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Abstract

Interleukin-7 is an essential cytokine that plays a major role in the development and
homeostatic maintenance of T-cells. The presence of soluble forms of various cytokine
receptors have been proposed to be involved in the endogenous regulation of cytokine activity.
Due to the natural ability of soluble CD127 (sCD127) to bind to IL-7, there is an interest in
its potential application as an immunotherapeutic agent in diseases, where IL-7 has been found
to be relevant, including HIV infection. In this study, | hypothesize that by administering
sCD127 to healthy mice, IL-7 activity should be enhanced, thus enhancing T cell proliferation
in vivo.

The work presented here focuses on three main objectives: 1) evaluating the effect of
IL-7 with or without sSCD127 on T cell proliferation in healthy mice; 2) validating a mouse
model of T cell depletion using anti-CD4 and CD8 antibodies; and 3) determining the effect
of sCD127 treatment with or without IL-7 on T cell reconstitution and proliferation in the T
cell depletion model. To assess the effect of administering exogenous sCD127, IL-7 or the
combination on T cell proliferation, peripheral blood mononuclear cells and spleen were
isolated, and stained to characterize T cell number, proliferation, and surface CD127
expression by flow cytometry. For the T cell depletion model, wild type C57BL/6 mice were
injected intra-peritoneally with 150 pg single dose of anti-CD4 and anti-CD8 depleting
antibodies. Consequently, mice were bled weekly to demonstrate the Kinetics of T cell
reconstitution following depletion (from d7 to d63).

Our results demonstrated that in healthy mice daily treatment with murine IL-7
significantly stimulated T cell proliferation and consequently increased cell number. This

observation was further boosted by pre-complexing IL-7 with sCD127. For T cell depletion



experiments, the kinetics of T-cell reconstitution was different between the CD4* and CD8*
T cells. CD4* T cell reconstitution was almost complete 6 weeks following T cell depletion,
while CD8" T cells were only partially reconstituted at this time point. Treatment with IL-7
or combined therapy had a transient and significant effect on T cell proliferation and
reconstitution, and this influence was abrogated after treatment discontinuation. Interestingly,
CD8* T cells exert greater responses to our treatments in that a more pronounced proliferation
and significant increase in cell number was observed relative to the effect seen on CD4* T
cells in both healthy and depleted mice.

In conclusion, antibody-mediated T cell depletion is a potentially valuable tool to
investigate lymphopenia-induced proliferation and potential therapies thereof. This study
suggests that combining sCD127 and IL-7 therapies enhances IL-7-mediated T cell
proliferation, and provides important information for the potential therapeutic use of sCD127

and its impact on IL-7 function.
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1. Chapter 1: Introduction
1.1 Overview of the Immune System

The immune system is defined as a collection of organs, tissues, and cells within an
organism that protects against diseases mediated by pathogens (bacterial, fungi, viral, or
parasitic infection) or tumors. This system has the ability to distinguish between self-antigens
and non-self-antigens (1). Cells of the immune system require sophisticated mechanisms that
ensure a host can specifically recognize, contain, and eventually eradicate pathogens while
maintaining host integrity from uncontrolled immune activation. Traditionally, the immune
system has two major aspects of immunity, known as innate and adaptive immunity, that
cooperate to eliminate threats posed by pathogens to the host. The first line of defense is the
innate immune response, which provides an immediate response to pathogens. The initial
protective response is followed by an adaptive immune response that is more specific to the
encountered antigens, and is associated with developing immunological memory.

Organs of the immune system are distributed throughout the body, and are mainly
classified into primary and secondary lymphoid organs (SLOs) (Figure 1-1). The primary
organs are the bone marrow (BM) and the thymus, which are the main sites of immune cell
generation. Most of the immune cells are generated in the BM from common lymphoid or
myeloid progenitors that further differentiate into distinct lineages, through a process called
hematopoiesis. Unlike other immune cells, T lymphocytes (T cells) develop and mature in the
thymus (2). SLOs include the spleen, lymph nodes, and mucosa-associated lymphoid tissues
(MALT). MALT can be further subdivided into gut-associated lymphoid tissue (Peyer’s
patches, small intestine lymph nodules), bronchus-associated lymphoid tissue, tonsils,

adenoids (“Waldeyer’s ring”), and appendix (3).
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Figure 1-1: Organs of the immune system. The organs of the human lymphoid system are
classified into two categories: primary and secondary. The primary organs are the bone marrow
and the thymus, whereas the secondary lymphoid organs include spleen, lymph node, tonsils,
and Peyer’s patches. The figure was obtained with permission from Elsevier publisher.
(Permission from the publishing group is depicted in the appendix) (195).



1.1.1 The Innate Immune System

The innate immune system represents the first line of defense against common
invasions. It includes the physical and chemical properties of the skin, as well as mucosal
surfaces of respiratory, urinary, and gastrointestinal tracts to prevent microorganisms from
entering the body. Epithelial cells lining those mucus membranes utilize a variety of defense
mechanisms to defeat the pathogens. For instance, mucus secretion, acidity and digestive
enzymes of the gastrointestinal tracts, and several antimicrobial peptides produced by
epithelial cells at the site of infection (e.g., lysozyme and B-defensins), all play a pivotal role
in limiting the propagation of infection (4, 5). If a pathogen manages to overcome this first
line of epithelial barriers, it encounters cells of the innate immune system that will recognize,
engulf, and destroy the invading pathogens.

Most of the cells of the innate immune system are myeloid in origin and include
circulating cells (neutrophils, eosinophils, and basophils) and tissue-resident cells, such as
macrophages and dendritic cells (DCs). Other innate effector cells are of lymphoid lineage and
include natural killer cells (NK), natural killer T cells (NKT), and vy T cells. Upon invasion
of microorganisms, these cells are rapidly recruited to the site of infection, thus providing an
immediate protective response. These cells utilize an array of germ-line encoded receptors,
known as pattern-recognition receptors (PRRs), to eliminate the pathogen. These PRRs are
either found on the surface of cell membrane or within intracellular compartments. These
receptors recognize constitutive and conserved microbial structures, such as components of
the bacterial cell wall or viral nucleic acids, which are referred to as pathogen-associated
molecular patterns (PAMPS). In addition to PAMPSs, PRRs have been reported to recognize

danger signals from damaged cells known as damage-associated molecular patterns (DAMPS)

(6).



PRRs are grouped into different classes, including Toll-like receptors (TLRS),
nucleotide-binding oligomerization domain-like receptors (NLRs), complement receptors, C-
type lectin receptors (CLRs), and scavenger receptors (7). Among PRRs, TLRs have been well
characterized and extensively studied. There are approximately 10 functional TLRs in human
cells, and most of their respective ligands have been identified (8). TLRs 1, 2, 4, 5, and 6 are
expressed on the cell membrane, where they recognize mostly bacterial infection. For instance,
TLR2 recognizes peptidoglycan from Gram-positive bacteria and bacterial lipoproteins (9).
TLR4 was the first mammalian TLR to be discovered that binds to lipopolysaccharide (10).
The bacterial flagellin that is essential to form bacterial flagella is recognized by TLR5 (11).
In contrast, TLRs 3, 7, 8, and 9 are expressed in the membranes of endosomes and lysosomes,
where they detect mostly microbial nucleic acids. Specific examples include the ability of
TLR3 and TLR9 to recognize double-stranded ribonucleic acid (RNA) viruses and
unmethylated CpG in bacterial deoxyribonucleic acid (DNA), respectively (12, 13). Upon
ligation with their respective ligands, activated TLRs initiate intracellular signaling cascades.
This initiation activates the transcription of genes encoding inflammatory cytokines, such as
tumor necrosis factor a (TNFa) and interferon genes (IFNs), chemokines, and antimicrobial
compounds (14).

In addition to the cellular aspects of innate immunity, a response mediated by
complement proteins plays a central role in the innate defense. There are three common
pathways through which the complement system can be activated: the classical pathway, the
alternative pathway, and the mannan-binding lectin pathway. The classical pathway is
triggered by complement binding to the antigen-antibody complex, while the alternative and
mannan-binding lectin pathways are initiated by complement binding directly to the surface

of the pathogen (15). Upon complement activation, several biochemical cascade reactions

5



occur where activated complement proteins act as proteolytic enzymes. This recruitment of
complement proteins eventually triggers the formation of the so-called “membrane attack
complex”, which causes holes in the pathogen membrane, thus inducing the degradation of
pathogens (16).

Another important effector function of the complement system is to coat microbes with
complement proteins—a process called opsonization—in order to activate phagocytosis (15).
Phagocytosis is considered one of the most important effector functions of the innate immune
cells. Virtually all cells participating in innate immunity are effective phagocytes. Upon
recognition by phagocytes, pathogens are engulfed and trapped into a type of vesicle called a
phagosome. The acidity of this vesicle is gradually increased, ultimately fusing with the
lysosome and forming phagolysosomes. Digestive enzymes and reactive oxygen species
(ROS) within the phagolysosomes eventually target the microbe for destruction (17). The
defense mechanisms of innate immunity might be sufficient to clear invasions, but if not, they
can limit infection until cells of the adaptive immune response have been activated and

expanded enough to ensure elimination of the threats.

1.1.2 The Adaptive Immune System

After a non-specific response from the innate immune system, adaptive immunity is
required to provide a highly specific response for protection against a pathogen. This
protection response develops immunological memory, a distinctive feature of the adaptive
immune system. Cells of the adaptive immune system are able to distinguish between proteins
produced by the normal cells (self-antigen) from proteins produced by altered or infected cells

(non-self-antigen) (18). The response of the adaptive branch of immunity can be categorized



into humoral and cellular immune responses, which are mediated by B lymphocytes (B cells)
and T cells, respectively.

In contrast to the innate responses that use limited receptors to recognize conserved
microbial structures, cells of the adaptive immune system express receptors that specifically
detect and adapt to a large variety of antigens of different nature, thereby complementing the
function of the innate immunity. This is due to somatic gene rearrangements, also known as
the variable (diversity) joining (V(D)J) recombination process, which generates a diverse
repertoire of B cell receptors (BCRs) and T cell receptors (TCRs) capable of recognizing
countless numbers of foreign invaders (19). The pathogenic molecules can be directly
recognized by BCRs on the surface of B cells that further drive their activation. In order to
activate T cells, antigens must first be processed and presented by major histocompatibility
complex (MHC) molecules on antigen presenting cells (APCs). More details on antigen
presentation and APCs are described in Section1.2.2

Following B or T cell activation, the cells undergo rapid clonal expansion through a
process of mitotic cell division. This process results in the generation of a large number of
effector cells. The resulting daughter cells, in the case of B cells, are called plasma cells. These
cells are the source of antibody production. Upon secretion, the specific antibodies can take
two roles: i) neutralizing antibodies, which hinder the adhesion of pathogens to their target
host cells; or ii) opsonizing antibodies, which mark the microbes for subsequent elimination
through phagocytosis. Regarding opsonizing antibodies, this elimination is either performed
by a process known as antibody-dependent cellular cytotoxicity (ADCC), or by complement
activation (20).

Activated T cells, on the other hand, differentiate into two distinct phenotypes of

effector cells depending on the type of peptides presented by APCs. Cytotoxic T cells (CD8*
7



T cells) recognize antigens presented by MHC class | molecules (MHC 1), and these cells are
then activated to differentiate into effector CD8" T cells. Helper T cells (CD4* T cells)
recognize antigens presented by MHC class Il molecules (MHC II), and these cells then
differentiate into effector CD4* T cells. Successful activation of T cells in turn promotes the
killing of infected cells via the release of cytotoxic molecules, such as perforin and granzymes
by CD8* T cells. It also results in the secretion of inflammatory cytokines by CD4* T cells,
which then activate the proliferation and differentiation of other cells of the immune system
(21, 22). More details on T cell activation and function are described in the following sections.

