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and glycolytic reserve of alloreactive Glut1™©T cells compared to control (data not
shown). These results suggest that Glut1™©T cells display overall significant defects in

glucose uptake and glycolytic metabolism upon alloantigen challenge.
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Figure 13. Glutl mediates the expansion of alloreactive donor T cells.

WT or Glutl™©T cells were stimulated with BALB/c dendritic cells. After 5 days in
culture, glucose uptake was measured (A). ECAR was assessed with the addition of
glucose (gluc), oligomycin (olig), and 2-DG (B). WT or Glut1™ ©T cells were stimulated
for 16 hours using BALB/c DCs and analyzed by flow cytometry for phospho-56 levels
in CD69* T cells (C). Expansion in vitro was measured by SH-TdR incorporation assay at
indicated time points after culture (D). Expansion in vivo was measured in T cells
isolated from the spleen seven days after transplantation with 1 x 107 TCDBM from
B6.SJL donors and 1 x 10°WT or Glut1™OT cells on the C57BL/6 background into
BALB/c recipients (E). T cell proliferation following isolation from the spleen was
analyzed (left panel) and measured by frequency (right panel) 58 hours following
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transfer of CellTrace Violet (CTV)-labelled T cells along with B6.SJL TCDBM into
BALB/c recipients (F). IFNy and IL-2 production were assayed by ELISA using
supernatants from T cell cultures (G). (H) WT or Glut1™ ©T cells were stimulated with
purified BALB/c DCs for 72 hours, with the addition of PMA (20ng/ml), ionomycin
(1uM), and monensin 4 hours prior to intracellular staining for TNFa. Data are
representative of two (F, n = 3) or three experiments (n =3, A-D, and G;n =5, E and F)
and are shown as mean + SEM (B-F). *P < 0.05, **P < 0.01, **P < 0.001, ****P < 0.0001
(Glut1™0vs. WT), 2-tailed Student t test.

Mammalian target of rapamycin complex 1 (mTORC1) regulates glucose
metabolism through HIF1a and c-Myc to support biosynthesis and proliferation [72; 73].
Although rapamycin has been shown to dampen GVHD by inhibiting glycolysis [29], it
is unclear whether glucose availability modulates mTORC1 activity to regulate
alloreactive T cell response. We hypothesize that mTORC], a nutrient sensor [73],
responds to glucose availability to modulate donor cell pathogenicity. Alloreactive T
cells positive for CD69 expression were assessed for the phosphorylation status of the
small ribosomal subunit S6 (pS6), a downstream target for mTORC1 signaling.
Phosphorylation of 56 (Ser235/236) in resting Glut1™©T cells was significantly lower
than WT T cells (Figure 13C). Following stimulation, Glut1™°T cells demonstrated

profoundly decreased phospho-5S6 levels (Figure 13C). Glucose availability therefore

leads to sustained mTORCT1 activation in alloreactive T cells.

To determine the requirement for T cell expansion, tritium thymidine uptake was

assessed in MLR. Glut1™©T cells displayed drastically impaired thymidine uptake as
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early as 64 hours following stimulation (Figure 13D). To test whether glycolysis is
required for in vivo expansion upon alloantigen encounter, T cells were transferred into
irradiated allogeneic or syngeneic recipients. While expansion in syngeneic recipients
did not differ, Glut1™OT cells exhibited significantly impaired capacity to undergo
expansion compared to WT T cells in allogenic recipients (Figure 13E). Furthermore,
Glutl™OT cells failed to undergo robust proliferation, indicated by the lack of
subsequent generations following divisions (Figure 13F). Similar defects were observed
in CD69- alloreactive Glut1™ ©T cells (data not shown). Glycolysis has also been linked
to cytokine production through the sequestration of cytokine transcripts [22]. Expression
of inflammatory cytokines IFNy and IL-2 was measured in alloreactive T cells. Glut1™©
T cells displayed significantly reduced capacity to produce both cytokines compared to
WT T cells (Figure 13G). TNFa expression was also assessed in WT and Glut1™©T cells
following 72 hours of stimulation with purified BALB/c DCs. While Glut1™<©CD4 T cells
exhibited slightly reduced expression compared to WT group, Glut1™0CD8 T cells
demonstrated increased TNFa expression relative to WT T cells (Figure 13H). In
summary, we demonstrated that glycolysis is indispensable for alloreactive T cell

expansion and effector cytokine production.

3.2.3. Glutl is required for the survival of alloreactive donor T cells
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In addition to proliferation, alteration of survival signals is a potential modulator
of pathogenicity. Glutl expression has been shown to support resting T cell survival
through the stabilization of pro-survival factors [74]. To determine whether the
apoptotic pathway is involved in regulating viability in response to glucose metabolism,
we assessed the expression of various candidate proteins 16 hours following activation
by anti-CD3 and anti-CD28 antibodies. Proteins linked to the apoptotic pathway,
including Mdm?2, Puma, and Noxa, were drastically increased in activated Glut1™*© T
cells relative to WT control (Figure 14A). By contrast, the anti-apoptotic protein Mcl-1

was significantly upregulated compared to WT T cells (Figure 14A).

75



A B
wr GIut1™®  Anti-CD3/CD28 Anti-CD3/CD28 WT Glut1T.k0
resting resting Glut1T<0
CD4
Noxa . -,-..--.. | 16 k0a
.
2
Pt 11.6%
Mdm2 ___.—-—--—-... | 166kDa ’<\(
. Annexing/
Puma | S S S e e o (D D @ [ 22 kDa
Mck1 "ew- UL L Lkl i I 128%
CD8
B-Actin e ———— e EERT Y a
<
<
~
Annexiné/
Noxa Mdm2
25 20 hl
2.0
£ £
R ]
s S0
g 10 q
2 3
=05
0.5 -
0.0- 0.0°
Puma
20 =
E wr
15 GlutL ™
g™ c
3 " £ 3 ant-CD3/CD28 WT
S 10 g Ml anti-CD3/CD28 Glutl ™0
H 3
2 o5 =
0.0-
CD4 CD8 .
Bim
] ] ( 2000
“w‘ Owr .
] H I Ooiuarwo
1500 L
£ 100 0 wr
e H
c Jut1T-KO
5 | 500 I Gl
o |
T T o T T T o
> & &
Bim
CD4 CD8 Mcl-1
q H 5000: =
| Owr ok
bl H | Oeiuarxo 4000-
|
1 H \‘ _ 3000 O wr
w
= T-KO
=1 I 2000 - cun
c |
3 |
8§11 H it 1000
J \
N Ty T T
>
> & &

Figure 14. Glutl modulates alloreactive T cell survival.
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(A) Freshly isolated WT or Glut1™*OT cells or those stimulated with anti-CD3
(Tug/ml) and anti-CD28 (0.3ug/ml) antibodies for 16 hours were assessed for the
expression of Mdm2, Puma, Noxa, and Mcl-1 using Western blotting (upper panel).
Results were quantified for fresh T cells and antibody-stimulated T cells (lower
panel) (n =3, one-way ANOVA with a Tukey’s multiple comparisons test). (B) WT or
Glut1™OT cells were stimulated for 16 hours by irradiated (20 Gy) BALB/c DCs and
analyzed by flow cytometry for Annexin V and 7AAD. T cells were gated on CD69*
CD4* or CD8* T cells. Bim (C) and Mcl-1 (D) expression were evaluated. Data are
representative of three experiments (n = 3) and are shown as mean + SEM. *P < 0.05,
**P < 0.01, ***P < 0.001, 2-tailed Student t test.

We further assessed whether glycolysis is also involved in regulating cell
survival in alloreactive T cells. Viability analysis demonstrated significantly less live
Glutl™OT cells compared to WT T cells following alloantigen stimulation in vitro (data
not shown). Apoptosis was subsequently assessed using Annexin V and 7AAD staining.
While both CD4* and CDB8* alloreactive Glut1™*©T cells underwent increased apoptosis
compared to WT T cells, the apoptosis kinetics differed. CD8* CD69* Glut1™OT cells

appeared to undergo apoptosis earlier than CD4* CD69* T cells inferred from

percentages of Annexin V* cells (Figure 14B).

Regulation of pro-apoptotic and anti-apoptotic protein expression can alter the
survival outcome in response to cellular stress. Impaired glucose metabolism can lead to
apoptosis in response to endoplasmic reticulum (ER) stress mediated by Bim, a pro-
apoptotic Bcl-2-family protein [75]. Bim expression is higher in Glut1™© T cells

compared to WT T cells in both freshly isolated state (data not shown) and activated
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state (Figure 14C). Though the demand for glycolysis is lower in resting T cells
compared to activated T cells, a minimal rate of glycolysis is still required to meet basal
energy demands [26], potentially contributing to the difference in baseline Bim
expression. Regulation of anti-apoptotic Bcl-2 proteins such as Mcl-1 can also regulate
survival [74; 76] Alloantigen-stimulated Glut1™%©T cells failed to provide adequate
survival signal through Mcl-1 compared to WT T cells (Figure 14D). Differences in Mcl-1
expression were readily detected in both anti-CD3 and anti-CD28 antibody activated T
cells and alloreactive T cells (Figures 14A and 14D). Baseline differences in Mcl-1
expression between WT and Glutl™OT cells were detectable using Western blots
(Figure 14A) but not flow cytometry (data not shown), which can be attributed to
variation in detection sensitivity between methods of detection. In addition, the balance
of Mcl-1 and Noxa, a BH3-only pro-apoptotic factor and a binding partner for Mcl-1, can
be regulated by glucose availability [77]. Since Noxa expression was reduced in the
presence of both anti-CD3 + anti-CD28 antibodies as well as alloantigens (Figures 14A),

the skewed Noxa/Mcl-1 ratio may render Glut1™O©T cells more prone to apoptosis.

3.2.4. Glut1 deficiency in donor T cells ameliorates GVHD while
preserving GVL effects

It is crucial for GVHD treatments to selectively inhibit alloreactive T cells

without compromising the GVL effect. To test the effect of glycolysis inhibition on GVL
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preservation, lethally irradiated BALB/c recipients were engrafted with WT or Glut1™<0
T cells, TCDBM, accompanied by challenge with BCL1 cells, a BALB/c-derived
leukemia/lymphoma cell line.

TCDBM + BCL1 group succumbed to tumor challenge within 31 days following
transplantation (Figures 15A and 15B), indicated by BLI (Figure 15C). Histology analysis
further confirmed metastatic invasion of the liver parenchyma, indicated by enlarged
and hyperchromatic nuclei of neoplastic cells (Figure 15D). While Glut1 deficiency did
not completely protect recipients from GVHD as evidenced by gradual weight loss
(Figure 15B), analyses of target organ histology indicated lower pathological scores in
the skin and large intestine (data not shown). Furthermore, transfer of 1 x 10¢ Glut1™<© T
cells significantly improved long term survival in majority of recipients compared to
both TCDBM + BCL1 and WT T cell recipients, which all died from tumor or GVHD
(Figures 15A to 15E). BLI analysis and necropsy revealed that Glut1™X® recipients
remained tumor-free, demonstrating the preservation of GVL effects (Figure 15C-15E).
In contrast, all WT T cell recipients succumbed to GVHD within 100 days (Figure 15E).
To confirm that the GVL effect of Glut1™© T cells is not restricted to a specific tumor
model, a second lymphoma cell line of BALB/c origin (A20) was used to evaluate
protection against tumor development. Transfer of Glut1™© T cells significantly
improved survival compared to TCDBM + A20 and WT recipients (Figure 15F). While

body weights of Glut1™X© recipients were lower than that of TCDBM control groups due
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to GVHD, they were significantly higher than WT recipients, demonstrating ameliorated
GVHD development (Figure 15G). BLI analyses and necropsy showed that tumor
growth was absent in all Glut1™X© recipients (Figure 15H and 15I), recapitulating
protection against tumor using a different tumor model. A low dose of Glut1™© T cells
was also tested using the BCL1 tumor model and provided limited protection against
tumor development (data not shown), suggesting a role for glycolysis in GVL. However,
this limitation can be overcome by increased dose of Glut1™© T cells, indicating that
glycolysis is not absolutely necessary for donor T cells to exert anti-tumor effects.
Collectively, these data indicate that transfer of Glut1™© T cells at sufficient
concentrations is capable of preventing tumor growth and mortalities caused by GVHD,
supporting the hypothesis that glycolysis targeting selectively inhibits alloreactive T

cells.