Once the pathogen has been cleared, a critical negative regulatory mechanism takes
place in order to avoid over-activation of lymphocytes, which could lead to immunopathology.
During this contraction phase, the vast majority of activated antigen-specific T cells undergo
programmed cell death; however, a small proportion turn into memory T cells (23). The
development of immunological memory is an important aspect of adaptive immunity, in which
subsequent exposures to a specific pathogen will elicit a more rapid and stronger response than

the primary response.

1.2 T Lymphocytes

1.2.1 Development and Maturation

T cell development originates in the BM or in the liver during embryonic life.
Hematopoietic stem cells (HSCs) differentiate into common lymphoid progenitors that in turn
enter the bloodstream and migrate to the thymus, where the maturation process takes place
(24). During thymopoiesis, a series of maturation stages occur that generate mature T cells.

These T cells possess functional TCR (either TCRaf3 or TCRyd) and express either CD4, or



CD8 in the case of aff T cells on their cell surface. Once the cells have migrated to the thymus,
they circulate through different anatomical zones in the thymus where they receive signals
required for complete T cell maturation (25).

The first phase of the development is the double negative (DN) stage, in which
thymocytes do not express CD4 and CD8 on their surface. The cells at this stage can be
subdivided into four distinct phenotypes based on the expression of CD25 (interleukin-2Ra)
and CD44 (phagocyte glycoprotein 1): DN1 (CD25CD44*), DN2 (CD25*CD44*), DN3
(CD25*CD44"), and DN4 (CD25CD44°) (26). The rearrangements of TCR B, v, and 6 genes
are initiated at the DN2 stage and successfully are formed at the DN3 stage (27). The cells at
the DN3 stage possess incomplete af TCR complex, which has a full chain of the TCRp
subunit and pre-a chain (28). Signals through the pre-TCR complex subsequently rescue the
cells from dying, allowing the formation of functional TCRaf and progression to the double
positive (DP) stage. The maturation process is, however, not considered complete until the DP
thymocytes are functionally screened for the recognition of self-antigens presented on MHC
molecules in a process called positive selection. Therefore, low affinity binding to the peptides
presented by MHC | or MHC Il will result in maturation of CD8* or CD4* T cells, respectively.
Once the maturation is completed, mature T cells exit the thymus, and af3 T cell subsets migrate
to the SLOs where they reside, while y6 T cell subsets mostly reside in the epithelial and
mucosal tissues (29). Thymocytes that express highly reactive TCR or defective receptors are

eliminated via apoptosis (30).



1.2.2 Antigen Presentation and T cell Activation

In the periphery, naive T cells (Tn) continuously circulate through the bloodstream and
SLOs in search of antigens (31). Activation of T cells requires the antigens to be processed
and presented first by APCs expressing MHCs to Tn. There are two classes of MHCs: MHC
I, expressed by non-professional APCs (all nucleated cells), and MHC Il, expressed by
professional APCs (DCs, macrophages, and B cells).

Typically, MHC | present antigens derived from intracellular protein of viruses or
bacteria. These antigens are first degraded in the cytosol of an APC by nuclear proteases. The
resulting peptides travel to the endoplasmic reticulum (ER) via the transporter associated with
antigen presentation, and are then loaded onto an MHC | and assembled in the ER. Once a
stable peptide-MHC | complex is generated, the complex leaves the ER via the Golgi apparatus
and then translocates to the APC surface for recognition by the TCR of CD8* T cells (32).

On the contrary, exogenous antigens, such as bacteria, toxins, or parasites, are
phagocytosed by professional APCs and degraded into small peptides displayed by MHC I
(33). Unlike MHC I, MHC 11 in the ER is occupied by a chaperone protein called the invariant
chain. The invariant chain prevents peptides from binding to MHC Il in the ER (34). The
loading of peptides onto MHC 11 takes place in the endosomal vesicles. The acidic nature of
the endosomal proteases mediates the cleavage of the invariant chain, thus allowing the
peptides to replace the degraded chain and integrate into the peptide-binding site of MHC 11
(35). Finally, the generated peptide-MHC Il complex is transported to the cell membrane,
where the antigen is then displayed to CD4* T cells.

The engagement of the TCR with cognate MHC-peptide complexes represents the first
signal for T cell activation. To be fully activated, T cells must also receive a subsequent

stimulatory signal through the interactions between other co-stimulatory molecules. This
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includes: i) the interaction of CD28 on T cells with its ligands CD80 or CD86, expressed on
the surface of APCs; and ii) the binding of intercellular adhesion molecule-1 (ICAM-1) on
APCs to integrin leukocyte function-associated antigen-1 (LFA-1) on T cells (36). These
signals aid in stabilizing the connection between T cells and APCs, and enhance the T cell
responses. Altogether, the activation of T cells leads to the release of specific cytokines, the
upregulation of cytokine receptors, the clonal expansion of antigen-specific T lymphocytes,
and the differentiation of naive T cells into effector and memory T cells.
1.2.3 Effector T cell Subsets and Memory Cell Formation

Upon activation, T cells start to produce interleukin 2 (IL-2) and upregulate IL-2
receptors, leading to the rapid proliferation and clonal expansion of the activated T cells (37).
Based on the initiated stimuli and the cytokines secreted by APCs and surrounding cells, Tn
cells differentiate into a distinct subset of effector cells that have a specific immunological

function.

1.2.3.1 CD4* T cells

CD4* Tn cells have been reported to differentiate into a vast array of effector T helper
(Th) subsets as will be discussed below. These include but are not limited to Thl, Th2, Th17,
and T regulatory (Treg) cells (38).

The Thl cells play important roles in the eradication of intracellular pathogens
(bacteria, viruses, and some protozoa). This is mediated by the secretion of the signature
cytokines IFNy, IL-2 and TNFa, which promote the antimicrobial activity of the macrophage
and the cytotoxic effect of T and NK cells (39). Commitment to the Th1 lineage is promoted
by the cytokine IL-12, the transcription factors, signal transducer and activator of transcription

proteins 4 (STAT4), and the master regulator of Th1 differentiation T-box transcription factor
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(T-bet) (40-42). In the case of Th2 cells, activated T cells enhance the clearance of parasitic
infections through the production of IL-4, IL-5 and IL-13. These cytokines recruit basophils,
eosinophils, and mast cells to the site of infection. In addition, these cytokines promote the
production of IgE antibody from B cells, a potent antibody against parasitic infections (43).
Differentiation of Th2 lineage cells is promoted by IL-4, the transcription factors STATG6 as
well as the master regulator of Th2 differentiation, GATAS (43, 44).

Th17 cells are another subset of CD4* T cells, distinct from Th1 and Th2 subsets (45).
These cells produce IL-17A and IL-17F upon activation, as well as IL-21 and IL-22.
Differentiation of cells toward a Th17 cell lineage requires signals by IL-1p, IL-6, IL-21, IL-
23, and TGF-p (46-49). Th17 cells appear to play a protective role in the eradication of the
extracellular bacterial and fungal pathogens, by mediating the recruitment of neutrophils and
macrophages to the site of infection (50, 51). However, it has been reported that Th17 may
also contribute to the pathogenesis of some inflammatory and autoimmune disorders (52, 53).
Differentiation of cells into the Th17 lineage is promoted by the following: interleukins IL-6
and IL-23, the transcription factors STAT3, and the master regulator of Th17 differentiation
retinoic acid receptor-related orphan receptor-yt (ROR-yt) (39).

In addition to the aforementioned CD4* subsets, there are regulatory CD4* T cells
(Treg cells), which play an important role in the suppression of immune responses following
the activation of the immune cells. The suppressive effects are mediated either through direct
cell to cell contact or through the secretion of anti-inflammatory cytokines, such as IL-10 or
TGF-p (54). Some of the Treg cells naturally arise from the thymus, while others are generated
after the activation of T cells and are called inducible Treg cells. FOXP3 is the master
transcription factor for Treg cells; it plays an essential role in the development and

maintenance of Treg cells (55).
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1.2.3.2 CD8" T cells

The activation of CD8" T cells leads to their rapid proliferation and clonal expansion,
which in turn results in their differentiation into effector cytotoxic T cells (CTLs). The
destruction of target cells by CTLs is governed through the release of cytotoxins stored within
specialized lytic granules into the surface of target cells. These cytotoxins include granulysin,
which has antimicrobial activity and induces the apoptosis of target cells, as well as perforin,
which helps form pores in the plasma membrane of the target cell (56, 57). Next, the CTLs
release granzymes that enter target cells via the perforin-formed pore and induce DNA
damage. The induced damage initiates apoptosis through both caspase-dependent and caspase-
independent pathways (58). Moreover, activated CTLs upregulate the expression of FasL,
which will bind to the Fas receptor on target cells and initiate the apoptotic machinery in

infected cells (59).

1.2.3.3 Memory T cell Formation

Following the successful clearance of a pathogen by the immune response, many of the
effector T cells (Te) (>90%) undergo apoptosis or programmed cell death (60). However, some
of the effector cells persist to become memory T cells (Twm). These Twm are quiescent and long-
lived. The main feature of the Twm is that they are capable of responding rapidly upon
encountering the pathogen in secondary infection. To maintain their sustained growth, Tm
mainly rely on the cytokine signals delivered by interleukin 7 (IL-7) and interleukin 15 (IL-
15). The receptor for these cytokines is thus highly expressed on the surface of memory cells

(61, 62). The mechanisms governing the generation of Tm remain controversial.
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Some reports indicate that Tm are generated by differentiating Tn into Twm via effector
cells (63, 64). Other studies suggest that Tm might be generated without going through the
intermediate effector stage of differentiation (65). A consistent finding between these models
is that the Twm can be grouped into two distinct populations of CD4* and CD8* Tw cells, central
memory T cells (Tem) and effector memory T cells (Terf). The different Tm phenotypes are
defined by the presence or absence of three cell surface markers: the activation marker CD44,
the cell adhesion molecule L-selectin (CD62L), and the C-C chemokine receptor type 7
(CCRY7) (66). Tem have been found to express (CCR7* CD62L* CD44%) and reside in the blood
and lymphatic tissues, while Tefr lose the expression of both markers (CCR7- CD62L") and
express CD44*,and home to peripheral tissues (66). Although these two subsets of Twm exist,
the factors mediating their generation are not well understood.

Additionally, Twm cells can be generated in the absence of foreign antigen. Following T
cell lymphopenia, Tn can undergo homeostatic proliferation and can differentiate into Twm cells
in response to self-antigens and IL-7 signals (67—-69). These Tm cells are referred to as
memory-like or memory phenotype cells. Although these cells have not been generated by
contact with a foreign antigen, they retain functional and phenotypic characteristics of
conventional Tm (70-72). These memory-like T cells result from differentiating Tn in response
to self-antigens following lymphopenic stress. In some instances, they are capable of reverting
to their naive phenotype once the T cell compartment is restored to its normal homeostatic

level (71).

14



1.3 Cytokines, Interleukins, and Interleukin 7

Cytokine is a broad term for small, secreted proteins/peptides that are often involved
in regulating immune responses. This includes cell development, differentiation, signaling,
and activity. There are several different families of cytokines that include chemokines,
interferons, and interleukins (73). Interleukins were first thought to be small signaling
molecules produced by leukocytes to target other leukocytes, but they now have a broader
definition with more target cells. Interleukins are a type of cytokine, but not all cytokines are
interleukins. Approximately 40 interleukins have been identified so far, and have been
subdivided into several families based on their receptor similarities and functional properties
(74-76). One of the important interleukin families is the common y chain cytokines, which
consist of IL-2, IL-4, IL-7, IL-9, IL-15, and IL-21 (77). This thesis will focus on IL-7, such as
its biology and site of production (Section 1.3.1); the signaling and regulation of the interleukin
7 receptor (Section 1.3.2); and the pleiotropic effects of IL-7 on T cells (Section 1.3.3) will be

discussed.

1.3.1 Biology of IL-7 and Its Site of Production

IL-7 is a hematopoietic growth factor and a master regulator of T cell development and
homeostasis. IL-7 is a single-chain glycoprotein (25 kDa), encoded by a gene located on
chromosome 3 in mice and chromosome 8 in humans (78, 79). It was originally discovered as
a cytokine that promotes the growth of murine B cell precursors, and then was identified as an
essential cytokine for murine and human T cell homeostasis (79, 80). Although not produced
by T cells, a variety of other cell types produce IL-7 including: stromal cells in the thymus and

BM, vascular endothelial cells, intestinal epithelial cells, keratinocytes, and follicular DCs
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(81). In healthy individuals, the plasma level of IL-7 has been found to be <10 pg/ml (82), and
the production of IL-7 is believed to occur at a constant rate. Hence, it is suggested that the
regulation of IL-7 concentration is mediated by lymphocyte consumption and competition for

the limiting amount of IL-7, rather than by its production (81).

1.3.2 Interleukin 7 Receptor: Signaling and Regulation

IL-7 signals are transduced by the IL-7 receptor (IL-7R). The receptor is a heterodimer
complex, composed of an IL-7R-alpha chain (CD127) and the common gamma chain
(CD132/IL-2Ry/yc). The IL-7 Ra gene is located on chromosome 15 in mice and chromosome
5 in humans (78, 83). The gene consists of 8 exons, which encode for a protein of 459 amino
acids (aa). The full length of CD127 protein consists of 20 aa for signal sequence, 219 aa for
extracellular domain (encoded by the first 5 exons), 25 aa that make the transmembrane
domain (encoded by exon 6), and 195 aa that form the cytoplasmic tail (encoded by exons 7
and 8) (84-86). CD127 is also a part of the thymic stromal lymphopoietin receptor. CD132 is
shared by other common y chain cytokines, including IL-2, 4, 9, 15 and 21 (87-89).

Binding of IL-7 to its receptor triggers the dimerization of the two receptor chains,
allowing the activation of the tyrosine Janus kinases (JAKSs), JAK 1 and JAK 3 which are
associated to the cytoplasmic tail of CD127 and CD132, respectively (86, 90, 91). This
complex promotes downstream phosphorylation processes, and initiates a number of signaling
cascades. Two of the major signaling pathways activated by IL-7 are JAK/STAT, and
phosphatidylinositol 3 kinase /protein kinase B (PISK/AKT) (78).

For JAK/STAT signaling, IL-7 ligation induces phosphorylation of JAK 3 and JAK 1,

as well as the tyrosine residues in the cytoplasmic part of CD127. This phosphorylation creates
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a docking site for the SH2 domain, which leads to the recruitment of STAT 1, 3, or 5 (92, 93).
STAT 5 is considered the main STAT protein activated by IL-7, and two isoforms have been
reported for STAT 5, STAT5a and STAT5b (86). The tyrosine Y449 site is crucial for the
downstream signal of IL-7. Once phosphorylated, it recruits STAT 5 where it is subsequently
phosphorylated by JAK and other relevant kinases (78). The phosphorylated STATS
subsequently dimerize and translocate to the nucleus, where they regulate the activation of
cytokine dependent genes involved in cell survival and proliferation of T cells (94, 95).

IL-7 also induces the activation of PI3K (96). This is mediated by the phosphorylation
of PI3K p85 subunit and is activated by JAK 3 (97). AKT is a serine/threonine kinase and is a
major target of PI3K signaling, which in turn is responsible for regulating a number of
important factors essential for cell survival (86, 98). Other effector functions of PI3K/AKT
signaling pathways have been attributed to the activation of cell proliferation and the
maintenance of glucose metabolism (99). Signaling of IL-7 has a central role throughout the
lifespan of T cells; it is required for both thymopoiesis and T cell maturation (100). After
maturation, IL-7 signaling promotes cell survival and maintains homeostasis of Tn and Twm
cells via proliferation (101, 102). In addition, the cytolytic function of CTLs, in response to
foreign antigens, is enhanced by IL-7 (103, 104).

IL-7R is expressed on cells of lymphoid origin, such as developing and mature T cells,
and non-immune cells such as stromal cells of the bone marrow (100, 105). Loss of the receptor
due to a genetic defect, or manipulation in mice, leads to severe combined immunodeficiency
(SCID) with a complete block in T cell development (106). Aberrations in CD127 expression
or dysregulation of IL-7 levels are associated with several diseases, including HIV,

autoimmune diseases, and different types of cancer (107-110). Given the importance of IL-7
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in T cell homeostasis, the mechanisms modulating IL-7 signaling through its cognate receptor
are tightly regulated, but the underlying processes of that regulation are not well characterized.

Research has shown that intrinsic feedback controls are important in the regulation of
CD127 expression. Interestingly, several studies have demonstrated that receptor ligation with
IL-7 decreases the expression of surface CD127 at both the transcriptional and translational
level (111, 112). In addition to the membrane receptor form of CD127, a soluble form
(sCD127) has been identified. This soluble receptor has the capability to bind with IL-7. As

such, one can hypothesize its involvement in the regulation process (88).

1.4 Pleiotropic Effects of IL-7 on T cells

1.4.1 1L-7 and Thymopoiesis

The essential roles of IL-7 in the development of T cells are unique and indispensable
during the entire process of thymopoiesis. This is evident in the murine study findings that IL-
7/IL-7Ra deficiency, or treating mice with IL-7/IL-7Ra neutralizing antibodies, result in
severe lymphopenia and inhibition of T cell development (80, 106, 113, 114). Moreover,
mutations of the CD127 gene in humans result in severe combined immunodeficiency (SCID),
characterized by abnormal development of T cells while maintaining normal lymphopoiesis of
B and NK cells (115). The above findings confirm the crucial role of IL-7 in human T cell
thymopoiesis, and conclude that the defect on T cell development is more pronounced in
CD127 deficiency than in IL-7 deficiency. This is due to the additional loss of Thymic Stromal
Lymphopoietin signaling, which if present can lessen the effects of IL-7 deficiency (116). In

the thymus, IL-7Ra has been found to be highly expressed in DN thymocytes, silenced and
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down-regulated on DP subsets, and re-expressed upon completing the maturation of T cells on
single positive T cells (CD4* or CD8* T cells) (117) Figure 1-2.

The effects of IL-7 on T cell thymopoiesis are characterized by multiple stages of the
development of T cells, which include the differentiation of DN thymocytes and the
rearrangement of TCR (118). In the DN stage, CD127 expression is essential for the survival
of DN subsets by preventing programmed cell death, due to the upregulation of the anti-
apoptotic molecule BCL-2 (119). It has been shown in IL-7Ra - mice that overexpression of
BCL-2 genes or deletion of the pro-apoptotic molecule BCL-2 associated X protein (BAX)
can partially rescue T cell development (120-122). Further, IL-7 signaling is critical for DN
subset differentiation and proliferation. This is mediated by activating PI3K downstream
signals, which, in addition to stimulating cell cycle progressions, is required to overcome a T
cell development inhibitory signal rendered by phosphatase and tensin homologue deleted on
chromosome 10 (123, 124). IL-7 has also been shown to play an essential role for the y-chain
rearrangement of TCR, and also contributes to the f TCR rearrangement by increasing histone
acetylation and chromatin accessibility (125, 126). Interestingly, the absence of IL-7 signals

can result in a complete lack of yd T cell population and a dramatic loss of the aff T cells (118).
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Figure 1-2:The requirement of IL-7 signaling throughout the life-span of lymphocyte.
During B cell development, IL-7 signaling promotes commitment of progenitors to B cell fate
in the bone marrow. The expression of IL-7Ra is then downregulated on mature B cell
population. During T cell development, IL-7 signaling promotes the survival and expansion of
DN thymocytes. The expression of IL-7Ra is then downregulated on DP thymocytes and re-
expressed by SP thymocytes. In the periphery, mature naive T cells express IL-7Ra. Upon
encountering foreign antigens and subsequent activation, naive T cells differentiate into
effector T cells and lose the receptor. Upon clearance of the pathogen, a small number of
effector T cells retain the expression of IL-7 receptor and constitute the pool of long-lived
memory cells. The figure was obtained with permission from Springer Nature. (Permission
from the publishing group is depicted in the appendix) (127).
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1.4.2 IL-7 and Mature T cell Homeostasis and Proliferation

In addition to the requirement of IL-7 on T cell development, IL-7 plays a vital role in
T cell homeostasis by maintaining a constant number of T cells in the periphery, and by
controlling cell death and division. The survival of mature T cells is dependent on IL-7
signaling in addition to the weak interaction with self-peptide/MHC ligands via the TCR (128,
129). Previous findings have shown the necessity of IL-7 for Tn survival. A report published
by Tan et al., 2001 demonstrated that transferring naive CD4* and CD8* T cells into IL-7
deficient mice abrogated the recovery of the cells and observed that one month following the
adoptive transfer the cells had completely disappeared (130). Further, Vivien et al., 2001
revealed that Tn number was dramatically reduced via blocking IL-7 signaling by
administering anti-IL-7R antibodies in mice (131).

IL-7 prompts cell survival through multiple mechanisms. These include the inhibition
of apoptosis by upregulating anti-apoptotic molecules B cell lymphoma 2 (BCL-2) and
myeloid leukemia cell differentiation protein 1 (MCL-1), and the inhibition of the pro-
apoptotic molecules BAX, BAD, and BIM (119, 132-134). Additionally, IL-7 has also shown
to promote T cell survival through stimulating glucose uptake and maintaining cellular
metabolism. Lum et al., 2005 showed that in cell lines lacking essential proteins for apoptosis,
progressive atrophy occurred due to reduced glycolytic activities, reduced ATP production,
and decreased glucose transporter GLUT1 (135). Hence, the finding that IL-7 induces GLUT1
expression and enhances glucose uptake highlights the potential link between IL-7 and T cell
survival (136).

In addition to the requirement of IL-7 in T cell survival, IL-7 stimulates the
proliferation of T cells by regulating factors important for cell division (101). These factors

include different classes of cyclin-dependent kinases (cdks) essential for cell-cycle progression
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(e.g., cdk2 and cdc25A) as well as negative regulators of cell proliferation known as cyclin-
dependent kinase inhibitors (CKIs) such as p27XP* (137). IL-7 has been reported to primarily
regulate cell proliferation by inducing the upregulation of cdc25A and downregulation of cell
cycle inhibitor, p27kP1 (137, 138). Under normal conditions, when T cell numbers are not
altered, there is relatively minimal need to activate homeostatic cell proliferation. Thus, the
IL-7 signals mainly promote cell survival and maintenance of T cell homeostasis. Whereas in
lymphopenic conditions, IL-7 can stimulate T cell proliferation in order to restore T cell
numbers (118).

Several studies have elucidated the enhanced effect of IL-7 on T cell proliferation in
pathological conditions that cause a reduction in T cell number. In one study, a 3-week
treatment of SIV-infected non-human primates with IL-7 showed a significant increase in the
number of peripheral T cells (139). Similarly, in HIV-infected individuals receiving
antiretroviral therapies, an enhanced recovery of CD4* and CD8* T cells was observed by

administering IL-7 therapy (140).

1.5 Soluble Cytokine Receptors

The first soluble cytokine receptor identified by Rubin et al. was the soluble IL-2
receptor in 1985 (141). Since this initial discovery, other studies suggest that most cytokine
receptor families have soluble cytokine receptors. Generally, soluble cytokine receptors arise
from the extracellular protein of the membrane-bound receptor which retain the ability to bind
their ligands. There are several mechanisms through which a soluble receptor can be generated.
It can result from a proteolytic cleavage of ectodomains mediated by a large family of

metalloproteases, known as sheddase proteins, such as ADAMs (a disintegrin and
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metalloproteinases) and MMPs (Matrix metalloproteinases) (142). Another mechanism
involves alternative mRNA splicing, where the transmembrane domain(s) of the receptor is
spliced out. Thus, the secreted receptor protein is in a soluble form (142).