80



Survival (%)

B D
TCDBM only WT Glut1Tk0
100+ 120- s . y ” —
80 g
< 1
60 -9 TCDBM +BCI -
b §[5 - WT g o
‘L curmo g Ly
20 70-
20 40 60 80 100 6102030‘0506070'090100
Days after transplantation Days after transplantation
C E
TKO
Day TCDBM + BCL1 WT T cells Glut1™o T cells Cause of death
14 TR )
TCDBM + BCL1 0/10 10/10
WT 10/10 0/0
48
Glut1™0 210 0/10
F G
1
- g1
g z
3 & -~ TCDBM 5
t w0 - TCDBM +A20 Z s
H [ H
’° [-- Glut k0 7
0 10 20 30 40 50 60 70 80 90 100
oays mu lmnsplanlmlon Days after transplantation
H |
Day TCDBM TCDBM+A20 Glut1™k0 Cause of death
b H
b M “.i." #0000 u
TCDBM o5 /5
21 TCOBM + A2 05 55
WT 10/10 0/0
28
Glut1™o 2110 0/10
35 40000
42
49
56 20000
70
84
o8 Counts

81



Figure 15. Transfer of donor T cells with Glutl deletion inhibits GVHD
development and spares GVL activity.

Lethally irradiated (8.5 Gy) BALB/c recipients were transplanted with 1 x 10¢ WT or
Glut1™OT cells, along with 1 x 10 TCDBM and 5 x 105 BCL1 cells. Recipients were
monitored for survival (A) and body weight (B) up to 100 days after transplantation.
Development of leukemia/lymphoma (C) was monitored by BLI. Cross symbols
indicate death prior to BLI. H&E histology (10x & 40x) of liver (D) from recipients was
assessed (time at sample collection: TCDBM + BCL1, day 21; WT, day 27; Glut1™Xo,
day 105). Cause of death due to GVHD or tumor development was summarized (E).
(F) Lethally irradiated (8.5 Gy) BALB/c recipients were transplanted with 1 x 10¢ WT or
Glutl™OT cells, along with 1 x 10 TCDBM and 1 x 10° A20 cells. Recipients were
monitored for survival (F) and body weight (G) up to 100 days after transplantation.
Development of leukemia/lymphoma (H) was monitored by BLI. Cause of death due
to GVHD or tumor development was summarized (I). **P < 0.01, **P < 0.001, log-rank
test (A); *P < 0.05, **P < 0.01 (Glut1™kovys, WT); #P < 0.01 (TCDBM vs. WT), 2-tailed
Student t test (B). Data are representative of three experiments (n =10 per group, 1 x
10°T cell recipients).

3.2.5. Inhibition of glycolysis by 2-DG selectively targets murine and
human alloreactive T cells in vitro and preserves T cells with
irrelevant specificities

A clinically-relevant approach for glycolysis inhibition to ameliorate GVHD has
been previously explored, though systemic treatments [29] can induce toxicity in the
brain and skeletal muscles [78; 79; 80]. To improve treatment specificity, donor T cells
can be treated ex vivo in the presence of recipient alloantigens. A panel of small
molecule inhibitors were evaluated for inhibition of alloreactive T cell proliferation. Both
glucose analogs, fludeoxyglucose (FDG) and 2-DG, remarkably suppressed donor T cell

response following stimulation (Figure 5A). 2-DG also showed potent inhibitory effect
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on 4C CD4+ T cells bearing transgenic T cell receptors (TCR-tg) specific for BALB/c
alloantigens (data not shown). The Glutl inhibitor, WZB117, also inhibited alloresponse
(Figure 16A). As 2-DG has been shown to dampen inflammatory T cell response and
given its wide accessibility in clinical trials, 2-DG was selected for subsequent assays [81;

82; 83; 84].
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Figure 16. 2-DG treatment selectively suppresses alloreactive T cells.

WT or Glutl™ OT cells were stimulated for 0 hour, 16 hours, 40 hours, or 64 hours
using irradiated (20 Gy) BALB/c splenocytes, followed by the addition of various
concentrations of small molecule inhibitors and cultured for a total of 112 hours for
the assessment of thymidine incorporation. T cell response was determined following
the addition of FDG or media only (H20), 2-DG or media only (H20), WZB117 or
media only (EtOH) (A). Schematic diagram of T cells stimulated with irradiated
MHC-mismatched APCs for 16 hours, followed by the addition of various
concentrations of 2-DG, washed, then rechallenged with alloantigens or anti-CD3 and
anti-CD28 antibodies (B). WT T cells were first stimulated with irradiated (20 Gy)
BALB/c DCs for 16 hours, followed by incubation with freshly isolated irradiated
DCs in the presence of media control or SmM 2-DG for 24-96 hours; WT T cells were
cultured in IL-7 (10ng/ml) for 16 hours plus 24-96 hours, and analyzed for Annexin V
and 7AAD (C) and (D). T cells were gated on CD4*CD69* for alloantigen-stimulated
samples and CD4* for IL-7-treated samples. (E) The proliferative response of mouse
(Ieft panel) and human T cells (right panel) cultured according to (B) was measured by
SH-TdR incorporation assay. *P < 0.05, 2-tailed Student t test. **P < 0.01, ***P < 0.001;
data are representative of two experiments (n = 3 per group).

Incubation of recipient antigen-stimulated donor T cells with glycolysis
inhibitors prior to BMT can spare non-alloreactive T cells, reducing toxicity to graft
recipients and selectively suppressing alloresponse (Figure 16B). Incubation with 2-DG
selectively triggered apoptosis in activated alloreactive T cells, indicated by a profound
and consistent increase in AnnexinV* populations and a corresponding decrease in the
absolute number of alloreactive CD4 T cells (Figures 16C and 16D, upper panels). In
contrast, 2-DG did not impact cell death outcomes in non-activated T cells treated with
IL-7 (Figures 16C and 16D, lower panels). Similar findings were observed in alloantigen-

stimulated versus IL-7-treated CD8 T cells. Following 2-DG incubation, secondary

challenge with either alloantigens or anti-CD3- and anti-CD28-coated beads
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demonstrated that only alloresponse was significantly inhibited (Figure 16E).
Importantly, as inhibition occurs exclusively during the ex vivo stimulation process,
suppression of alloresponse by 2-DG prevents toxicity due to non-specific systemic
treatments. Similarly, to test the efficacy in human T cells, purified donor T cells were
first primed with irradiated PBMCs from irrelevant allogeneic donors, incubated with 2-
DG, and followed by PBMC rechallenge or anti-CD3 and anti-CD28 antibody
stimulation. Alloreactive responses underwent a dose-dependent reduction compared to
non-specific stimulation, indicating that the proliferative capacity of alloreactive T cells
is highly dependent on the ability of T cells to perform glycolysis (Figure 16E).
Therefore, the optimal concentration of 2-DG at 8mM was utilized for subsequent in

vivo assays.

3.2.6. 2-DG-mediated inhibition of glycolysis ex vivo significantly
reduces donor T cell-mediated GVHD while sparing T cells mediating
GVL, demonstrating functional recovery of donor anti-tumor T cells

Given that Glut1™© T cells preserved GVL effect and the promising in vitro data,
we next tested the therapeutic potential of T cell-specific glycolysis inhibition using a
clinically relevant model. Alloantigen-activated T cells were treated with 2-DG as shown
in Figure 5B for 24-96 hours, followed by transfer into recipients along with TCDBM and

BCL1 cells. Ex vivo inhibition for 24 hours demonstrated limited potency in GVHD
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prevention, while longer incubation periods (48-96 hours) with 2-DG significantly
limited GVHD development without impairing GVL activity as demonstrated by
survival, body weight, BLI tumor screening, and clinical scores (Figures 17A-17D). Body
weights of 72-hour-treated T cell recipients were significantly higher than those
receiving media control T cells later following transplantation (Figure 6B). Interestingly,
recipients for donor T cells treated with 2-DG for 48 hours gained an optimal survival
advantage compared to those receiving uncultured and untreated T cells and those
incubated with media control, resulting in the least amount of deaths by proportions
caused by GVHD (Figure 17A and 17D). Protection against both GVHD and tumor
development conferred by 48-hour-treated T cells was further assessed in a second
tumor model using the A20 cell line. Ex vivo 2-DG treatment significantly improved
survival compared to TCDBM + A20, WT T cell, and media control recipients (Figure
17E). Furthermore, transfer of 2-DG-treated T cells improved body weight compared to
WT T cell recipients, as well as exhibiting reduced GVHD severity relative to both WT
and media control recipients (Figures 17F). Together with BLI analyses and necropsy
results (Figures 6G and 6H), we demonstrated that GVHD and tumor development can
be attenuated using ex vivo 2-DG treatment. The results from these experiments provide
further evidence that targeting glycolysis in alloantigen-specific T cells ex vivo preserves
T cell response against irrelevant antigens, potentially providing protection against

malignancies and opportunistic pathogens.
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Figure 17. 2-DG treatment ameliorates GVHD and leads to the functional
recovery of donor T cells mediating GVL.

1x10°T cells from C57BL/6 donor spleens were first stimulated for 16 hours with
irradiated BALB/c splenocytes, followed by addition of SmM 2-DG or media control
for indicated periods. T cells treated ex vivo or untreated control T cells at the same
dose were transplanted into BALB/c recipients, along with 1 x 107 TCDBM from
C57BL/6 donors and 5 x 10° BCL1 cells. Recipients were monitored for survival (A),
body weight (B), and tumor growth in TCDBM and TCDBM + BCL1, 24-hour, 48-hour
and 72-hour media control or 2-DG-treated groups. Tumor development was detected
using BLI imaging on day 14 and day 28 following transplantation (C). Cause of death
due to GVHD or tumor development was summarized for different groups (D). 1 x 10°
T cells treated as shown in (A) for 48 hours or untreated control T cells at the same
dose were transplanted into BALB/c recipients, along with 1 x 107 TCDBM from
C57BL/6 donors and 1 x 10° A20 cells. Recipients were monitored for survival (E), body
weight (F), and tumor growth (G). Cause of death was summarized for various groups
(H). *P < 0.05, **P < 0.01, ***P < 0.001, log-rank test; data are representative of two
experiments (n = 15 per group, recipients for 24-hour and 48-hour ex vivo cultured T
cells; n =5, recipients for 72-hour and 96-hour ex vivo cultured T cells).

3.3. NT-17 is a promising therapeutic agent that integrates
requirements for various T cell recovery pathways

Radiation exposure leads to profound immune suppression, including delayed
systemic T cell recovery. Currently, there is no FDA-approved reagent that specifically
promotes the reconstitution of T cells, which is critical in facilitating cell-mediated and
humoral immunity. Prolonged T cell recovery following radiation can contribute to

increased susceptibility to opportunistic infections and tumor relapse.