The importance of studying the role of soluble cytokine receptors comes from the idea
that these receptors can affect the balance between ligands and their relative cell membrane
receptors, and thus alter immune responses. Generally, soluble receptors can either attenuate
or promote cytokine signaling. In one model, soluble cytokine receptors exert antagonistic
effects by acting as natural competitors of the membrane receptor (143). The higher the affinity
of the soluble receptor for the ligand, the more potent the inhibition of the signal will be. A
previous study of soluble IL-2Ra revealed that binding to the ligand reduces its ability to
signal, inhibiting IL-2 dependent T cell activation and proliferation (144). Another report
published by Arend et al., 1994 showed that soluble IL-1RIl can attenuate IL-lo and P
bioactivities by acting as a decoy receptor (145).

Contrary to the negative impact on cytokine signaling, soluble cytokine receptors have
also been found to exert agonistic effects. Previous findings have demonstrated that soluble
IL-4 and IL-15 receptors enhance the activity of their ligands by increasing cytokine stability
and protecting them from degradation (146, 147). In some cases, soluble receptors bind to the
ligands and trans-present them to cells that do not express the complete receptor, such as slL-

15Ra and sIL-6R (147, 148).

1.5.1 sCD127: Mechanism of Generation and Biological Effects on IL-7 Signaling
In 1990, the molecular cloning of human and murine cDNA encoding membrane-

bound IL-7Ra by Goodwin et al. surprisingly revealed a soluble variant of the receptor (88).
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The generation of sSCD127 is primarily derived by alternative splicing of mMRNA, when exon
6 (which codes for the transmembrane region of the membrane receptor (A6, sIL-7Ra)) is
removed. This removal results in the generation of a unique 26-aa sequence, followed by a
premature stop codon (149). In addition to the alternative splicing, SCD127 may be generated
by ectodomain shedding. This process causes a proteolytic removal of the transmembrane
domain of the membrane receptor via a shedding protease, resulting in the release of the
soluble extracellular domain of the receptor. Unpublished work from our lab has hypothesized
that MMP 9 may have a role in the generation of sCD127 through proteolytic shedding;
however, the full mechanism of sCD127 generation by this mechanism remains to be
confirmed.

Despite the fact that soluble receptors are known to mediate cytokine signaling, the
exact biological effects of SCD127 in vivo have not been well-elucidated. The importance of
delineating the role of SCD127 in mediating IL-7 activities arises from the fact that in healthy
individuals, sCD127 has been found to circulate at high concentrations compared to IL-7,
nmol/ml compared to pmol/ml levels, respectively (85). Also, various degrees of affinity to
bind IL-7 have been reported. For instance, moderate-affinity to IL-7 has been found when
sCD127 is in homodimer form, whereas the heterodimer form sCD127/syc has a high binding
affinity to IL-7 (150). Both attenuating and promoting effects on IL-7 bioactivity have been
described. In some instances, SCD127 was reported to block IL-7 signaling as well as inhibit
STATS phosphorylation and IL-7-mediated proliferation (151, 152). However, other studies
have demonstrated that sSCD127 acts as a carrier protein for IL-7, thereby increasing the half-
life of IL-7 and promoting the biological activity of IL-7 (150).

Furthermore, a recent study in our lab has reported that pre-incubation of a chimeric

IL-7Ra-Fc receptor (an artificial protein that mimics natural sCD127, consisting of CD127
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extracellular domain and human FC-fragment) and IL-7 enhanced IL-7-mediated human and
murine T cell proliferation in vitro (153). Such an observation paved the way for subsequent

investigators to establish the role of IL-7 in vivo, which will be the main focus of my thesis.

1.5.2 Association Between sCD127 and Diseases

The presence of sCD127 in body fluids is readily demonstrated, and its relative
abundance has been linked with various diseases, including autoimmune and infectious
disorders. The findings demonstrate that a single nucleotide polymorphism (SNP) rs6897932
in IL-7Ra gene resulted in increased production of SCD127, which is linked to an increase in
the risk of developing autoimmune diseases (e.g., multiple sclerosis [MS], lupus
erythematosus, sarcoidosis, and type 1 diabetes [T1D]) (150, 154-156).

In the case of MS, the rs6897932 CC polymorphism is implicated in increasing the
skipping of exon 6 and elevating the level of sSCD127 production, which in turn enhanced the
bioactivity of IL-7 by diminishing its consumption, and thus increased the susceptibility to MS
(150). Similarly, an elevated level of sCD127 has been found in the serum of patients with
systematic lupus erythematosus compared to healthy individuals. Upon treatment, the serum
concentration of sSCD127 significantly declined (154). Moreover, a previous report by Monti
et al., 2013 revealed that serum concentrations of SCD127 were only increased in the onset of
T1D within cohort of patients with positive islet autoantibody as compared with concentrations

in age-matched first-degree relatives control group (152).

26



In addition to autoimmune diseases, SCD127 has been found to play a role in the
context of infectious diseases. For instance, increased levels of sCD127 have been found in
the plasma of HIV-infected individuals compared to healthy controls (151). As well, the SNP
rs6897932 CC allele in CD127 gene has been associated with elevated levels of sSCD127 in
Caucasian HIV+ patients, which is associated with a slower rate of CD4* T cell recovery upon

receiving combined antiretroviral therapy, and rapid AIDS progression (157, 158).

1.6 Hypothesis

IL-7 is critical for stimulating T cell proliferation, making it a potential therapeutic
agent for treating clinical lymphopenic conditions. Furthermore, the in vivo functions of
sCD127, an IL-7 receptor, are still unknown. I hypothesize that by administering exogenous
sCD127, IL-7 activity should be enhanced, thus enhancing T cell proliferation in vivo.
Objectives:
1) To determine the effect of sSCD127 treatment with or without exogenous IL-7 on T cell
homeostasis in healthy mice.
2) To validate the use of CD4 and CD8 antibodies in order to generate a T cell-depleted mouse
model, and determine the kinetics of their spontaneous T cell reconstitution.
3) To determine the effect of sCD127 treatment with or without exogenous IL-7 on T cell

reconstitution and proliferation in the above T cell-depleted mouse model system.
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2. Chapter 2: Materials and Methods
2.1 Mice

C57BL/6 mice (B6) were purchased from Charles River laboratories and kept under
specific pathogen-free conditions in the main animal facility at the University of Ottawa. Mice
used for experiments were between 7-12 weeks of age. Mice were age and gender-matched for
all experiments. All experiments were performed according to ethical guidelines and were
approved by the University of Ottawa Animal Ethics Committee and the Canadian Council on

Animal Care.

2.2 Reagents
2.2.1 Antibodies

For T cell depletion, Rat anti-mouse anti-CD4 antibodies (Clone GK1.5 — catalog #:
BE0003-1) and anti-CD8 antibodies (Clone YTS 169.4 — catalog #:BE0117) were purchased
from Bio X Cell (Lebanon, USA). A complete list of the all antibodies utilized for surface and
intracellular staining (flow cytometry) can be found in Table 2-1. Fixable Far Red Live/Dead

was obtained from Invitrogen (Carlsbad, CA, USA).
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Table 2-1. List of fluorochrome antibodies used for flow cytometry

Company  Target? Reactivity® Clone Conjugate® Catalogue#
BD Annexin-V Ms - PE 51-65875X
Blosciences  cp3 Ms 145-2C11  FITC 553062
CD4 Ms RM4-5 BV786 563727
CD8 Ms 53-6.7 APC 553035
CD19 Ms ID3 APC/Cy7 557655,
and V450 560375
CD44 Ms IM7 PE 553134
Ki-67 H, Ms, Rat, B56 V450 and 561281,
Rh BVv421 562899
NK-1.1 Ms PK136 PE, 553165,
PE/Cy7, 552878,
and FITC 553164
pSTATS H, Ms, Rat, pY694 PE 562077
Sh
TCR-B Ms H57-597 FITC 553171
eBioscience CD3 Ms 145-2C11 FITC 11-0031-85
CD8 Ms 53-6.7 APC and 17-0081-82,
PE/Cy7 25-0081-82
CD62L Ms MEL-14 FITC 11-0621-85
CD127 Ms SB/199 PE 12-1273-81
TCR-B Ms H57-597 APC and 17-5961-83,
eFluor 450  48-5961-82
BioLegend CD44 isotype  Rat RTK4530 PE 400608
CD62L isotype Rat RTK2758 FITC 400506
CD127 isotype Rat RTK4530 PE 400608

aTarget abbreviations: CD-Cluster of differentiation; CD62L-CD62 ligand; NK-1.1 — Natural killer cell
marker/antigen 1.1; pSTATS5 - ; TCR-beta — T cell receptor-beta.

PReactivity abbreviations: Ms-mouse; H-human; Rh-Rhesus monkey; Sh-sheep.

¢Conjugate abbreviations: APC-Allophycocyanin, FITC-fluorescein isothiocyanate, PE-phycoerythrin; PE/Cy7-
phycoerythrin/Cyanine 7.
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2.2.2 Buffer and Culture Media

HyClone Roswell Park Memorial Institute 1640 medium (RPMI-1640) was purchased
from (GE Healthcare Lifesciences catalogue #: SH30027.01). Ammonium-Chloride-
Potassium (ACK) lysis buffer was made in house. FACS staining buffer (SB) was made in
house (Phosphate buffer saline (PBS) pH 7.4 containing 2% fetal bovine serum). For cell
surface staining, the fixation buffer was made in house (2% paraformaldehyde in PBS pH 7.4).
For intracellular staining of Ki-67, Foxp3 Transcription Factor Staining Buffer Set (cat#
00552300) was purchased from eBioscience (San Diego, CA, USA). Briefly, to fix the cells 1
part of Foxp3 - Fixation Concentrate (cat# 00512343) was diluted into 3 parts of the
Fixation/Permeabilization  Diluent (cat# 00522356). For permeabilization, 1X
Permeabilization buffer was made by diluting 10X Permeabilization concentrate (cat#
00833356) with deionized water. Sterile PBS used for mouse treatments was purchased from

MULTICELL, cat# 311425CL.

2.2.3 Cytokines

For mouse treatments, recombinant murine IL-7 (catalog #: 217-17; endotoxin level:
less than 0.01 ng/mg cytokine as determined by the LAL assay) was purchased from
PeproTech (Rocky Hill, USA). IL-7Ra-Fc chimeric molecule (catalogue #: 747-MR-050;
endotoxin level: less than 1.0 Endotoxin Units/mg of protein by LAL method) was purchased
from R&D Systems (Minneapolis, USA). For cytokines and soluble receptors quantification,
AimPlex™ Mouse IL-7 Group 2 Analyte kit (cat# B211251) and AimPlex™ Mouse IL-7R/IL-
7Ra/sCD127 Group 3 Analyte kit (cat# B21338) were purchased from YSL Biosciences

Development Co. (Pomona, CA, USA).
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2.3 Mouse treatments
2.3.1 Recombinant Murine IL-7 and sCD127 treatment of healthy mice

Mice were injected intraperitoneally (i.p) with murine IL-7 protein and mouse IL-7
Ro/CD127 Fc Chimera protein - that mimics the natural form of SCD127, either alone or in a
combination. To allow the complex to form, right before administering the treatment, IL-7 and
sCD127 were mixed at the indicated concentrations and incubated for 30 minutes (mins) at
37°C. This protocol was adapted from previous reports (153, 159). Two different approaches
were used to treat the mice. The first approach was to use a dose of IL-7 and sCD127 that are
in excess of their endogenous levels, and with an equal molar ratio for the combination
treatment. In this approach, mice were divided into 4 groups and healthy mice were injected
once with either 200 ul PBS alone (vehicle control), 1 pug of IL-7, 3.5 ug of sCD127, or 4.5 ug
of IL-7 complexed with SCD127 (1 pg of IL-7 complexed to 3.5 pg of SCD127). In the second
approach, mice were treated for 5 consecutive days. In this case, each mouse was treated either
with 200 ul PBS alone, 5 pg of IL-7, 5 pg of sSCD127, or a 10 ug complex of both treatments
(5 ng of IL-7 complexed to 5 pug of SCD127). Of note, all treatment injections were diluted in
sterile PBS (MULTICELL) and the total volume for each injection was kept consistent. The
timeline of the experiments performed in healthy mice for both approaches can be found in

Figure 2-1A and B.
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Figure 2-1: Experimental timelines for experiments evaluating the effect of sSCD127 and
IL-7 treatments on blood T cell homeostasis in healthy C57BL/6 mice. A) Experimental
timeline for approach #1 in healthy mice. Twelve healthy C57BL/6 were randomly allocated
to one of four groups and i.p. injected on day 0 (d0) with either: 1) a single dose of soluble
(3.5 ng) CD127; 2) a single equal molar dose (1 pg) of IL-7; 3) sSCD127 complexed with IL-7
(3.5 ug sCD127 pre-incubated with 1 pg of IL-7 for 30 mins at 37°C); or 4) PBS (vehicle
control). B) Experiment timeline for approach #2 in healthy mice. Healthy C57BL/6 mice
received five consecutive days of i.p. injections of a high dose (5 pg) of soluble CD127 and/or
equal mass of IL-7 and were compared mice receiving i.p. injections of PBS (vehicle control).
Total n=28 mice.
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2.3.2 In-vivo T cell depletion

For in vivo T cell depletion, B6 mice were administered 150 pg of both anti-CD4-
(Clone GK1.5) and anti-CD8 (Clone YTS 169.4) depleting antibodies that were diluted in PBS
i.p. on day 0 (d0). Blood was collected from mice on d1 to confirm T cell depletion by flow
cytometry. Consequently, mice were bled weekly for 6 weeks to demonstrate the kinetics of T
cell reconstitution following T cell depletion (from d7 to d63). A detailed description of the

experiment timeline can be found in Figure 2-2.