IL-7, a cytokine that integrates the requirement for thymic-dependent and -

independent pathways, as well as metabolic demands for T cell growth and persistence,
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is a promising therapeutic candidate to induce rapid T cell recovery following radiation
exposure. NT-17 is a long-acting human recombinant IL-7 that is well-tolerated in
clinical trials [51]. Therefore, we sought to investigate whether NT-I7 accelerates the T

cell reconstitution process following radiation exposure.

3.3.1. NT-17 promotes peripheral blood T cell reconstitution following
TBI

To assess the effect of NT-17 on peripheral blood T cell recovery following
radiation, C57BL/6 mice underwent sublethal irradiation at 5 Gy, followed by vehicle or
NT-17 treatments via subcutaneous injections. Two NT-I7 treatment regimens were
performed weekly following TBI, starting at 24 hr or day 7 after radiation. CBC and flow
analyses revealed that total white blood cell, lymphocyte, and CD3 T cell counts
dropped 20- to 30-fold compared to baseline, reaching the nadir on day 7 (Figures 18A to
18C). Vehicle group underwent prolonged reconstitution of all cell types, taking at least
56 days to recover back to baseline. In contrast, NT-I7 induced rapid increase in all cell
types examined. Specifically, accelerated recovery was observed in total CD3 cells, CD4,
and CD8 T cells in NT-17 groups (Figures 18C to 18K). Notably, NT-I7 treatment starting
at 24 hr and day 7 (at the nadir) achieved similar T cell reconstitution kinetics. Further
analysis revealed that NT-I7 improved recovery of various T cell subsets, including TN,

TCM, and TEM (Figures 18E to 18G; 18I to 18K), rather than skewing towards a specific
20



subset of T cells. Interestingly, CD8 T cells appeared to be more sensitive to NT-17-
induced recovery compared to CD4 T cells, which can be contributed to changes in
lineage commitment during thymic development or differential responsiveness to NT-17

during homeostatic proliferation of mature T cells.
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Figure 18. NT-17 induces peripheral blood T cell recovery after total body
irradiation.

C57BL/6 mice underwent 5 Gy TBI, followed by vehicle, NT-17 injection at
10mg/kg at day 7, day 14, and day 21 or NT-17 injection at 24 hr, day 7, day 14, and day
21. Complete blood count of WBC (A) and LY (B) were determined prior to irradiation
(Pre) and until day 98 following TBI. Cell counts of total CD3 cells (C), CD4 T cells
(D), CD4 TN (E), CD4 TCM (F), and CD4 TEM (G) were determined prior to
irradiation and until day 98 following TBI. Cell counts of total CD8 T cells (H), CD8
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TN (I), CD8 TCM (J), and CD8 TEM (K) were determined prior to irradiation and
until day 98 following TBI. Data are means = SD. * P < 0.05, vehicle vs. NT-17; # P<
0.05, vehicle vs NT-17@D7; & P <0.05, NT-17 vs. NT-17@D7; multiple t test. WBC, white
blood cell; LY, lymphocytes; TN, naive T cell, TCM, central memory T cell, TEM,
effector memory T cell.

To determine whether NT-17 also plays a role in T cell recovery in aged animals,
we further assessed total CD3, CD4, and CDS8 T cell counts in animals at 38-41 weeks
and 62 weeks of age following TBI exposure. Similar T cell recovery trends were
observed in NT-I7-treated mice, with a greater magnitude of CD8 reconstitution
compare to CD4 T cells following the nadir (Figure 19). In addition to investigating the
effect on T cells, we also examined whether NT-17 altered the recovery of myeloid
populations. Interestingly, NT-I7 also led to rapid recovery of neutrophils and
monocytes compared to vehicle-treated mice (Figures 20A and 20B). However, the
recovery of red blood cells and platelets was delayed with NT-I7 treatment (Figures 20C

and 20D). These data indicate that NT-I7 induces accelerated T cell and specific myeloid

subset recovery in the peripheral blood.
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Figure 19. NT-17 induces peripheral blood T cell recovery in aged animals after
total body irradiation.

C57BL/6 mice underwent 5 Gy TBI, followed by vehicle or NT-I7 injection at 10mg/kg
at 24 hr, day 7, day 14, and day 21. Cell counts of total CD3 cells (A), CD4 T cells (B),
CD8 (C) in mice aged 38-41 weeks, and total CD3 cells (D), CD4 T cells (E), CD8 (F) in
mice aged 62 weeks were determined prior to irradiation and until day 98 following
TBI. Data are means + SEM. * P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 vehicle vs.
NT-17; multiple t test.
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Figure 20. NT-17 induces changes in myeloid cell recovery after total body
irradiation.

C57BL/6 mice underwent 5 Gy TBI, followed by vehicle, NT-17 injection at 10mg/kg at
day 7, day 14, and day 21 or NT-17 injection at 24 hr, day 7, day 14, and day 21.
Complete blood count of neutrophils (A), monocytes (B), red blood cells (C), and
platelets (D) were determined prior to irradiation (Pre) and until day 98 following
TBI. Data are means * SD. * P < 0.05, vehicle vs. NT-17; # P< 0.05, vehicle vs NT-17@D7;
& P <0.05, NT-17 vs. NT-17@D7; multiple t test. NE, neutophil; MO, monocyte; RBC,
red blood cells; PLT, platelets.

3.3.2. NT-I7 promotes systemic T cell recovery

NT-I7 treatment induced rapid T cell recovery in the peripheral blood. However,
mechanisms of T cell generation across various primary and secondary lymphoid organs

vary, hence it is unclear whether similar reconstitution kinetics is recapitulated
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systemically. To investigate whether the effect of NT-I7 is recapitulated in systemic T cell
recovery, BLI imaging of chimera mice generated from T-Luc bone marrow donor cells
(Figure 3) was utilized to determine recovery kinetics across different tissues. Weekly
NT-I7 or vehicle injections were administered to chimeras starting at 24 hr and
continued up to day 21 following 5 Gy TBI. Similar to preliminary findings using T-Luc
mice, robust T cell recovery was observed in NT-I7 treated animals within the first few
weeks following TBI (Figure 21A). Notably, the effect on T cell recovery persisted even
after the last injection was administered. T cells were readily detected in the thymus,
lymph nodes, spleen, and the GI tract in both groups. However, T cell signals were
remarkably more saturated in NT-I7 treated mice since day 7 through day 63. From day
70, the signal intensity became more comparable between the two groups, indicating

that the effect of NT-17 is more robust early after TBI.
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Figure 21. NT-17 treatment induces systemic T cell recovery following TBI.

(A) Following chimera generation with T-Luc BM, NT-I7 or vehicle was given to
chimeras following 5 Gy TBI, BLI was performed weekly to determine the kinetics of
T cell recovery. C57BL/6 mice underwent sublethal irradiation at 5 Gy, followed by
vehicle or NT-17 (10mg/kg) injections at 24h and day 7. Spleens and femur-derived
bone marrow were collected 14 days after TBI. (B) Left; Cellularity of total
splenocytes. Right: cellularity of total bone marrow cells per femur. Absolute cell
counts of total T cells (C), CD4 T cell subsets (D), and CD8 T cell subsets (E) in the
spleen. Absolute cell counts of total T cells (F), CD4 T cell subsets (G), and CD8 T cell
subsets (H) in the bone marrow per femur. Data are means + SEM. *P < 0.05, **P < 0.01,
and ***P < 0.001; two-tailed unpaired t test. Data are representative of 5 biological
replicates.

Although imaging studies using chimera mice demonstrated that NT-17 induces
rapid T cell recovery at various peripheral sites following sublethal irradiation.
However, it is unclear whether enhanced BLI signals correspond to cellularity changes
in primary and secondary lymphoid organs. To determine whether T cell recovery
through imaging is validated through corresponding changes in absolute cell counts, we
collected spleens and bone marrow from C57BL/6 mice treated with vehicle or NT-17 14
days following sublethal irradiation at 5 Gy. Absolute cell counts were significantly
increased in NT-I7-treated mice relative to vehicle group in both the spleen and bone
marrow (Figure 21B). In the spleen, total CD4 T cells counts were comparable between
vehicle and NT-17 groups (Figure 21C). However, CD4 central memory T cells (TCM)
were increased compared to vehicle group (Figure 21D). Strikingly, total CD8 T cell

numbers were significantly increased in NT-I7-treated mice (Figure 21C). T cell subset

analyses further revealed that the increase in CD8 T cells is primarily contributed by
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expansion of central memory T cells (TCM) in NT-I7 mice (Figure 21E). In addition, both
CD8 naive (TN) and effector memory (TEM) T cells were elevated in NT-17 group, which
is potentially beneficial for mounting both primary and secondary T cell responses
against pathogen challenge. Interestingly, NT-17-treated mice also exhibited significantly
higher total CD8 T cells in the bone marrow (Figure 21F). In contrast, total CD4 T cells
were comparable between vehicle and NT-I7 mice while CD4 TCM were reduced in the
latter group (Figure 21G). Notably, CD8 TCM, which account for the majority of total
CD8 T cells, were highly increased in the bone marrow of NT-17 mice (Figure 21H). Bone
marrow is known to provide a niche for antigen-specific memory T cells, which migrate
from the peripheral following resolution of acute infection. Previous studies revealed
that bone marrow memory CD8 T cells preferentially undergo proliferation in response
to IL-7 and IL-15. It is possible that NT-17, a long-acting IL-7, can induce rapid
homeostatic expansion, supporting both the in vivo imaging results and the increase in
absolute CD8 T cell counts. Additionally, CD8 memory T cells persisting in the bone
marrow have been shown to mount effective secondary response against viral infections
upon adoptive transfer [85]. It is possible that NT-17 treatment further offers protection
against secondary viral challenge to improve survival and antigen-specific CD8 memory
T cells response. Additionally, further in vivo studies should be conducted to verify that
rapid CD8 T cell recovery induced by NT-I7 is not accompanied by an inflammatory

response in the absence of pathogen challenge or immunization. Taken together, these
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findings demonstrate the clinical implication that NT-I7 treatment following radiation
exposure induces rapid T cell recovery, which is critical for mediating protection against

opportunistic pathogens when T cells are scarce.

3.3.3. NT-17 enhances T cell reconstitution through both thymic-
dependent and independent mechanisms

Chimeras generated using T-Luc bone marrow demonstrated rapid induction of
T cell reconstitution following TBI (Figure 4). However, it is unclear whether this
process is primarily mediated through de novo generation of T cells through
radioresistant hematopoietic stem cells during thymic development or through thymus-
independent mechanisms such as peripheral expansion of radioresistant mature T cells.
To this end, we utilized lethally irradiated white C57BL/6 mice transplanted with either
T-Luc-derived lineage negative (Lin") cells from the bone marrow or mature T cells
(Figure 22A), along with either Lin- cells or T cells from wild type C57BL/6 donors. To
simulate the effect of TBI on hematopoietic stem cells and mature T cells, both Lin- cells
and T cells were irradiated prior to transplantation so that the contribution of
radioresistant Lin- cells and T cells can be detected through imaging. Following
transplantation, recipients were treated with either NT-I7 or vehicle as shown in Figure
22A. Imaging was performed weekly to visualize the T cell recovery in various locations.
NT-17-treated mice began to show T cell signal on day 14 and 21 after transplantation,

primarily in the thymus, indicating that radioresistant Lin--derived cells began to
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contribute to T cell development in the thymus (Figure 22B). Over the subsequent
weeks, increased signal from the thymus was detected from day 28 through day 56.
Moreover, increased T cell signal was detected in the cervical lymph nodes, spleen, and
GI tract, suggesting that radioresistant Lin- cells can contribute to the mature T cell pool

in the periphery with NT-I7 treatment as soon as 21 days after transplantation.
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Figure 22. NT-17 enhances T cell reconstitution through thymic-dependent and
independent pathways.

(A) Schematic of experimental design to determine the mechanisms of NT-17 during T
cell recovery. lethally irradiated white C56BL/7 mice transplanted with either T-Luc-
derived lineage negative (Lin’) cells from the bone marrow or mature T cells, along
with either Lin- cells or T cells from wild type C56BL/7 donors. Both Lin- cells and T
cells were irradiated at 2 Gy prior to transplantation. Recipients were subsequently
treated with vehicle or NT-17 as shown in Fig 7A. (B) BLI of recipients treated with
vehicle or NT-17 following transplantation with T-Luc-derived Lin- cells and wild
type C56BL/7 T cells. (C) BLI of recipients treated with vehicle or NT-17 following
transplantation with T-Luc-derived T cells and wild type C56BL/7-derived Lin- cells.
Data are means + SEM. *P < 0.05; two-tailed Welch’s t test.

In contrast, thymopoiesis from T-Luc-derived Lin- cells was not detected until
day 56 in the vehicle group. These results indicate that in the absence of NT-17 to boost T
cell recovery, radioresistant Lin- cells contribute to thymopoiesis albeit in a markedly
delayed manner. In contrast, NT-17 treatment considerably accelerates the repopulation
of progenitor cells to induce thymopoiesis. These findings also suggest that intervention
with NT-I7 following radiation exposure may be able to shorten the window of
susceptibility to opportunistic infections. In the peripheral expansion model, T cell
signals in the vehicle group were detected albeit at low intensity 21 days after
transplantation (Figure 22C). The presence of T cells increased slightly over the course of
98 days. In contrast, T cells can be readily visualized in various secondary lymphoid
organs and the GI tract in NT-I7-treated group as soon as 14 days after transplantation,

at a remarkably higher intensity compared to vehicle-treated group, reaching peak

intensity on day 35. The results suggest that NT-I7 enhances the peripheral expansion of
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radioresistant T cells. These observations also recapitulated the findings in Figure 21 that
the effect of NT-17 persisted even after the end of treatment. Interestingly, NT-17-
mediated T cell reconstitution through thymic-dependent mechanisms underwent a
continual and steady increase compared to vehicle group. In contrast, thymic-
independent T cell recovery through NT-I7 is characterized by a large spike as soon as
14 days after TBI, plateauing at around 49 days. These observations indicate that rapid
expansion of mature radioresistant T cells is the dominant mode of NT-I7-mediated T
cell recovery early after radiation. De novo T cell generation in response to NT-17
appears to be the predominant source of T cell recovery following the extensive
peripheral expansion process. Altogether, results from the two distinct transplantation
experiments support the role of NT-17 in rapidly enhancing T cell reconstitution after
radiation exposure through both thymus-dependent and peripheral expansion

mechanisms.

3.3.4. NT-17 alters DN-to-DP transition and enforces commitment to
cytotoxic-lineage T cells

We observed that NT-I7-mediated thymic-dependent T cell recovery is
characterized by a gradual increase approximately 21 days after radiation (Figure 23B), a
relatively slow process compared to peripheral expansion of mature T cells. These

observations were recapitulated in an endogenous T cell recovery model, where WT
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mice were irradiated at 5 Gy, followed by vehicle or NT-17 injections at 24 hr and day 7.
As expected, thymocyte numbers are comparable 14 days after TBI in vehicle- and NT-
17-treated mice (Figure 23A). However, it is unclear whether thymic development and

lineage commitment are altered by NT-I7 treatment.
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Figure 23. NT-17 alters the DN-to-DP transition as well as the relative
abundance of SP4 and SP8 thymocytes during T cell development.
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C57BL/6 mice underwent sublethal irradiation at 5 Gy, followed by vehicle or NT-17
(10mg/kg) injections at 24h and day 7. Thymi were collected for analysis. (A)
Cellularity of thymocytes in vehicle- and NT-I7-treated animals. (B) Left:
Representative gating strategy for DN1-to-DN4 transition. Right: Percentages of DNI1,
DNZ2, DN3, and DN4 thymocytes in vehicle- and NT-17-treated animals. (C)-(F)
Cellularity of DN1, DN2, DN3, and DN4 thymocytes in vehicle- and NT-I7-treated
animals. (G) Left: Representative gating strategy for DN-to-DP transition. Right:
Percentages of DN, DP, SP4, and SP8 thymocytes in vehicle- and NT-17-treated
animals. (H)-(K) Cellularity of DN, DP, SP4, and SP8 thymocytes in vehicle- and NT-
I7-treated animals. Data are means + SEM. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P
< 0.0001; two-tailed Welch’s t test. Data are representative of 5 biological replicates.
Numbers indicate percentage of cells in gates.

Further analyses demonstrated that the composition of various thymocyte
subsets is drastically altered in NT-17 group, potentially leading to differences in CD4 vs.
CD8 T cell numbers following export to the periphery. During thymocyte development,
IL-7Ra expression is first detected at the DN2 stage [86]. IL-7 signaling is critical during
[-selection at the DN3 stage to support survival and proliferation. FACS analyses
indicate a significant increase in the frequencies of DN2 and DN3 thymocytes among all
DN populations following NT-17 treatment (Figure 23B). Furthermore, the absolute cell
counts of all DN subsets are significantly increased compared to vehicle group (Figure
23C-23F), suggesting an increase in the total input of thymus-seeding cells such as
common lymphoid progenitors or early thymic progenitors. Interestingly, IL-7Ra
expression is downregulated beginning at the DN4 stage and cessation of IL-7 signaling
facilitates positive selection in DP thymocytes. Following positive selection, IL-7Ra

expression is re-induced in thymocytes for survival. The relative frequencies of DN, DP,
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CD4+CDS8- (S5P4), and CD4-CD8 (SP8) thymocytes were further assessed to determine the
effect of NT-17 at distinct transition stages (Figure 23G). The results indicate that NT-17
treatment selectively increases the frequency and absolute number of SP8 thymocytes,
likely at the expense of SP4 thymocytes (Figures 23-23K). These findings are in line with
previous reports regarding the role of intrathymic IL-7 in CD4 vs CD8 lineage
commitment as IL-7 signaling enforces CD8 T cell fate. Therefore, NT-I7 enhances CD8
cytolytic lineage commitment relative to vehicle group. Following emigration to the
periphery, increased CDS8 total cell count in the spleen and bone marrow (Figure 21),
which supports CDS8 fate commitment during thymic development, may be critical for

mounting effective cytotoxic response against pathogen challenges in NT-I7 mice.

3.3.5. NT-17 alters the frequency and number of HSC and progenitors
after TBI

Our peripheral blood data suggest that while T cells, neutrophils, and monocytes
are increased, there was a delay in platelet and red blood cell recovery with NT-17
treatment (Figure 20). It is possible that NT-17 affects lymphoid and myeloid lineage
commitment. We also showed that NT-I7 led to a significant increase in the bulk DN
thymocyte population, including DN1 thymocytes which contains bone marrow-derived
early thymocyte progenitors. These findings prompted us to investigate whether NT-17

affects lineage commitment at the HSC and progenitor stage. We first examined the
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composition of Lin-Scal*cKit* (LSK) cells, which consist of HSC, multipotent progenitors
(MPP), hematopoietic progenitor 1 (HPC-1), and HPC-2 cells in the bone marrow. We
showed that NT-17 selectively increased the frequency and absolute numbers of HPC-1,
a mixture of lymphoid- and myeloid-restricted progenitors that have lost the potential to
differentiate into erythrocytes and megakaryocytes [87] (Figure 24). These data are
consistent with increased T cells, neutrophils, monocytes in contrast to reduced platelet
and red blood cell recovery in NT-I7-treate mice. Furthermore, the frequency and
absolute number of MPP underwent a drastic increase in the presence of NT-17. In
contrast, the absolute number of HSCs was significantly reduced with NT-I7 treatment.
Together with increased recovery of various white blood cell subsets, it is possible that
NT-17 treatment promotes the differentiation of HSCs into restricted progenitors. We
further assessed the differentiation potential of bone marrow cells isolated from
unirradiated control, vehicle, and NT-I7 mice. While TBI drastically reduced the total
number of colonies in both vehicle and NT-I7 bone marrow, granulocyte-macrophage
progenitors (CFU-GM) colonies are increased with NT-I7 treatment compared to vehicle
(Figure 25). By contrast, Bone marrow from NT-I7 group generated significantly reduced
burst forming unit erythroid (BFU-E) colonies, which give rise to red blood cells.
However, the number of total colonies and common myeloid progenitors (CFU-GEMM)
are reduced in NT-I7-treated group. Overall, we found that data from CFU assays are

consistent with changes in corresponding populations in the peripheral blood.
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Figure 24. NT-17 alters the frequency and number of stem and progenitor
populations.

C57BL/6 mice underwent sublethal irradiation at 5 Gy, followed by vehicle or
NT-17 (10mg/kg) injections at 24h and day 7. Femurs were collected for analyses.
HPC-1, HPC-2, HSC, MPP are gated on live Lin Scal*cKit* (LSK) bone marrow cells.
Frequencies of HPC-1 (A), HPC-2 (B), HSC (C), and MPP (D) in whole bone marrow
cells. Absolute numbers of HPC-1 (E), HPC-2 (F), HSC (G), and MPP (H) per femur.
Data are representative of 5 biological replicates. Data are means * SEM. **P < 0.01,
***P < 0.001, and ****P < 0.0001; two-tailed unpaired t test. WBM, whole bone marrow
cells.
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Figure 25. NT-17 alters the differentiation potential of bone marrow cells after
TBI.

C57BL/6 mice underwent sublethal irradiation at 5 Gy, followed by vehicle or NT-17
(10mg/kg) injections at 24h and day 7. Total bone marrow cells were plated for CFU
assays at a concentration of 2 x 10* cells per 35mm dish. Total colonies (A),
granulocyte-macrophage progenitor colonies (B), burst forming unit erythroid
colonies (C), and common myeloid progenitor colonies (D) for counted. Data are
means * SEM. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001; two-tailed unpaired
t test. Data are representative of 5 biological replicates. Colony forming unit-
granulocyte-macrophage progenitor, CFU-GM; burst forming unit erytheroid, BFU-E;
common myeloid progenitor, GEMM.

3.3.6. NT-I7 treatment preserves T cell effector function and
proliferation in response to TCR stimulation

We demonstrated the contribution of NT-I7 to both thymic-dependent and -

independent mechanisms, as well as the effect at the stem cell and progenitor stage.
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Imaging analyses and lymphoid organ cellularity further revealed that NT-17 promotes
T cell recovery. However, it is unclear whether effector T cell function is retained
following TBI exposure with NT-17 treatment. To address these questions, we sought to
measure the expression of the cytotoxic mediator granzyme B (Gzmb) as well as
proinflammatory cytokines. Following stimulation with anti-CD3 and anti-CD28
antibodies, spleen-derived T cells were assessed for the frequency of Gzmb* producers.
While both groups demonstrated elevated Gzmb* T cell frequencies compared to resting
T cells (Figure 26A, left panel), T cells from NT-I7-treated mice exhibited significantly
increased proportions of cytotoxic T cells compared to vehicle group (Figure 26A, right
panel). We further measured pro-inflammatory cytokine expression. In both CD4 and
CD8 T cells subsets, IFN-y* producer frequencies were elevated (Figure 26B). However,
the expression of TNF-a was comparable between NT-17 and vehicle T cells (Figure
26C). In addition to effector functions, the effect of NT-I7 on T cell proliferation capacity
was also assessed. Following in vitro stimulation, majority of T cells from both vehicle
and NT-I7 groups underwent proliferation evidenced by the frequency of Ki67+ cells
(Figure 26E), suggesting that both groups responded equally well to TCR stimulation. In
summary, we show that T cell effector function is retained or enhanced following NT-I17
treatment after radiation exposure. We further show that proliferation capacity in
response to TCR stimuli is preserved in vitro. Further studies will elucidate whether in

vivo T cell response is altered through NT-17 treatment.
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Figure 26. NT-17 treatment preserves T cell effector function and proliferation.