2.3.3 Recombinant Murine IL-7 and sCD127 treatment of T cell depleted mice

The T cell depleted mice described in Section 2.3.2 were subsequently subjected to IL-
7 and sCD127 treatments using the two approaches described in Section 2.3.1 with a few
differences. In the first approach, the T cell depleted mice were injected twice with either 200
ul PBS alone (vehicle control), 1 pug of IL-7, 3.5 pug of sCD127, or 4.5 pg of IL-7 complexed
with sCD127 (1 pg of IL-7 complexed to 3.5 pg of sCD127) at d6 and d13 following T cell
depletion (Figure 2-3A). For the second approach, the T cell depleted mice were injected for
five consecutive days with either 200 ul PBS alone, 5 ug of IL-7, 5 pg of sCD127, or a 10 pg
complex of both treatments (5 pg of IL-7 complexed to 5 pg of sCD127) on d24-d28 after T
cell depletion (Figure 2-3B). Of note, T cell depleting antibodies were injected at dO in both

Ccases.
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Figure 2-2: Experimental timeline for the T cell depletion optimization experiments in
healthy C57BL/6 mice. Six healthy age-matched C57BL/6 mice had blood drawn two days
(d-2) before starting the experiment. On day 0 (d0), each mouse was i.p. injected with a 150
ug dose of both anti-CD4 and anti-CD8 depleting antibodies. On d1, T cell depletion was
confirmed by analyzing the blood T cell proportion by flow cytometry as described in section
3.2.1. Blood was taken from each mouse at the indicated time points, and stained with CD3,
CD4, and CD8 antibodies to assess the kinetics of T cell reconstitution up to d63.
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Figure 2-3: Experimental timelines for experiments evaluating the effect of sSCD127 and
IL-7 treatments on blood T cell homeostasis in T cell depleted C57BL/6 mice. A)
Experimental timeline for approach #1 in T cell depleted mice. T cell depleted mice were i.p.
injected with two doses of soluble CD127 and/or IL-7 on two consecutive days and compared
to those injected with PBS (vehicle control). Total n=13 mice (n=4 PBS, n=3 for other groups).
B) Experiment timeline for approach #2 in T cell depleted mice. T cell depleted mice were i.p.
injected with five consecutive daily doses of soluble CD127 and/or IL-7 and compared to T
cell depleted mice injected with PBS (vehicle control). Total n=16 mice
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2.4 Cell Isolation

2.4.1 Peripheral blood mononuclear cell isolation

Approximately 40 ul of blood was collected in heparin-coated capillary tubes (BD
Vacutainer, cat# 026896) via a saphenous vein of experimental mice at appropriate time points.
The blood samples were kept on ice throughout the procedures. After collection, blood was
then mixed in 1 ml of PBS in a 15 ml conical centrifuge tube (Thermo Scientific, cat# 339650),
and washed by centrifugation for 5 mins at 4°C and at 652 xg. The supernatant was discarded.
The Red blood cells (RBCs) were then lysed in 1 ml ACK lysis buffer for 1 min or until the
solution began to appear transparent at room temperature (RT). Then, 9 ml of RPMI-1640 was
added immediately, filtered through a 200 micron nylon mesh (Elko Filtering, cat# 0320045)
cell strainer and washed by centrifugation once for 5 mins at 4°C and at 652 xg. The cells were
then resuspended in 2 ml media, counted on a hemocytometer, washed by centrifugation again
for 5 mins at 4°C and at 652 xg, and then resuspended in SB for further analysis. The number
of total peripheral blood mononuclear cells (PBMCs) obtained per 40 ul of mouse blood yields

1-2 X 10° cells and approximately 40% are T cells.

2.4.2 Splenocyte isolation

Spleens were harvested from experimental mice at the last time point of an experiment
when indicated. The cells are then transferred to 6-well normal tissue culture plate (Greiner
Bio-One, cat# 07000079) containing 5 ml RPMI-1640 media per well. To obtain a single cell
suspension, spleens were gently dissociated in media and pushed through a 70 um nylon cell
strainers (Bio Basic Inc, cat # SP104181) using the end of a 3 ml syringe plunger. Splenocytes,

a mixed population of all cells isolated from the spleen including T cells, B cells, DCs and
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macrophages, were then transferred to a 15 ml conical centrifuge tube and lysed in 1 ml ACK
lysis buffer for 30 seconds at RT. Then, 14 ml of media was added to dilute the lysis buffer,
and centrifuged at 290 xg for 10 mins at 4°C. The cells were then resuspended in 10 ml media,
filtered through a nylon mesh, counted on a hemocytometer, and washed once in RPMI-1640
media by centrifugation at 290 xg for 10 mins at 4°C. From this method, we expect yields of
5-10 X 107 total splenocytes per spleen and of those 50% cells are T cells. Cells were then
resuspended in media for subsequent cell staining and further analysis at assay-specific cell

densities.

2.5 Flow cytometry

2.5.1 Cell surface marker expression

Cell suspensions prepared from mouse blood or mouse spleens at appropriate time
points were resuspended in SB at a density of 1 X 10° cells/well in a VV-bottom 96-well plate
(Thermo Scientific, cat# 12556008). Cells were spun down at 453 xg for 4 mins at 4°C and
subsequently stained with a cocktail of directly conjugated monoclonal antibodies (mAbs) (0.2
ul of each antibody/108 cells) in 40 pl of SB and incubated at 4°C for 25 mins in the dark. After
staining, cells were washed with SB, fixed with 2% paraformaldehyde (PFA) for 10 mins at
4°C, and washed twice to remove PFA. Finally, cells were resuspended in 300 ul of SB and
processed within 24 hours. Samples in 96 well plates were run on the LSRFortessa™ or
FACSCelesta™ at a sample flow rate of approximately 60 pL/min and approximately 300 to
600 events per second (both BD Biosciences). Data was analyzed using Kaluza software v2.0

(Beckman Coulter).
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The phenotype of the cells was determined using the following fluorescent mAbs
against cell surface or viability markers including: anti-CD3, anti-CD4, and anti-CD8a. for T
cells; anti-NK1.1 for NK and NKT cells; fixable viability stain for dead cells; anti-CD127 for
Membrane surface expression of CD127; and anti-CD62L and anti-CD44 for T cell subset
identification. More information about staining panels and controls used to examine the cells

can be found in Table 7-1.

2.5.2 Intracellular staining for Ki-67

For intracellular staining, surface staining was completed first, and then the cells were
fixed for 12-16 hours at 4°C in the dark. The cells were handled for the subsequent steps at
RT. Briefly, cells were permeabilized twice by adding 150 pl of perm buffer and washed once
by centrifugation at 453 xg for 4 mins at 4°C. The cells were then stained with V450-
conjugated anti-mouse monoclonal Ki-67 antibodies (0.2 ul/10° cells) in 40 pl of perm buffer
and incubated at RT for 30 mins in the dark. The cells were washed twice with perm buffer

and resuspended in 300 pl of SB for further flow cytometric analysis.

2.5.3 Measurement of plasma IL-7 and sCD127 levels

For the evaluation of serum cytokine levels, the AimPlex™ mouse IL-7 and the
AimPlex™ mouse IL-7Ra/sCD127 Single-Plex kits were used. The samples were prepared
according to the manufacturer’s instructions. Briefly, 11 ul of a mixture of capture bead coated
with antibody specific (either for IL-7 or sSCD127) was first mixed with equal volume of either
sample or standard, and incubated on an orbital shaker, at RT in the dark for 1 hour. Then,

biotinylated detection antibodies (11 pl) were added to form sandwich complexes and
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incubated in the dark for 30 mins on the shaker. Next, streptavidin-PE was added to the
samples and incubated for 20 mins Subsequently, the samples were washed in 100 pl washing
buffer, spun down at 163 xg for 5 mins After washing, the samples were resuspended in 300
ul of reading buffer, acquired using an LSRFortessa™, and analyzed using the BD FCAP
Array Software. The cytokine concentration in pg/ml was calculated based on the standard

curves.

2.6 Calculation of absolute T lymphocyte subset count
In order to calculate mice blood and spleen cell number, the following calculations
were used:

. Blood cell count:

Total cell number of specified T cell gate counted by flow cytometry = A
Total blood volume collected = 40 pl
Total volume of SB used for flow acquisition = 150 pl

Volume acquired for each sample by flow = 100 pl

150 _
100

Absolute number of specified T cell subset / 40 pl of blood = A X B

Absolute number of specified T cell subset / ml of blood = B X %

. Spleen cell count:

Cell number counted by hemocytometer = A
Percentage of T cell subset gate of total live cells =B

Absolute number of specified T cell subset=A X B
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2.7 Statistical analysis

All statistical analyses were determined using GraphPad Prism 5.0 software (San
Diego, CA). Statistical significance was calculated by performing a One-way analysis of
variance (ANOVA) followed by unpaired parametric Student’s t-test. Values with a cut off P
value less than 0.05 were considered significant. Data are presented as mean + standard
deviation (SD), and P values are represented as not significant (ns), *P< 0.05, ** P< 0.01, ***

P< 0.001.
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3. Chapter 3: Results
3.1 Determine the effect of SCD127 with or without IL-7 on T cell homeostasis in healthy
mice
3.1.1 Safety of SCD127 and IL-7 treatment in our in vivo system

Since little is known about sCD127 use in in vivo experiments, we assessed the safety
of administering soluble recombinant mouse IL-7-R alpha/CD127 Fc Chimera Protein (R&D
Systems) to healthy mice by first measuring mouse body weight. A total of 12 mice were used
in this experiment, and the mice were divided into four groups. Each group received a single
I.p. injection of either: sCD127 alone (3.5 ug); IL-7 alone (1 ug); the combined dose of both
sCD127 and IL-7 (pre-incubated at 37C° for 30 mins to complex proteins); or PBS (vehicle
control). We demonstrated that all mice tolerated the treatments and there was no noticeable
weight loss in any mouse on the indicated treatments Figure 3-1A and B. Moreover, even
after we increased the dosage time and concentration of treatments as outlined (See Figure
2-1B), we did not observe any toxic effects as determined by change in mouse body weight

Figure 7-1.