C57BL/6 mice underwent sublethal irradiation at 5 Gy, followed by vehicle or NT-17
(10mg/kg) injections at 24h and day 7. Splenocytes were stimulated with anti-CD3
(Tug/ml) and anti-CD28 (0.3ug/ml) antibodies for 72h and analyzed for flow cytometry
analysis. Splenocytes were incubated with PMA (20ng/ml) and ionomycin (1uM) 4
hours prior to collection for cytokine analysis. (A) Granzyme B expression in CD4 and
CDS8 T cells following stimulation. (B) IFN-y expression in CD4 and CD8 T cells
following stimulation. (C) TNF-a expression in CD4 and CD8 T cells following
stimulation. (D) Frequencies of Ki67+ CD4 and CD8 T cells. Data are means + SEM. *P
< 0.05 and ***P < 0.001; two-tailed unpaired t test. Data are representative of 5
biological replicates. Numbers indicate percentage of cells in gates. Numbers indicate
percentage of cells in gates.
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4. Discussion

In this study, we sought to investigate the T cell recovery process in response to
ionizing irradiation in different settings, including TBI alone and TBI as a conditioning
regimen for bone marrow transplantation. We further examined the role of NT-17, a
long-acting homodimeric recombinant human IL-7, in mediating T cell recovery after

TBIL

4.1 Characterizing T cell constitution following TBI

Bone marrow failure and severe lymphopenia are major causes of morbidity and
mortality associated with TBI exposure. Delayed immune reconstitution over the course
of several months to years leads to compromised immunity against infections. In
contrast to innate immune cells such as NK cells and monocytes that undergo
accelerated recovery early, T cell recovery is a significantly prolonged process [88].
Studies have shown that even a single exposure to low dose (0.5 Gy) TBI can lead to
long-term changes in the T cell pool [7]. However, few studies assessed the effect of
higher dose TBI (> 5 Gy) on the reconstitution process through diverse T cell generation
mechanisms. Moreover, there is a general lack of understanding in the mechanisms
utilized by radioresistant T cells during homeostatic proliferation, which can have
positive implications on the therapeutic approaches to enhance T cell recovery after TBI.
In the current study, we characterized the dynamics and mechanisms of T cell

114



reconstitution to help predict T cell response to radiation, which can provide novel

perspectives for optimizing the treatment options in the clinical setting.

We first characterized peripheral blood kinetics in response to various TBI doses.
Peripheral blood T cells are severely depleted with the first week after TBI, reaching the
nadir on approximately day 7. Both CD4 and CD8 T cells recovery back to baseline at
around 42 days after exposure, including high dose TBI at 7 Gy (Figure 1), indicating a
window of susceptibility for medical treatments to enhance T cell recovery.
Furthermore, we demonstrated that peripheral blood T cells undergo recovery in a TBI
dose-dependent manner. It is unclear whether the kinetics observed in the peripheral
blood is recapitulated systemically, including lymphoid organs and peripheral tissues
where differences in homeostatic cues exist in the microenvironment. Specifically,
during transit in the blood, naive T cells undergo minimal exposure to IL-7, a critical
component regulating T cell survival and homeostasis. In contrast, secondary lymphoid
organs are the primary site of IL-7 production [45]. However, there is no tool available to
track the kinetics and magnitude of T cell expansion in various lymphoid organs and
other peripheral tissues in vivo, which can provide a more comprehensive
understanding on systemic T cell recovery. Using chimera mice reconstituted with
donor cells that selectively express the luciferase reporter in T cells, we ventured to

characterize how T cells respond to TBI from a systemic perspective. Visualization of T

115



cells in vivo offers a glimpse of T cell recovery mechanisms. The data indicate that both
thymus and lymph nodes are actively involved during recovery. Interestingly, the GI
tract is also a major site undergoing active T cell reconstitution. It is possible that
homeostatic cytokines produced by intestinal epithelial cells [89], such as IL-7,
contributes to mucosal T cell homeostasis in response to TBIL. Overall, quantification of
total signal intensity suggests that the nadir and the time it takes to recover back to
baseline are similar to trends observed in the peripheral blood, highlighting the window

of severe T cell depletion and optimal window of medical intervention.

Although in vivo imaging studies indicate an active role for thymic-dependent T
cell recovery following TBI, whether thymocyte development is altered by radiation is
unclear. To address this question, we analyzed thymocyte populations at various
developmental stages. We demonstrated that reduction in total thymocyte numbers is
radiation dose-dependent (Figure 5). Although, developmental checkpoints within DN1-
DN4 were not significantly affected, TBI exposure reduced total DN thymocytes,
suggesting that there may be a corresponding defect in number of early thymic
progenitors seeding the thymus. The reduction in thymic cellularity may lead to a drop
in TCR repertoire diversity, which can cause defective immune response against a
diverse range of pathogens, as well as lack of response to immunizations. To determine

whether TBI at various doses leads to reduced TCR diversity and expansion of selective
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clones, we analyzed V] entropy and the degree of clonal expansion. The data suggest
that TCR repertoire diversity is relatively well-preserved even at high dose TBI in the
current mouse model (Figure 6). However, it is worth nothing that there is an intrinsic
difference between mouse and human T cell maintenance. Peripheral T cell maintenance
is less dependent on thymopoiesis in human than mice [90]. Specifically, maintenance of
TN is highly dependent on thymopoiesis in mice throughout their entire lifespan. In
contrast, TN in adult humans are maintained almost exclusively through homeostatic
expansion. To further address the biological differences, future studies should also be
conducted using non-human primate models. Additional factors that influence T cell
recovery in response to TBI includes aging, which can lead to reduced stem cell and
lymphoid progenitor output, as well as thymic involution, a direct contributing factor to
a decline in de novo T cell generation. Specifically, TBI-induced thymopoiesis
suppression can siginificantly exacerbate thymic involution in older individuals [7].
Gender can also affect the T cell recovery kinetics through the thymic-dependent
pathway upon radiation exposure. Previous studies suggest that thymocytes undergo a
rapid decline early following TBI in males [7]. By contrast, females exhibited a gradual
trend in thymocyte reduction, which may be attributed to different rates of thymic

involution depending on the gender.
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In addition to assessing the effect of radiation on thymic-dependent T cell
generation, we also investigated involvement of radioresistant T cells, which can
undergo expansion in lymphopenic conditions to contribute to peripheral T cell
recovery. Previous immunophenotyping and in vitro studies in mice and non-human
primates showed that survival of radioresistant T cells is associated with the naive
versus memory status [4; 6]. In terms of the expansion process in lymphopenic
conditions, one murine study assessed the gene signatures associated with homeostatic
proliferation of normal T cells. However, there was only a small pool of candidate genes,
which did not demonstrate consistent correlation with the homeostatic proliferating
phenotype [53]. These early findings suggest a lack of unique transcription profile
associated with T cell expansion in the lymphopenic environment. However, the pool of
genes screened in earlier studies was limited by the number of gene sequences available
in the microarray. Overall, very little is known about T cell populations that are actively
involved during the expansion process in response to radiation. In the current study, we
utilized single cell sequencing to characterize the subpopulations of radioresistant T
cells, the unique gene expression profiles, and relevant pathways upregulated during T
cell recovery. Unsupervised clustering analysis revealed 6 main clusters of radioresistant
T cells, which were further annotated using the InmGen database. We showed that
while non-cycling naive T cells and a small subset of memory T cells are shared between

control and irradiated samples, there were four unique clusters of moderately and
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highly proliferative memory T cell clusters (Figure 7C). To resolve the relationship
among the radioresistant T cell populations, we utilized trajectory analyses to determine
the differentiation paths. The data suggest that both naive and memory T cells are
actively involved during recovery following TBI (Figure 8), with naive T cells gradually
acquiring a “memory phenotype” in the absence of immunization or pathogen
challenge. Furthermore, we assessed pathways that are upregulated at different time
points during recovery to determine which mechanisms are utilized by proliferating
radioresistant T cells. Pathway enrichment analysis revealed that various mitochondrial
components involved in oxidative phosphorylation (OXPHOS) are highly upregulated
on both day 5 and day 21 following TBI, indicating increased dependence on OXPHOS,
in contrast to predominately relying on glycolysis in conventionally activated T cells.
These findings were further validated by measuring oxygen consumption rate in freshly
isolated radioresistant T cells, which exhibited enhanced basal and maximal respiration
compared to control T cells (Figure 9D). Future experiments should investigate whether
OXPHOS is specifically required for the recovery of radioresistant T cells through
manipulation of genes critical for regulating mitochondrial OXPHOS, including the
deletion of Drpl and Opal, which can lead to increased and decreased OXPHOS
through regulation of mitochondrial fission and fusion, respectively. We also screened
for the expression of oxidative stress markers, including Hsp90aal, Prdx1, Prdx2, and

Txnl are upregulated in radioresistant T cells compared to unirradiated control T cells,

119



which can indicate increased level of reactive oxygen species (ROS) that can be
associated with increased metabolism (Figure 10). A potential source of elevated
oxidative stress is due to residual ROS as a result of TBI exposure on irradiated cells or
ROS that are passed on to bystander cells [91]. However, the expression of stress-related
genes is further increased later during expansion. The distribution of annotated Seurat
clusters along pseudotime (Figure 10A, right panel) suggests that T cells undergo more
oxidative stress as they acquire the memory phenotype following expansion. It is
possible that active metabolic processes during proliferation can contribute to oxidative
stress. However, they can also indicate reduced metabolic fitness, which is major
limiting factor for T cell longevity [36]. Together, these results improved the current
understanding of both the do novo T cell generation pathway and the homeostatic

proliferation process in response to TBI.

Besides assessing the numerical recovery and the gene expression profile of T
cells after TBI treatment, we further investigated whether TBI plays a role in altering the
proliferative capacity of T cells. Interestingly, radioresistant naive and effector memory
T cells demonstrated markedly increased proliferation capacity compared to control T
cells in response to homeostatic proliferation cues in vitro (Figure 11A). Radioresistant
naive T cells also showed increased enhanced proliferation in response to TCR

stimulation (Figure 11B). The robust proliferation response in both the homeostatic

120



proliferation setting and conventional activation setting suggest that radioresistant T
cells may be able to mediate protection against infections during the lymphopenic

window, which requires future studies in vivo.

4.2. Manipulating T cell reconstitution following bone marrow
transplantation

We characterized endogenous T cell recovery following TBI exposure. In the
bone marrow transplant setting, TBI is incorporated as part of the conditioning regimen
to make space for donor cell engraftment, a curative therapy for hematologic
malignancies. In this setting, recovery of both donor and recipient T cells can contribute
to protection against infections during the lymphopenia period. However, donor T cells
can also lead to detrimental outcomes by mediating GVHD upon alloantigen
recognition. In contrast, non-alloreactive donor T cells are critical for mediating anti-
tumor immunity to prevent tumor relapse in addition to reducing risks of infections.
Therefore, it is imperative to selectively prevent the recovery of alloreactive donor T

cells and preserve the function of non-alloreactive T cells.

We exploit the metabolic preferences associated with activated alloreactive donor

T cells in attempt to achieve optimal separation of GVL from GVHD. Activated T cells
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are dependent on aerobic glycolysis to support growth, division, and effector functions
[21; 55; 92]. Previous studies revealed conflicting results regarding the role of glycolysis
in the pathogenesis of T cell-mediated GVHD [27; 29; 30; 31; 54]. In the current study, we
utilized T cells genetically deficient for Glutl to directly demonstrate the requirement for
glycolysis in donor T cell-mediated acute GVHD without affecting glycolysis in antigen
presenting cells. We established that glycolysis modulates the magnitude of T cell
response through proliferation and survival. We further demonstrated ex vivo glycolysis
inhibition that specifically targets alloreactive T cells to prevent acute GVHD while

sparing GVL effect as a preventive approach.

Several studies reported that elevated glucose metabolism is strongly associated
with donor T cell-mediated GVHD [93; 94]. Positron emission tomography studies
revealed that glucose analog uptake is correlated with donor cell infiltration and GVHD
symptoms [94]. A retrospective single-cell RNA sequencing study identified
upregulated genes encoding glycolytic enzymes in GVHD patients [93]. Despite the
phenotypic analyses and the existing paradigm for the dependence of activated T cells
on glycolysis, other groups reported that alloreactive T cells in vivo are less glycolytic
and are primarily dependent on oxidative metabolism, namely FAO [30; 31; 54].
However, the absence of conditioning-associated tissue damage in these models

contributes to limited release of inflammatory cytokines during the priming phase of T
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cells, subsequently altering the regulation of metabolic reprogramming and
inflammatory response. Moreover, the evaluation of key glycolysis parameters and
contribution of homeostatic expansion were not addressed. Contrary to this report,
Nguyen et al. used a comprehensive metabolite analysis to demonstrate that alloreactive
T cells derived from an irradiated model highly upregulate glycolysis compared to
syngeneic recipients. The administration of glycolysis inhibitors in recipients alleviated
disease progression. However, the systemic treatment led to off-target effects that
compromised efficacy that could be attributed to organ toxicity [29]. Functional studies
that specifically target glycolysis in T cells are therefore necessary to address the role of
glycolysis in GVHD pathogenesis. To this end, we utilized donor T cells genetically
deficient for Glutl, a major glucose transporter in activated T cells. We showed that in
contrast to WT T cells, Glut1™ Calloreactive T cells showed significantly impaired
capacity to adopt aerobic glycolysis (Figures 13A and 13B). Transplant experiments
using Glutl™©T cells remarkably prevented acute GVHD-associated clinical traits and
improved survival (Figure 12). Glycolysis is required for both CD4* and CD8* T cell-
mediated pathogenesis as transfer of Glut1™© CD4* or CD8* T cells showed significant
increase in body weight, reduced clinical score and target organ damage compared to
controls (Figure 12). However, disease kinetics and target organ damage differed due to
difference in natural disease progression associated with the transfer of CD4* versus

CD8* T cells, with rapid improvement of disease progression and alleviated
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gastrointestinal tract damage in CD4* T cell recipients compared to delayed disease
resolution and reduced skin damage in CD8* T cell recipients. Glut1™*°T cell recipients
in the C57BL/6 — BALB/c setting had not completely recovered their body weights
when they were sacrificed after day +100. Even though we did not observe obvious signs
of chronic GVHD at necropsy and histological analysis (data not shown), these
observations do raise a question whether this strategy has any impact on chronic GVHD.
More comprehensive analyses using chronic GVHD models will be needed to answer
this question. Taken together, the above experiments demonstrated dramatically
improved long-term survival compared to recipients of donor cells with intact
glycolysis, providing solid evidence that glycolysis is selectively required for acute

GVHD development.

mTORCI activation has been shown to support cell growth, proliferation, and
Teit functions by promoting translation and anabolic metabolism [55; 95; 96; 97]. Nguyen
et al. showed that mTORC1-deficient T cells have reduced ability to induce GVHD,
accompanied by a less glycolytic phenotype [29]. However, it remains unclear whether
the utilization of glycolysis directly promotes mTORCI signaling in alloreactive T cells.
As a sensor for metabolic cues, mMTORCI activity can be modulated by glucose
availability [20]. Consistently, the current study (Figure 13C) demonstrated impaired

mTORCT1 activation as a direct consequence of impaired glycolysis. Additionally,
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mTORCT1 activity is negatively regulated by AMPK, an energy stress sensor that

promotes catabolic pathways including FAO and OXPHOS [98].

Glycolysis has been implicated to support survival as well as antigen-specific
expansion [27]. We first assessed the impact on T cell expansion. In vitro experiments
indicated a profound defect in clonal expansion of alloreactive T cells upon antigen
stimulation (Figure 13D). This observation was recapitulated in vivo by the numbers of
donor T cells recovered (Figure 13E) and percentages of divided donor cells using
proliferation dye (Figure 13F). The difference in response was exclusively seen in
allogeneic recipients but not syngeneic controls (Figure 13E), indicating that alloreactive
T cells are dependent on glycolysis for proliferation. Modulation of inflammatory
cytokine secretion is also a critical determinant of T cell pathogenicity. Previous studies
demonstrated a role for glycolytic enzymes in the translational regulation of
inflammatory cytokines by engaging/disengaging glycolysis upon TCR crosslinking [22;
23]. Glycolysis inhibition has also been linked to diminished cytokine production in
previous studies, where 2-DG was systemically delivered to BMT recipients [29].
However, glycolysis is also required for DC maturation and migration [56; 57; 58].
Proliferative T cell response can be severely impaired when activated by DCs previously

treated with 2-DG [58]. In the currently study, we directly demonstrated defects in both
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proliferation and inflammatory cytokine production in Glut1™©alloreactive T cells

without simultaneously targeting non-T cells.

Glutl™OT cells previously demonstrated reduced viability compared to WT
control after stimulation with plate-bound antibodies [27] . To determine whether
apoptosis is involved in increased cell death of Glut1™ °T cells, we assessed the
expression of proteins involved in the regulation of apoptotic pathway, including
Mdm?2, Puma, Noxa, and Mcl-1. Proteins linked to the induction of apoptotic pathway
were significantly upregulated as opposed to downregulation of the anti-apoptotic Mcl-
1 in activated Glut1™°T cells compared to WT control (Figure 14A). Specifically, Puma,
which is sensitive to rapid upregulation in response to glucose deprivation to promote
apoptosis [99], was drastically induced in Glut1™©T cells, suggesting that glycolysis
plays a critical role in regulating apoptosis in activated T cells. We also assessed Mdm?2
expression due to its role in regulating cellular stress response and apoptosis. We
demonstrated that Mdm?2 is significantly increased expression in Glut1™*°T cells (Figure
3A). We further evaluated whether alloreactive T cells are susceptible to apoptosis due
to nutrient availability and cellular stress in the context of glycolysis. Annexin V and
7AAD staining confirmed that activated alloreactive Glut1™ ©T cells are prone to
undergo apoptosis (Figure 3B). BH3-only Bcl-1 family members, including Bim, has been

implicated in lymphocyte cell death during prolonged glucose deprivation [99]. We
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showed that alloreactive Glut1™©T cells upregulate Bim expression (Figure 14C), an
indicator for ER stress and disruption of glucose metabolism [75; 99; 100]. Mcl-1, a
prosurvival factor, is also linked to glycolysis and metabolic stress [74; 77; 101].
Regulated post-translationally, Mcl-1 is rapidly stabilized following TCR crosslinking
[102; 103] and couples with Noxa to modulate the apoptosis threshold [77]. With a short
half-life of 30 min, Mcl-1 has a rapid turnover rate and is highly sensitive to changes in
global translation downstream of mTORCI1 [104]. Indeed, Glut1™©T cells are incapable
of sustaining mTORC1 activation (Figure 13C) and Mcl-1 expression (Figure 14D)
during alloantigen challenge. It is possible that Mcl-1 expression is regulated by
mTORCI in response to glucose utilization to regulate T cell survival. Overall, the above
findings demonstrate increased apoptosis induction in activated Glut1™°T cells
compared to WT control. Interestingly, a previous study showed that viability was only
slightly reduced in T cells following stimulation in the presence of 2-DG [105]. While
these findings appear to be contradictory to the current study, this is potentially
attributed to the difference in 2-DG concentration as a higher concentration was used in
the current study. Importantly, the timing of 2-DG addition is different. Whereas 2-DG
was added at the beginning of stimulation in the previous study, the current assays
involved 2-DG addition 16 hours following stimulation, which preferentially affects

already activated T cells that are highly sensitive to glycolysis usage.
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Since allo-HSCT is the primary curative option for malignant leukemia and
lymphomas, it is critical to assess the impact of glycolysis inhibition on GVL activity.
Our results demonstrated for the first time that Glut1™ °T cells provide superior
protection in recipients against tumor growth compared to TCDBM + tumor recipients
(Figure 15C and 15H). Although GVHD was not completely eliminated with transfer of
Glutl™OT cells, both survival and body weight are significantly improved in
comparison to WT T cell recipients (Figures 15A, 15B, 15F, and 15G). The reduced but
detectable GVHD development (Figure 15B) in Glut1™O©T cell recipients may be
contributed by metabolic processes other than glycolysis, including glutaminolysis and
pentose phosphate pathway [29], hence simultaneous targeting of the above pathways is
likely to further improve the abrogation of GVHD. However, the data support that
Glutl™OT cell retain the capacity to eliminate tumor development (Figures 15C and
15H). Previous studies suggest that expression of cytotoxic granules, such as granzyme
B and perforin in CD8* T cells, are not regulated by aerobic glycolysis [23], potentially
mediating GVL effect in Glut1™©T cells. Despite the earlier onset of apoptosis in
glycolysis-inhibited alloreactive CD8* T cells compared to CD4* T cells (data not shown),
ex vivo stimulated T cells were capable of controlling tumor development and
improving survival outcome compared to TCDBM + tumor and untreated donor T cell
recipients (Figure 17). Furthermore, Glut1™©CD8* T cells, which exhibited higher TNFa

expression compared to control T cells (Figure 13H), suggesting a potential contribution
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to tumor killing mediated by Glut1™© CD8* T cells. Glut1™ °T cells may also be able to
facilitate GVL without meeting the threshold for GVHD induction, as the T cell dose to
induce GVHD appears to be 10-fold higher than GVL in clinical studies [106; 107; 108;
109]. IFN-y production (Figure 13G) and OXPHOS-dependent memory T cells can also
contribute to GVL activity [40; 110; 111]. Collectively, we showed that T cells with
impaired glycolysis retained the capacity to prevent tumor development in allogeneic
recipients. Interestingly, studies by Uhl demonstrated that leukemia-derived lactic acid
interferes with both glycolysis and OXPHOS in T cells, leading to reduced protection
against tumor, which appears to be contradictory to the current finding [112]. However,
Glutl™OT cells demonstrate comparable basal OCR level to WT control, suggesting that
the preservation of OXPHOS may be critical for GVL preservation in Glut1™¥OT cell
recipients. In regard to the metabolic flexibility of T cells, previous studies showed that
glucose deprivation in activated T cells can be partially compensated by increased
respiration [105]. In addition, a recent study demonstrated that CD8* T cells can utilize
inosine as an alternative carbon source when glucose utilization is restricted to mediate
tumor-killing in xenograft models [113]. Hence it is possible that the metabolic plasticity

of CD8* T cells contributes to GVL preservation when glycolysis is impaired.