3.1.2 The effect of IL-7 and sCD127 treatment on blood T cell homeostasis in healthy
mice
3.1.2.1 Treatment with sCD127 did not inhibit IL-7 induced downregulation of surface
CD127 expression on T cells

To determine whether the treatments act directly on T cells, the down-regulation of
surface CD127 expression on CD4* and CD8* T cells, a known marker for signal transduction

of IL-7 (160), was examined by flow cytometry. PBMCs were isolated from healthy mice at
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time points mentioned above, and stained with antibodies against CD127, CD3, CD4, and
CD8. We found that the proportion of CD4* and CD8* T cells expressing CD127 was
approximately around on ~85% in both CD4* and CD8* T cells before treatment. Treatment
with IL-7 with or without sCD127 significantly reduced the expression of CD127 on CD4"* or
CD8" T cells 6 hours following treatment initiation as compared to the PBS on treated mice at
the same time point (Figure 3-2). In the case of CD4* T cells, CD127 was expressed on 45%
mean + 5% SD and 50% * 10% in IL-7 and combined therapy treated groups, respectively
compared to 98% = 1% observed in PBS treated one. While the proportion of CD8" T cells
expressing CD127 was approximately 38% + 4% and 42% + 12% in IL-7 and combined
therapy treated groups, respectively relative to 99% + 1% in PBS treated mice. Treatment of
sCD127 alone did not alter the percentage of CD4 and CD8 expressing CD127 as compared
to the PBS treated mice Figure 3-2A and B. Interestingly, the effect on CD127 downregulation

was transient and CD127 expression returned to basal levels 24 hours after treatment.
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Figure 3-1: The effect of SCD127 and IL-7 treatments on mouse body weight, total n=12
mice. Daily body weight (in grams) of mice in each treatment group was recorded at baseline
(d-1) and after treatment (d0-d7) with sCD127, IL-7, or sSCD127 complexed with IL-7, or PBS
alone. A) Mean body weight of mice in each treatment group (in grams) over the course of the
study treatment = SD. B) Changes in daily body weight were normalized relative to the starting
weight for each individual mouse and then the mean for each treatment group was reported as
the body weight change relative to baseline = 1.0 (baseline weight at d-1 = 1.0) + SD. There
were no significant differences in body weight between baseline and treatments or control
(PBS) and other treatments.
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Figure 3-2: The effect of sSCD127 and IL-7 treatment on blood T cell homeostasis in
healthy C57BL/6 mice. Mice were divided into 4 groups, and treated for 5 consecutive days
either with sCD127 alone, IL-7 alone, a combined dose of sSCD127 and IL-7 (pre-incubated at
37°C for 30 mins), or PBS. The graphs show the kinetics of CD127 expression on CD4* (A)
and CD8" (B) T cells. Data are pooled from two independent experiments, n=7 mice per group.
Data represent mean + SD and statistical analysis was completed using a one-way ANOVA
for more than two groups, and a Student’s two-tailed unpaired t-test was used for comparisons
between two groups. P values are listed as either not significant (ns, P>0.05) or significant,
with P values grouped as follows: * P<0.05, ** P<0.01, or *** P<0.001. An asterisk above a
column bar represents a statistically significant difference between the indicated treatment and
PBS-treated mice at the same time point. An asterisk above a line connecting two column bars
shows a statistically significant difference between the two indicated treatments.
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3.1.2.2 Ki-67 expression in T cells increases following sCD127 and IL-7 treatment

To test if sSCD127 would enhance the effect on IL-7-mediated T cell proliferation, mice
were bled at different time points to assess the change in expression of the nuclear antigen Ki-
67, a marker of T cell proliferation, by flow cytometry. In the basal state, the percentage of Ki-
67+ CD4* and CD8* T cells was found to be consistently below 7%. Our initial investigation
demonstrated that a single dose of IL-7 as described above (See Figure 2-1A), had no
significant impact on T cell proliferation in peripheral blood Figure 3-3A and B. Therefore,
we increased the dosage time and concentration as described in the Methods (See Figure
2-1B). Mice were injected by the i.p. route with a higher dose of the indicated treatment for 5
consecutive days and bled at d3 and d5 post-injection to assess the proliferation profile of the
T cells. Our results demonstrated that IL-7 treatment significantly increased the number of
both Ki-67-positive CD4* and CD8" T cells compared to the PBS-treated mice at the same
time point. By d3 of IL-7 treatment, 7% and 16% of the circulating CD4* and CD8* T cells
were Ki-67+ (respectively), with a robust effect on T cell proliferation observed at d5 in which
20% of CD4* T cells and 45% of CD8* T cells were Ki-67+ relative to the 5% in PBS-only
treated mice (Figure 3-3C, D and appendix figure 7.2). Interestingly, combined treatment
with sCD127 further enhanced the effect of IL-7 on T cell proliferation, at both d3 and d5
Figure 3-3C and D. There was no apparent difference in the percentage of Ki-67 when mice
were treated with sCD127 alone relative to PBS. Of interest, the increase in Ki-67 was

considerably greater in CD8" T cells than in CD4* T cells (Figure 3-3C and D).
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Figure 3-3: The effect of sCD127 treatment on blood T cell proliferation in healthy
C57BL/6 mice. A/B) The effect of low, single dose sCD127 and/or IL-7 on T cell proliferation
in the blood of healthy C57BL/6 mice. Mice were divided into 4 groups, and treated once with
either 1 pg of IL-7, 3.5 pg of sCD127, 4.5 pg of IL-7 and sSCD127 complexed (pre-incubated
together for 30 mins at 37°C), or 200 ul PBS alone (vehicle control). The graphs show the
frequency of Ki67+ cells amongst CD4* (A) and CD8* (B) T cells. n=3 mice per treatment
group. C/D) The effect of five consecutive days of high dose sCD127 and/or IL-7 on T cell
proliferation in the blood of healthy C57BL/6 mice. Mice were divided into 4 groups, and
treated by i.p. injection for five consecutive days with either: 5 pg of IL-7, 5 pg of sCD127,
10 ug of both treatments complexed (pre-incubated for 30 mins at 37°C), or 200 ul of PBS
alone (vehicle control). The graphs show the frequency of Ki67+ cells amongst CD4* (C) and
CD8* (D) T cells. n=7 mice per treatment group. Data are pooled from two independent
experiments. Data represent mean + SD. Statistical analysis was completed using a one-way
ANOVA for more than two groups, and a Student’s two-tailed unpaired t-test was used for
comparisons between two groups. Significant P values are listed as either *P<0.05, ** P<0.05,
or ***p<0.001.
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3.1.2.3 Combination of sCD127 and IL-7 enhances IL-7-mediated increase in CD8" T
cells number, but not CD4* T cells

The ability of IL-7 and the combination therapy of sCD127 complexed to IL-7 to
induce T cell proliferation suggested that the treatments would consequently increase T cell
numbers. To demonstrate the effects of IL-7 and/or sCD127 treatments on T cell number, we
treated healthy mice either with 5 pg of IL-7, 5 pg of sCD127, a combination of these two, or
200 ul PBS alone for 5 consecutive days. Total CD4* and CD8* T cell numbers in blood were
measured at d5 of treatment. Mice treated with either IL-7 or combined therapy had increased
T cell numbers relative to their PBS treated counterparts. However, the difference observed in
CD4* T cell count did not reach a statistical significance with a total CD4 number ranging
from approximately 7.5x10° cells and 9.9x10° cells per ml of blood in IL-7 and combined
therapy respectively, compared to the 3.9x10° cells per ml of blood in PBS treated mice Figure
3-4A. In contrast, total blood CD8* T cell count was significantly higher in the mice treated
with IL-7 or combined therapy relative to control (PBS treated) mice. The average absolute
number of CD8* T cells was 3.5x10° cells/ml of blood and 5x10° cells per ml of blood for IL-
7 and combined therapy mice respectively, relative to 1.5x10° CD8* T cells per ml of blood in

PBS treated mice Figure 3-4B.
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Figure 3-4: The effect of IL-7 and sCD127 treatment on T cell numbers in the blood of
healthy C57BL/6 mice. The number of CD4* (A) or CD8" (B) T cells was measured in the
blood of mice at d5, following five consecutive days i.p. injected with either: 5 ug of IL-7, 5
pg of sCD127, a complex of 5 ug of IL-7 with 5 pug of sSCD127 (pre-incubated for 30 mins at
37°C) or PBS alone. Data represent mean + SD. Statistical analysis was completed using one-
way ANOVA for more than two groups, and a Student’s two-tailed unpaired t-test was used
for comparisons between two groups. P values are listed as either not significant (ns, P>0.05)
or significant with *P<0.05, **P<0.01, or ***P<0.001.
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3.1.3 The effect of IL-7 and sCD127 treatment on spleen T cell homeostasis in healthy
mice
3.1.3.1 Level of Ki-67 expression in T cells is significantly increased following sCD127
and IL-7 treatment in spleen

All mice were treated with i.p. injections for 5 consecutive days, and the spleens were
harvested at d5 to assess the proliferation profile of T cells (See Figure 2-1B). Consistent with
what was found in blood, the basal percentage of Ki-67+ CD4*or CD8" T cells was below 7%.
Similar to the result observed in blood, the addition of sSCD127 significantly augmented the
ability of IL-7 to stimulate T cell proliferation in the spleen as indicated by elevated Ki-67
expression. Approximately 22% to 32% of the circulating CD4* were Ki-67+ following IL-7
and combined therapy respectively, relative to 6% of the cells in PBS treated mice.
Interestingly, a more robust effect on T cell proliferation was observed in CD8* T cells in
which 40% to 56% of the cells were positive for Ki-67 (in IL-7 or combined treatments
respectively) compared to the 5% demonstrated in PBS treated mice. Moreover, there was
significant enhancement of combined treatment with sCD127 compared to IL-7 alone in
inducing T cell proliferation (Figure 3-5A for CD4* T cells, P value = 0.0413; for CD8* T
cells, Figure 3-5B, P value = 0.0011). Similar to the Ki-67 results in blood, there was a
tendency of high responsiveness of CD8* T cells toward IL-7 treatments compared to CD4* T

cells Figure 3-5A and B.
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Figure 3-5: The effect of SCD127 treatment on spleen T cell proliferation in healthy
C57BL/6 mice. The graphs show the frequency of Ki-67+ cells from CD4* (A) and CD8* (B)
T cells isolated from the spleen. Data were pooled from two independent experiments, with a
total of n=7 mice per treatment group. Mice were divided into 4 groups, treated for 5
consecutive day either with 5 pg of IL-7, 5 pg of sCD127, 5 pg of IL-7 complexed with 5 ug
of sCD127 (pre-incubated for 30 mins at 37°C), or 200 ul of PBS alone. Data represent mean
+ SD. Statistical analysis was completed using a one-way ANOVA for more than two groups
and a Student’s two-tailed unpaired t-test was used for comparisons between two groups. P
values are listed as either not significant (ns, P>0.05), or significant with *P<0.05, **P<0.01,
or ***p<0.001.
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3.1.3.2 Combination of sCD127 and IL-7 enhances IL-7-mediated increase in CD8" T
cells number, but not CD4* T cells in the spleen

With the positive impacts of both IL-7 and the combination therapies seen on T cell
proliferation in peripheral lymphocytes and in the spleen, it was anticipated that there would
be an increase in total lymphocyte numbers in the spleen of treated mice. To test this
hypothesis, healthy mice were treated as indicated and the spleens were explanted at d5 to
compare the treated spleens in terms of weight and total CD4* and CD8* T cell counts. The
increase in the activity of T cell proliferation and cell number observed in peripheral blood
and spleen correlated with a significant increase in spleen mass in mice treated either with IL-
7 or combined treatment relative to control PBS treated mice (Figure 3-6A and B). There was
no significant difference in the total number of CD4* T cells in the spleen of treated mice when
compared to PBS treated mice (Figure 3-6C). However, there was a significant increase in
CD8* T cell count in the spleen of mice treated with IL-7 or combined therapy relative to mice

treated with PBS (Figure 3-6D).
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Figure 3-6: The effect of IL-7 and sCD127 treatment on spleen T cell numbers in healthy
C57BL/6 mice. Mice were divided into 4 groups and treated for 5 consecutive days (d0-d4)
with either: 5 pg of IL-7, 5 ng of sCD127, a complex 5 pg of IL-7 and 5 pg of sCD127 (pre-
incubated for 30 mins at 37°C) or PBS alone. On the day following the final i.p. injection,
mice were sacrificed, and the spleens were harvested. A) Representative images of whole
spleens from each treatment groups. B) Harvested spleens were weighed and the mean weights
in grams per treatment group were reported £ SD. The total count of CD4* (C) and CD8* (D)
T cells isolated from the spleens of mice in the four different groups were reported as mean *
SD. Statistical analysis was completed using a one-way ANOVA for more than two groups
and a Student’s two-tailed unpaired t-test was used for comparisons between two groups. P
values are listed as either not significant (ns, P>0.05), or significant with *P<0.05, **P<0.01,
or ***p<0.001.
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3.1.3.3 Treatment with sCD127 and IL-7 results in differentiation of naive T cells into
memory and effector T cell phenotypes