To evaluate the therapeutic potential in a clinically-relevant setting, we sought to

assess selective inhibition of alloreactive T cells to remedy off-target effects on other cell
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types that utilize glycolysis. In line with this approach, we and others previously
examined ex vivo treatments to eliminate T cells activated by recipient antigens [114;
115; 116]. In the currently study, 2-DG strongly induced apoptosis in activated
alloreactive T cells (Figure 16C). We further validated this approach using both murine
and human models, where alloresponse was subdued upon alloantigen rechallenge
while response against nonspecific stimulation remained intact (Figures 16D and 16E).
The ex vivo assay using 2-DG also demonstrated the translational value of targeted
glycolysis inhibition prior to transplantation (Figures 17A-17D). As expected, recipients
of control T cells treated with media only demonstrated reduced survival with increased
incubation time. In contrast, optimal 2-DG inhibition for 48 hours yielded significantly
improved survival without losing GVL effect compared to recipients of untreated T cells
or those treated with media control. Protection against both tumor and GVHD
development through 2-DG inhibition for 48 hours was further evaluated using a second
tumor model with the A20 cell line, highlighting the therapeutic potential of ex vivo
glycolysis inhibition. Overall, we observed that the desired efficacy for acute GVHD
suppression and GVL can be achieved through selective inhibition of alloreactive T cells

ex vivo.

4.3. Improving T cell reconstitution using NT-17
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IL-7 is a homeostatic cytokine secreted by non-hematopoietic cells in bone
marrow, thymus, and secondary lymphoid organs to maintain T cell viability [45]. Upon
IL7 receptor engagement, JAK/STAT signaling pathway is activated to upregulate the
antiapoptotic proteins including Bcl-2 and Mcl-1 [47]. Upon removal from the in vivo
microenvironment in the absence of IL-7, T cells undergo apoptosis and atrophy [117].
Although IL-7 alone cannot induce T cell expansion, it is able to promote homeostatic
proliferation of mature T cells in conjunction with self-peptide-MHC complexes or IL-15
[45]. Furthermore, IL-7 mediates the differentiation of common lymphoid progenitors to
T cell and B cell progenitors, as well as supporting thymocyte development while
suppressing lineage commitment to other cell types [118]. In addition to maintaining
thymocyte survival and regulating the peripheral T cell pool, IL-7 has also been shown
to regulate T cell metabolism. Resting T cells require IL-7 to maintain cell size in a
glycolysis-dependent manner (Rathmell 2001). Moreover, reduced glucose metabolism
in T cells lacking IL-7 signaling leads to impaired growth and proliferation rate upon
stimulation with anti-CD3 and anti-CD28 antibodies [47]. Therefore, as an essential
component in T cell homeostasis and growth, IL-7 is a promising candidate to promote T
cell reconstitution following radiation-induced lymphopenia. Indeed, previous studies
have shown that exogenous administration of IL-7 increases peripheral blood T cell
recovery. However, the effect is offset by the short half-life (< 10 hours) in circulation.

NT-17 is a recombinant human IL-7 fused with hybrid Fc fragment, which has a

131



significantly longer half-life than endogenous and conventional recombinant IL-7,
including CYT107, a glycosylated recombinant human IL-7 (63.3 hours vs. 9-35 hours)
[51; 119]. Specifically, fusion of IL-7 to Fc fragments prolongs protein stability by
binding to neonatal Fc receptors to initiate recycling mechanisms [120]. Moreover, the
hybrid Fc fragment fused to IL-7 consists of human IgD and IgG4, which are non-
immunogenic and cannot bind FcgR III or C1q to induce cytotoxicity mediated by
antibodies or complement proteins. Given its increased stability in vivo, the kinetics and
mechanisms of T cell reconstitution mediated by NT-I7 may be distinct from
conventional forms of IL-7. Furthermore, mechanisms involved in the TBI setting have
not been fully characterized. Although conventional IL-7 has been demonstrated to
boost T cell counts in HIV- and radiotherapy-induced lymphopenia, there are few
studies that directly addressed the role of IL-7 in modulating T cell generation following
TBI, which affects T cells in lymphoid organs and peripheral tissues differently [121;
122]. Therefore, we sought to address the effect of a novel form of IL-7 with enhanced in
vivo stability in T cell generation after TBI. We first measured the effect of NT-I7 on T
cell reconstitution in the peripheral blood following 5 Gy TBI exposure. Two weekly
treatment regimens were assessed, with the first dose starting at either 24 hr or 7 days
(nadir) post-TBI. We showed that both regimens achieved similar effect on total T cell
recovery kinetics, significantly reducing the window of T cell depletion compared to the

vehicle group (Figure 18). Subset analyses revealed that both CD4 and CD8 populations
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demonstrated remarkably enhanced recovery. Notably, CD8 T cells appeared to be more
sensitive to NT-I7-mediated reconstitution than CD4 T cells. Although recovery via
thymic-dependent versus homeostatic proliferation pathways cannot be distinguished in
this model, the difference in NT-I7 responsiveness could be partially attributed to the
intrinsic proliferation difference between naive CD4 and CD8 T cells in response to
homeostatic cues [45]. Indeed, this was reflected through the greater magnitude of CD8
T cell recovery following the nadir. Similar findings were observed in aged cohorts at
both 38-41 weeks and 62 weeks of age, where NT-17 induced a significant increase in
both CD4 and CD8 T cell recovery (Figure 19). It is possible that T cell recovery with NT-
17 treatment is mediated through various mechanisms, including the regulation of stem
and progenitor pool, thymocyte education, and peripheral expansion. As aging is
associated with reduced lymphoid progenitor output, which is further exacerbated by
radiation-induced HSC senescence, NT-I7 may be able to mitigate these effects upon TBI
exposure in the aging population. Overall, we demonstrated that NT-I7 induced rapid
expansion of total T cells in the peripheral blood, as well as the expansion of T cell
subsets, including TN, TCM, and TEM. However, whether NT-17 exerts similar effects

on systemic T cell recovery remains unknown.

Having developed an in vivo imaging system to track systemic T cell

reconstitution, we ventured to investigate the role of NT-I7 in regulating T cell
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generation mechanisms after TBI. Following the generation of T-Luc chimeras (Figure 3),
mice were subjected to TBI at 5 Gy. Systemic T cell recovery was assessed in vehicle- and
NT-17-treated mice via weekly imaging until 98 days after irradiation exposure. While T
cell signal intensity in both groups reached the nadir on day 7, NT-I7 group underwent
more rapid recovery compared to vehicle group, demonstrating significantly higher
average radiance from day 21 to day 49 (Figure 21A). Furthermore, imaging analyses
indicate enhanced signal intensity in both the thymic region and peripheral tissues in
NT-I7-treated mice, bringing T cell level back to baseline much quicker than vehicle
group. These findings also suggest that IL-7 boosts T cell regeneration through thymic-
independent pathways. Previous studies showed concentrated IL-7 in organs where
they are trapped near stromal cells via heparin sulfates [123]. As T cells recirculate over
long distances through the lymphatic vasculature, the number of T cells within
lymphoid organs can also reflect the level of systemic recovery [124]. Therefore, we
further analyzed the spleen and bone marrow, a reservoir for memory T cells [125], to
determine whether absolute cell counts are consistent with in vivo imaging results.
Indeed, we showed that both lymphoid organ cellularity and total T cell counts per
organ were significantly increased in NT-I7-treated mice (Figure 21). Notably, consistent
with peripheral blood findings, CD8 T cells in both the spleen and bone marrow
demonstrated a greater response to NT-17 treatment (Figure 21C to 21H). In the bone

marrow, CD8 TCM account for the primary population that contributed to the
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significant difference between vehicle and NT-I7 groups (Figure 21H). As a major
reservoir for CD8 TCM, NT-I7 can potentially mediate effective antigen-specific recall
response upon pathogen challenge during the lymphopenic window, which requires
further testing using viral challenge in vivo. However, future in vivo studies should be
conducted to determine whether the rapid T cell recovery induced by NT-17 is
accompanied by an inflammatory response in the absence of pathogen challenge to
ensure validate NT-I7 tolerance in the current treatment regimen. Collection of serum
and organs such as skin, eyes, lung, GI tract further determine the presence of

proinflammatory cytokines and tissue damage, respectively.

We further examined the effect of NT-I7 on thymic-dependent versus thymic-
independent T cell generation pathways after TBI. We showed that NT-17 led to a steep
increase in systemic peripheral expansion early during recovery in contrast to slow and
incremental changes in vehicle group (Figure 22C). Interestingly, NT-I7-mediated
recovery gradually plateaued to levels comparable to vehicle group towards the end of
the study. This could be the result of enhanced thymic output that generated new T cells
to fill the niche in peripheral tissues (Figure 22B). The massive response mediated by
peripheral expansion of mature T cells, peaking on day 35, represents a potential
window of protection during severe lymphopenia. Memory T cells undergo rapid

proliferation in response to homeostatic cytokines [45]. It is possible that virus-specific
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memory T cells generated prior to TBI can undergo NT-I7-mediated expansion to
mediate effective protection, which would require further validation in vivo. De novo T
cell generation through the thymus is also significantly increased with NT-17 treatment.
The magnitude of response early during recovery is less pronounced compared to
peripherally expanded T cells. However, thymic-dependent T cell generation is
gradually increased and sustained at peak level until the end of the study, providing a
consistent supply of de novo generated T cells to the periphery (Figure 22B). To assess
the role of NT-I7 during thymocyte development, we further compared changes in
thymocyte composition between vehicle and NT-I7 mice. We saw a significant increase
in DN2 and DN3 frequencies in NT-I7-treated mice (Figure 23), which is consistent with
previous findings as IL-7Ra in thymocytes is first detected on DN2 cells. Additionally,
these findings also support the role of IL-7 in mediating the DN3 survival and
proliferation during 3-selection. Notably, absolute cell counts of all DN thymocytes are
markedly increased in NT-17 mice (Figures 23A to 23F), suggesting that there may be a
greater number of bone marrow-derived early thymic progenitors seeding the thymus
with NT-I7 treatment. Moreover, analyses of remaining thymocyte subsets revealed a
selective increase in both the frequency and number of SP8 thymocytes, likely at the
expense of SP4 thymocytes in NT-I7 animals. These results are consistent with the
greater recovery of CD8 T cells in the peripheral blood, spleen, and bone marrow.

Therefore, NT-17 enforces CD8 cytolytic lineage commitment in the TBI setting, which
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may be important in mediating protection against opportunistic infections during the

lymphopenic window.