Next, we characterized the phenotype of CD4* and CD8* T cells generated following
the indicated treatments. Naive T cells (Tn), Memory T cells (Twm), and Effector T cells (Tg)
populations were clearly distinguished by the use of two antibody combinations against
homing receptor, CD62L, and CD44 antigen, and analyzed by flow cytometry. Naive T cells
were defined by CD62L"9" and CD44'°%, memory T cells were known to highly express both
surface markers, and effector T cells were defined by CD62L'°" and CD44"". Interestingly, by
d5 in both groups of mice treated with IL-7 and the combination therapy, upregulation of both
CD62L and CD44 was observed in the CD8* T cell population, which resulted in a shift toward
the Tm phenotype Figure 3-7C and D, whereas CD4* T cells acquire a more effector T cell-
like phenotype Figure 3-7A and B. Of note, treating mice with complex therapy significantly
enhanced the effect of IL-7 in mediating T cell differentiation relative to IL-7 therapy alone.
However, there were no noticeable changes in the T cell phenotypes between mice treated with

sCD127 alone and PBS (Figure 3-7B and D).
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Figure 3-7: The effect of SCD127 and IL-7 treatment on spleen T cell subsets in healthy
C57BL/6 mice. Mice were divided into 4 groups and treated for 5 consecutive days (d0-d4)
with either: 5 pg of IL-7, 5 ng of sCD127, a complex 5 pg of IL-7 and 5 pg of sCD127 (pre-
incubated for 30 mins at 37°C) or PBS alone. On the day following the final i.p. injection (d5),
mice were sacrificed and the spleens were harvested. A) Representative scatter plots gated on
CD4* T cells showing their expression levels of CD44 and CD62L for the four different
treatment groups. B) Quantification of CD4* T cells isolated from the spleen expressing either
naive T cell (CD44 low, CD62L high); central memory T cell (CD44 high, CD62L high); or
effector T cell (CD44 high, CD62L low) markers. C) Representative scatter plots gated on
CD8* T cells showing expression levels of CD44 and CD62L for the four different treatment
groups. D) Quantification of CD8* T cells isolated from the spleen expressing either naive T
cell, central memory T cell, or effector T cell markers. In B and D data represent mean + SD.
Statistical analysis was completed using one-way ANOVA for more than two groups and a
Student’s two-tailed unpaired t-test was used for comparisons between two groups. P values
are listed as either not significant (ns, P>0.05), or significant with *P<0.05, **P<0.01, or
***p<(.001.

67



3.2 Kinetics of CD4*and CD8* T cell reconstitution in antibody-mediated T cell depletion
model, and the effect on endogenous IL-7 levels
3.2.1 Following T cell depletion, complete reconstitution was observed in CD4* T cells
relative to the partial reconstitution in CD8" T cells

In order to optimize and characterize a model of T cell depletion, blood samples were
collected from six female WT C57BL/6 mice via their saphenous vein as mentioned before
(See Figure 2-2). PBMCs were isolated, and stained with antibodies against CD3, CD4, and
CD8 to characterize the population of CD4* and CD8" T cells by flow cytometry (baseline
level). Next, the mice were injected i.p. with 150 pg of anti-CD4 and anti-CD8 depleting
antibodies. We observed that both T cell subsets rapidly and completely depleted from mice
blood one day following the antibody administration (Figure 3-8). Mice were then bled weekly
to demonstrate the kinetics of T cell reconstitution following depletion (from d7 to d63). Our
result revealed that the pattern of T cell reconstitution was different between the T cell types;
an almost complete T cell reconstitution was observed in CD4* T cells 6 weeks following
depletion Figure 3-8A, B, and C, while CD8" T cells remained partially reconstituted Figure
3-8D, E, and F. In addition, plasma was collected for measurement of IL-7 by cytometric bead
array throughout the timeline of the experiment. IL-7 was not detectable in the plasma of

depleted mice at any time points that we assessed Figure 3-9.
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Figure 3-8: The kinetics of T cell reconstitution following T cell depletion in C57BL/6
mice. n=6. Mice were treated with a single i.p. injection of 150 pg of both anti-CD4 and anti-
CD8 antibodies. Representative dot plots show the kinetics of T cell reconstitution for CD4*
T cells (A) and CD8* T cells (D) in a single mouse. The frequency of CD4* T cells (B) and
CD8* T cells (E) in the blood before antibody treatment (d-2), immediately after antibody
treatment (d1) and as the T cell slowly start to be reconstituted up to d63. The % of CD4* T
cells or CD8* T cells reconstituted over time normalized to the basal level are shown in graphs
C (CD4*T cells) and F (CD8* T cells).
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Figure 3-9 Plasma concentration of circulating IL-7 in T-cell depleted mice, n=5. Mice
were treated with a single i.p. injection of 150 pg of both anti-CD4 and anti-CD8 antibodies.
Quantification of IL-7 in mice plasma was performed by CBA and samples were collected
before antibody treatment (d-7), immediately after antibody treatment (d1) and weekly up to
d63. For controls, I1L-7 standard antigen was used as a positive control, and plasma from RAG
Knockout mice was used as an experimental control.
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3.2.2 Ki-67 levels with T cell depletion

Next, we assessed the kinetics of Ki-67 expression following T cell depletion in both
CD4* and CD8* T cells. The pattern of the proliferation profile was consistent between the T
cell subtypes, in which expression of Ki-67 was found to be at the highest level when T cells
were mostly depleted at d14 and d21 for CD4* and CD8" T cells respectively. This increase in
proliferation rate returned to the basal level after 6 weeks of depletion (d42), indicating a

termination of an active cell division Figure 3-10A and B.

74



CD 4+ T cells

50+

LJ
(=1 (=] L=3 (=] =1
.4 1# 2 ll

SII®9 L ,vAD L9 %

CD 8+ T cells

3 3 8 e

S|1®0 1,800 49 %

75



Figure 3-10: The Kinetics of T cell reconstitution following T cell depletion in C57BL/6
mice as measured by T cells expressing Ki-67. n=6. The frequency of CD4* T cells (A) and
CD8" T cells (B) expressing Ki-67 was quantified in blood cells from mice pre-treatment and
from mice treated with anti-CD4 and anti-CDS antibodies (150 pg) for up to d63.
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3.3 The effect of SCD127 treatment with or without IL-7 on T cell reconstitution and
proliferation in the T cell depletion model

3.3.1 CD8* T cell frequencies but not CD4* T cells are increased in response to IL-7 and
combined therapy,

After optimizing the T cell depletion model, we found that at d42 most of the CD4* T
cells were reconstituted, whereas CD8* T cells were only partially reconstituted, and remained
to at later time points. Therefore, d42 was chosen to be the endpoint for the subsequent T cell
depletion experiments. Next, we investigated whether treatment with IL-7 and/or sCD127
would enhance the reconstitution of T cells following T cell depletion. At first, a total of 13
mice were divided into the four groups (See Figure 2-3A). Our preliminary data suggested
that two doses administered at d6 and d13 had no significant impact on T cell reconstitution in
peripheral blood compared to PBS control group Figure 3-11A-D. Therefore, we modified the
dosage time and concentration, and assessed T cell reconstitution. This time, mice were treated
for 5 consecutive days (d24-d28) (See Figure 2-3B). The results revealed that treatment with
IL-7 or combined therapy had minimal impact on the distribution of CD4* T cells in the blood
Figure 3-11E and F, while a significantly increase in the CD4* T cell number was observed
Figure 3-111. In contrast, the CD8" T cell proportion and the total CD8" T cell number in the
blood were enhanced at d29 when mice were treated with IL-7 or combined therapy relative
to PBS Figure 3-11G, H, and J. However, This only reached statistical significant in the total
cell count analysis Figure 3-11J. Interestingly, the enhanced T cell reconstitution was transient
as seen at d29 (mice were treated until d28) and disappeared later after treatment
discontinuation. Of note, there was no significant difference in the effects between IL-7 and

IL-7 complexed with sCD127 on T cell reconstitution (Figure 3-11).
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Figure 3-11: The effect of sCD127 treatment on blood T cell reconstitution in T cell
depleted WT C57BL/6 mice. For T cell depletion, mice were injected with one dose of anti-
CD4 and anti-CD8 depletion antibodies (150ug for each antibody). A-D) The effect of low,
two doses sCD127 and/or IL-7 on T cell reconstitution in the blood of depleted C57BL/6 mice.
Mice were divided into 4 groups, and treated twice with either 1 pg of IL-7, 3.5 pg of sCD127,
4.5 ng of IL-7 and sCD127 complexed (pre-incubated together for 30 mins at 37°C), or 200 pl
PBS alone (vehicle control). The graphs show the frequency of CD4* T cells (A) and CD8* T
cells (C) in the blood before antibody treatment (d-14), immediately after antibody treatment
(d1), and as the T cell slowly start to be reconstituted up to d42. The % of CD4* T cells or
CD8* T cells reconstituted over time normalized to the basal level are shown in graphs B
(CD4* T cells) and D (CD8" T cells). N=3 mice per treatment groups and n=4 mice per PBS
group. E-J) The effect of five consecutive days of high dose sCD127 and/or IL-7 on T cell
reconstitution in the blood of depleted C57BL/6 mice. Mice were divided into 4 groups, n=4
mice per group, and treated by i.p. injection for five consecutive days (between d24 — 28) with
either: 5 ug of IL-7, 5 ug of sCD127, 10 pg of both treatments complexed (pre-incubated for
30 mins at 37°C), or 200 ul of PBS alone (vehicle control). The graphs show the frequency of
CD4* T cells (E) and CD8" T cells (G) in the blood before antibody treatment (d-3), and as
the T cell slowly start to be reconstituted up to d42. The % of CD4* T cells or CD8* T cells
reconstituted over time normalized to the basal level are shown in graphs F (CD4* T cells) and
H (CD8* T cells). Total blood count of CD4* (1) and CD8* T cells (J). Data represent mean %
SD. Statistical analysis was completed using one-way ANOVA for more than two groups and
a Student’s two-tailed unpaired t-test was used for comparisons between two groups. P values
are listed as either not significant (ns, P>0.05), or significant with *P<0.05, **P<0.01, or
***pP<(.001.
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3.3.2 Both IL-7 and combined treatment robustly and transiently enhance T cell
proliferation