We demonstrated that NT-I7 induces rapid T cell recovery following radiation
exposure partially owing to changes in the thymic-dependent pathway. Since early
thymic progenitors are bone marrow-derived, it is unclear whether NT-I17 can also
induce the reestablishment of other hematopoietic lineages at the HSC and progenitor
level. We first sought to investigate the effect of NT-I7 on reconstitution of multiple
hematopoietic lineages in the peripheral blood following TBI. We demonstrated that in
addition to accelerating T cell recovery, NT-I7 treatment enhanced absolute numbers of
total WBC, lymphocytes, neutrophils, and monocytes compared to vehicle group during
TBI-induced lymphopenia (Figure 20). To determine whether changes in the recovery of
T cells as well as other cell types in NT-I7-treated mice are associated with alterations at
the stem cell and progenitor level, we examined the relative distribution of HSC,
multipotent progenitors (MPP), hematopoietic progenitor 1 (HPC-1), and HPC-2 cells in
the bone marrow. We showed that NT-I7 selectively increases the frequency and
absolute numbers of HPC-1 (Figure 24). Colony formation assays and in vivo
reconstitution assays suggest that HPC-1 is a heterogeneous population of lymphoid-
and myeloid-restricted progenitors that no longer have the potential to differentiate into

erythrocytes or megakaryocytes [87]. These findings are consistent with the decline in
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platelets and red blood cells in the peripheral blood (Figure 20), as well as reduced
potential of bone marrow cells to give rise to erythroid colonies (Figure 25) in NT-17-
treated animals. Furthermore, our data suggest that NT-I7 enhances the potential for
bone marrow cells to differentiate into monocytes and granulocytes, which is also
consistent with a corresponding increase in peripheral blood cell numbers. Intriguingly,
HPC-1 can be further subdivided into two fractions by Flt3 expression: 1. Lymphoid-
primed multipotent progenitors (LMPP) (F1t3*). 2. F1t3-/lo HPC-1. Among the two HPC-1
fractions, LMPP can give rise to CLP, B cells, innate lymphoid cells. Although the
number of LMPP was not directly measured in this study, the absolute number of bulk
HPC-1 is approximately 28-fold higher in NT-17 treated mice compare to vehicle group.
Interestingly, LMPP can also differentiate into T cells independent of transition into CLP
[126]. Moreover, LMPPs have been shown to differentiate into T cells more efficiently
than CLPs [126], which may be a possible mechanism of NT-I7-mediated increase in T
cell recovery. Additionally, previous studies demonstrated that similar to CLP, a subset
of LMPP express IL-7R, which may mediate a direct response to NT-I7 treatment.
Although IL-7 does not mediate early lymphoid priming in LMPP, it is required for
maintaining cell numbers in the LMPP compartment [127]. IL-7 is known to target CLP
and promote lymphoid lineage specification, facilitating differentiation into B cells, T
cells, and innate lymphoid cells [88]. Therefore, it is also possible that enhanced T cell

numbers was in part contributed by the effect of IL-7 on CLP. Interestingly, the increase
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in HPC-1 population coincides with a decline in HSCs with NT-I7 treatment (Figure 24).
One explanation is that NT-I7 promotes the differentiation from HSC into downstream
progenitor populations through indirect mechanisms since HSCs lack the expression of
functional IL-7R. We also examined the effect of NT-I7 on MPP, which are directly
generated from HSCs and can give rise to LMPP, GMP, and MEP. Our data suggest that
both frequency and absolute number of MPP are significantly increased in NT-I7-treated
group (Figure 24), which may explain the corresponding increase in both lymphoid and
myeloid population in the peripheral blood. However, as NT-I7 treatment induced a
decline in platelets and red blood cells, it may be beneficial to include granulocyte-
macrophage colony-stimulating factor (GM-CSF) as a combination therapy to prevent

bleeding and anemia.

Having demonstrated the role of NT-I7 in mediating rapid T cell recovery
through diverse pathways, we further explored whether NT-I7 treatment leads to
functional recovery of T cells. In vitro stimulation assays revealed that NT-I7 treatment
preserves the capacity of irradiated T cells to produce both cytotoxic mediators and
inflammatory cytokines, including Gzmb, IFN-y*, and TNF-a (Figure 26). Notably, the
frequency of Gzmb* and IFN-y* producers are significantly increased compared to T
cells isolated from vehicle-treated mice. Moreover, proliferation assays in vitro

demonstrated that NT-I7 preserves the proliferative capacity of T cells following TBI.
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Taken together, we show that NT-17 not only leads to rapid T cell recovery reflected by

absolute cell counts, but also the functional recovery after TBI exposure.
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5. Conclusions and implications

5.1 Qwverall conclusions

In the current study, we characterized the T cell recovery response to TBI in
different settings: 1. Endogenous T cell recovery with TBI alone 2. Donor T cell recovery
with TBI as a conditioning regimen in the bone marrow transplant model 3. The role of
NT-17 in mediating T cell recovery through diverse mechanisms. We utilized an in vivo
imaging model to characterize systemic T cell recovery in response to radiation, which
involves both the thymic-dependent and -independent pathways. We further revealed
the unique metabolic and phenotypic profiles of radioresistant T cells that are actively
involved in peripheral expansion. In particular, we showed that radioresistant T cells are
highly dependent on OXPHOS metabolism during homeostatic proliferation. In
contrast, recovery and expansion of donor alloreactive T cells in the bone marrow
transplant setting preferentially utilize aerobic glycolysis, which provides metabolic
intermediates to fulfill increased metabolic demand. We exploited the metabolic
preference of donor alloreactive T cells to prevent GVHD and enhance the functional
recovery of donor-derived non-alloreactive T cells that mediate protection from tumor
development. Furthermore, we investigated the role of NT-I7 in mediating T cell
recovery after TBI. As a recombinant human IL-7 with extended stability in vivo, NT-17

is a promising candidate that integrates the metabolic requirements and T cell

141



generation pathways to restore T cell numbers and function. Our data suggest that NT-
17 regulates thymic-dependent and -independent pathways to promote T cell recovery
post-TBI. NT-17 also regulates lineage specification at the HSC and progenitor stage,
facilitating the recovery of not only T cells, but also specific myeloid cell types. We
further demonstrated that NT-17 leads to the functional recovery of T cells following

TBI.

5.2. Implications and future directions

5.2.1. Understanding the phenotypic, differentiation, and metabolic
profiles of unique radioresistant T cell subsets during recovery
following TBI

By studying systemic T cell recovery and characterizing the unique transcription
profile of radioresistant T cell populations for the first time, we demonstrated direct
outcomes and diverse pathways involved in T cell reconstitution in response to
radiation. Specifically, we showed that peripheral blood T cell recovery and progenitor
cells seeding the thymus are depleted in a TBI dose-dependent manner. Single-cell
sequencing data further suggest that both naive and memory radioresistant T cells
undergo peripheral expansion, and significantly upregulate OXPHOS during the
process. Approaches that enhance the utilization of OXPHOS, including reagents that

modify mitochondrial fission and fusion, can be further tested for their role in enhancing
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the proliferative capacity radioresistant T cells. Specifically, mice harboring T cell-
specific Drpl and Opal deletions, which are associated with enhanced and reduced
OXPHOS utilization, respectively, can be assessed for the recovery of radioresistant T
cells following exposure to varying doses of TBI.

We also showed that oxidative stress markers are also increased in radioresistant
T cells, which can indicate increased ROS generation during T cell recovery. As
oxidative stress which can reduce the metabolic fitness and T cell longevity in vivo,
antioxidants that scavenge ROS can be assessed to determine the effect on regulating the
survival and size of homeostatic expansion in the TBI setting. Furthermore, since
proliferation of radioresistant T cells is a major mechanism of recovery during the
lymphopenic period, in vivo functional studies will be able to further validate whether

these populations can provide protection against pathogen challenge following TBI.

5.2.2. Reducing the recovery of alloreactive donor T cells while
enhancing the functional recovery of non-alloreactive donor T cells
through metabolic regulation

By using T cells genetically deficient in glycolysis utilization, we demonstrated
that glycolysis is definitively required for alloreactive T cells to induce acute GVHD. We
further established a role for glycolysis in promoting donor T cell pathogenicity through

regulating proliferation, cell death, and proinflammatory cytokine production. One
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potential limitation of 2-DG glycolysis inhibition in the clinical setting is its application
as a preventative procedure but not as a curative treatment due to toxicity if
administered systemically. However, reagents better tolerated for allogeneic BMT with
low toxicity can be used as a curative treatment, including 3-(3-pyridinyl)-1-(4-
pyridinyl)-2-propen-1-one, which has been assessed in a murine GVHD model [29].
Overall, the current study demonstrated that we can target glycolysis to selectively
inhibit alloreactive donor T cells and prevent GVHD without compromising the
functional recovery of donor T cells that mediate anti-tumor activity. Specifically, our
findings demonstrated a proof of concept for the ex vivo treatment of donor T cells
using glycolysis inhibitors to achieve desired clinical outcome following bone marrow
transplantation. Although glycolysis inhibition significantly reduced GVHD in the
current study, the treatment did not completely abolish disease development. In
addition to glycolysis, pentose phosphate pathway and glutaminolysis are also
metabolic processes that fuel the pathogenicity of alloreactive T cells. Future
experiments should address the therapeutic potential of simultaneous inhibition of
multiple metabolic pathways in addition to glycolysis to reduce the GVHD
development. Although T cells demonstrate metabolic plasticity, GVL activity should be
further assessed to determine whether the combination of metabolic inhibitors can lead

to the preservation of anti-tumor effects.

144



5.2.3. NT-17 integrates the requirement for thymic-dependent and -
independent pathways, as well as metabolic demands for T cell growth
and persistence, to induce rapid T cell recovery following radiation
exposure.

As an essential component involved in T cell generation mechanisms in
homeostatic conditions, the effect of IL-7 is also coupled to its metabolic regulation of
glycolysis, which supports survival and prevents T cell atrophy. In the current study, we
demonstrated that NT-17, a recombinant human IL-7 with extended in vivo half-life, is a
promising reagent that enhances T cell recovery following radiation exposure by
regulating both thymic-dependent and -independent pathways. Our findings also
revealed that NT-I7 ensures the functional recovery of T cells following TBI, indicating
the potential to mount an effective immune response against opportunistic pathogens
during lymphopenia. In the clinical setting, NT-I7 may be used to boost recall response
mediated by radioresistant memory T cells generated during prior exposure to
pathogens. Future studies should examine T cell-mediated pathogen clearance following
total body irradiation. Effect of NT-17 in mediating survival in infectious models can be
assessed in both the acute and chronic setting. For example, a murine model of
cytomegalovirus (CMV), a primary risk factor for bone marrow transplant-associated
morbidity and mortality, can be used to determine T cell-mediated viral clearance.
Specifically, the presence and activity of MCMV-specific CD8 T cells can be detected

using MHC class I tetramers along with activation markers and inflammatory cytokines,
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including CD44 and IFN-g, respectively. In addition to T cell activation and survival
outcomes, viral clearance through NT-I7-mediated T cell recovery can be assessed
through MCMYV DNA detection in various organs.

In addition to enhanced T cell reconstitution with NT-I7 administration, we
further demonstrated the capacity of NT-I7 to enhance the recovery of specific myeloid
lineages, potentially by modulating the frequency and absolute numbers of bone
marrow-derived stem and progenitor cells. The enhanced recovery of neutrophils and
monocytes induced by NT-I7 treatment may be capable of strengthening the first line of
defense against infections. Further studies can also address whether NT-I7-mediated
recovery of neutrophil and monocytes contribute to enhanced innate immunity through
immunophenotyping and relevant infectious models.

We have also demonstrated the effect of NT-I7 on hematopoietic stem and
progenitors, which affects subsequent differentiation capacity into distinct lymphoid
and myeloid subsets. Specifically, we showed that NT-I7 enhances the absolute number
of HPC-1 fraction within the bone marrow, which contains both LMPP and FIt3-° cells.
Further experiments should elucidate whether NT-I7 directly modulates the recovery of
LMPP cells within the HPC-1 fraction through FIt3 expression. An increase in the LMPP
fraction, which can give rise to both CLP and GMP, potentially contributes to enhanced

innate and adaptive immunity upon pathogen challenge.

146



In conclusion, our studies demonstrated the therapeutic potentials of NT-17-
induced T cell reconstitution following total body irradiation to reduce the window of
susceptibility to opportunistic pathogens. Future translational studies will further
explore the efficacy of T cell-mediated immunity with NT-I7 administration in both

murine and nonhuman primate models.
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