Next, we assessed the effect of IL-7 and/or sCD127 treatments on the kinetics of Ki-
67 expression following T cell depletion in both CD4* and CD8" T cells. Our initial
investigation of the first approach as described in Figure 2-3A demonstrated there was no
difference in the overall expression of Ki-67 in either CD4* or CD8* T cells between PBS
treated mice or any other treatments at the indicated time points Figure 3-12A and B. This
was consistent with the lack of impact on T cell reconstitution. However, after increasing the
dosage time and concentration of the treatments we found that there was a robust increase in
the expression of Ki-67 within both cell types at d29 when mice were treated with IL-7 or
combined therapy. Approximately 50% of CD4* T cells and 85% of CD8* T cells were Ki-
67+ relative in mice treated with IL-7 alone compared to 10% and 26%, respectively in PBS-
only treated mice Figure 3-12C and D. Mice treated with combined therapy showed a greater
response than IL-7 in which approximately 55% of CD4* T cells and 88% of CD8" T cells
were Ki-67+. Of note, the difference in Ki-67 expression was only statistically significant
between mice treated with IL-7 and combined therapy in CD8" T cells, and not for CD4* T
cells. The enhanced effect on T cell proliferation was transient and resolved after treatment
discontinuation. Interestingly, the percentage of Ki-67 decreased on the subsequent time points
after the discontinuation of the treatments in CD8" T cells when mice treated with IL-7 and

combined therapy compared to the PBS treated mice Figure 3-12D.
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Figure 3-12: The effect of sCD127 treatment on blood T cell proliferation in T cell
depleted WT C57BL/6 mice. A/B) The effect of low, two consecutive day single doses of
sCD127 and/or IL-7 on T cell proliferation in the blood of depleted C57BL/6 mice. Mice were
divided into 4 groups, and treated twice with either 1 pg of IL-7, 3.5 pug of sCD127, 4.5 ng of
IL-7 and sCD127 complexed (pre-incubated together for 30 mins at 37°C), or 200 ul PBS alone
(vehicle control). The graphs show the frequency of Ki67+ cells amongst CD4* (A) and CD8*
(B) T cells. N=3 mice per treatment groups and n=4 mice per PBS group. C/D) The effect of
daily high dose injections for five consecutive days of sCD127 and/or IL-7 on T cell
proliferation in the blood of depleted C57BL/6 mice. Mice were divided into 4 groups, n=4
mice per group, and treated by i.p. injection for five consecutive days with either: 5 pg of IL-
7, 5 ng of sCD127, 10 ug of both treatments complexed (pre-incubated for 30 mins at 37°C),
or 200 ul of PBS alone (vehicle control). The graphs show the frequency of Ki67+ cells
amongst CD4* (C) and CD8* (D) T cells. Data represent mean + SD. Statistical analysis was
completed using a one-way ANOVA for more than two groups, and a Student’s two-tailed
unpaired t-test was used for comparisons between two groups. Significant P values are listed
as either *P<0.05, ** P<0.05, or ***P<0.001.
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4. Chapter 4: Discussion

Soluble cytokine receptors are known to participate in cytokine regulation. In some
instances, the soluble cytokine receptors enhance their cognate cytokine signals by preventing
degradation or clearance of the cytokine, while others may antagonize or inhibit the effects of
the cytokine. While IL-7 signaling plays pivotal roles in the development and homeostasis of
T cells, the biological effects of SCD127 in regulating IL-7 signaling in vivo have not been
fully determined. Both agonistic and antagonistic roles have been shown for sCD127 toward
IL-7 bioactivity. Some studies have reported that SCD127 can inhibit IL-7 signaling (151, 152),
while conflicting data have also been provided suggesting enhanced roles of the soluble
receptor on IL-7 function (150, 153). Since sCD127 is generally found to circulate at a molar
excess relative to IL-7, it suggests that SCD127 in fact can add an extra layer of regulation in
IL-7 signaling (85). The essential role of IL-7 in T cell development and homeostasis by
maintaining the number of T cells in the periphery at a constant level via enhancing the survival
and proliferation of T cell has led to examine IL-7 in clinical trials to treat conditions
manifested by lymphopenia as in the case of chemotherapy and AIDS (161-163). Thus,
investigating the role of SCD127 in regulating IL-7 functions will not only help to have a better
understanding for the biology of sCD127, but also will add additional therapeutic benefits to
the use of IL-7 in future clinical applications. The work presented here evaluates the effect of
IL-7 on T cell proliferation in healthy mice and the effect of IL-7 on T cell reconstitution in a
T cell depletion model. We also assessed whether sCD127 has positive or negative impacts on
IL-7 activities. The results reported here reconcile published data from our laboratory
demonstrating that combining sCD127 with IL-7 treatments can have a synergistic effect on

IL-7 functions, but only under optimal conditions (153). In the event that IL-7 concentrations
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are high, the maximal effect of IL-7 would negate sCD127 enhancing IL-7 function any

further.

4.1  Effect of Recombinant Murine IL-7 and sCD127 treatment on T cell homeostasis
in healthy mice

It is well documented that IL-7 plays a non-redundant role on T cell homeostasis and
does so by providing T cells with the survival and proliferative signals needed to maintain T
cells at a constant level in the periphery (130). Under homeostatic equilibrium states, the
generation and loss of T cells is tightly controlled by various homeostatic mechanisms. These
require, in addition to I1L-7 signaling, other essential factors including the interaction of TCR
on T cells with the self-peptides on APCs and other essential cytokine signals e.g IL-2, 4, and
15 (164, 165). Here we attempt to induce the proliferation of T cells in healthy mice, despite
the non-requirement for the process in the steady state environment, by administering
exogenous IL-7. Determining the optimal dose of IL-7 required to activate T cell expansion
was critical for the experiments aimed at assessing the impact of sSCD127 on IL-7 effects. Since
IL-7 has been reported to circulate in healthy human plasma at concentrations ranging from
8-10 pg/ml (82), we initiated our first approach of treatment using a single dose of
supraphysiological murine IL-7 as indicated above (Figure 2-1 A). This dosing approach did
not activate the proliferation of T cells and thus we were not able to reveal any significant
change in IL-7 function due to the addition of sCD127. Hence, we speculated that more
frequent and higher doses of the treatment would be required to reveal an appreciable effect of
IL-7 on T cell proliferation. In the report published by Andersson et al 2011, they reported that
administering a 5 pg/dose of either IL-7 alone or in a combination with an equal dose of

sCD127 successfully increased the frequency of T cells and the effect was more pronounced
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when mice were treated frequently with IL-7 (159). Therefore, we adopted this therapeutic
approach in our second attempt for the treatment plan as mentioned previously in Figure 2-1
B. One of the first experiments we did to ensure the efficacy of the treatment was to look for
a primary signal of successful IL-7 signal transduction. It is known that once IL-7 binds to its
target cells, it down-regulates its own receptor on the surface of T cells. It does so as part of
intrinsic feedback controls that regulate IL-7 signaling (111, 112). Here we found that
administering IL-7 to healthy mice transiently down-regulates the surface expression of
CD127 as shown in Figure 3-2, and when IL-7 was administered in combination with sCD127
this effect was maintained. Even though no further downregulation was induced when IL-7
was complexed with the soluble receptor, we did not report a negative impact on the IL-7-
mediated down-regulation of the membrane-bound CD127. This result contradicts previous
reports where sCD127 was found to inhibit IL-7 signal transduction by inhibiting the
phosphorylation of STAT5 and AKT which are two of the main downstream signals of IL-7
stimulation (151, 152).

Next, although IL-7 has been shown to induce the homeostatic proliferation of human,
primate, and murine T cells, little is known about the contribution of SCD127 to the IL-7 effects
(166-169). In this study, we aimed to further elucidate the efficacy of administering murine
IL-7 alone or in combination with the sCD127 to induce the proliferation of CD4* T cells and
CD8* T cells in both mice blood and spleen based on the quantification of Ki-67 levels. In
agreement with literature that shows IL-7 promotes T cell proliferation in both depleted and
replete hosts, we found that healthy mice treated with IL-7 for 5 consecutive days indeed
showed enhanced proliferation of both CD4* and CD8* T cells. Further, when IL-7 was
administered in combination with sCD127, more pronounced effects were observed Figure

3-3 C-D and Figure 3-5 A-B. The results presented here show that sSCD127 augments the IL-
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7 effect on T cell proliferation in vivo, which is consistent with a previous in vitro study
published from our laboratory (153). One of the limitations of this experiment is that it is
unknown how sCD127 potentiates IL-7 activity. SCD127 may extend the half-life of IL-7 in
vivo, or SCD127 may trans-present the IL-7 to its target cells, which are two of the proposed
mechanisms by which soluble receptors can regulate the activity of their cytokine ligands
(146-148). As Lundstrom et al proposed, sCD127 potentiates IL-7 function in vivo by the
extending its half-life, and further research is needed to determine whether IL-7 trans-
presentation is involved or not (150).

In addition to the positive influence on T cell proliferation, we also observed that both
blood and spleen T cell numbers increased following IL-7 treatment alone, and further
enhancement was achieved by complexing IL-7 with sCD127. It was noteworthy to report that
greater responses were observed in CD8* T cells in that a more pronounced proliferation and
significant increase in cell number was observed relative to the effect seen on CD4* T cells.
These findings were consistent with previous reports published by Geiselhart et al and Sportes
et al which both showed a similar preferential response of CD8* T cells toward IL-7 with
regards to T cell proliferation compared to CD4* T cells (167, 168). This suggests that there
might be other underlying factors regulating the homeostatic proliferation of CD4* T cells that
accounts for the lesser degree of proliferation in response to IL-7 treatment. To further explain
this hypothesis, Guimond et al revealed that elevation of IL-7 level — such as in conditions of
lymphopenia or after injection of exogenous IL-7 — down-regulates MHC Il expression on
APCs, thus indirectly interfering in the TCR-mediated homeostatic proliferation of CD4* T
cells (170). This factor was not tested in our model, and therefore future work would be needed
to determine the optimal condition required to enhance CD4* T cell proliferation, especially

in cases where IL-7 levels are found to be elevated.
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In regard to the observed increase in T cell number, there are several mechanisms
which may contribute to this finding. It may be a thymic-dependent mechanism, where new T
cells are exported from the thymus to the periphery. Other mechanisms that could affect T cell
numbers independent of the thymus include: a redistribution of T cells from their original
homing sites to other locations; proliferation of peripheral T cells; or inhibition of T cell
apoptosis. It is unlikely that the increase mediated by IL-7 observed resulted from export from
the thymus, as it has been predicted that 3 to 4 weeks is required for the thymus to replenish
the periphery with a new wave of mature T cells (171, 172), and we only monitored the mice
for a period of one week. Of note, IL-7 has been shown to increase T cell number to similar
levels in both normal and thymectomized mice (169). The increased T cell number observed
in our experiment is more likely to be attributed to the expansion of naive T cells compartments
in the periphery or through the redistribution of T cells between the different homing sites in
the SLOs. As both blood and spleen T cell numbers are elevated after treatments, it is unlikely
that T cell redistribution primarily accounts for the relative increase. The possibility that the
anti-apoptotic effect of IL-7 serves to maintain the survival of the proliferating cells via the
inhibition of apoptosis is supported by a previous report that found that the I1L-7-mediated
increase in T cell numbers began to dissipate a week following treatment discontinuation
(173). Hence, we concluded that both induction of proliferation and inhibition of cell death
likely contribute to the accumulation of T cells observed in these experiments.

The experiments on healthy mice aimed to: 1) determine the impact of administering
IL-7 and sCD127 on T cell proliferation; and 2) assess the role(s) of IL-7 and sCD127 in
activating T cell differentiation. It is noteworthy that our mice were kept in a pathogen-free
environment throughout the entire period of our work. Hence, any phenotypic changes

reported among CD4* T cells and CD8* T cells can be contributed entirely to the treatments.
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It has been reported that Tn can be differentiated into Twm in response to the homeostatic
proliferation via interaction with self-antigens and IL-7 signals (69). These differentiated
memory cells are referred to memory-like phenotype T cells, and have been reported to possess
similar functions and express markers resembling that of conventional memory T cells, even
though they are not generated by contact with a foreign antigen (70, 71). In our study, the
distribution of T cell subsets was distinguished by the expression of CD62L and CD44.
Expression levels of these markers have been used by others to characterize T cell phenotypes
(66, 174). Here we have demonstrated that in healthy mice IL-7 treatment induces CD62L"
CD44'" CD4* Tn cells in the spleen to phenotypically shift to become CD62L'* CD44"igh
CDA4* Tecells Figure 3-6. However, in the case of CD8* T cells, a memory cell-like phenotype
characterized by CD62L"9" CD44"d resulted from differentiating CD62LM" CD44/ow CD8*
Tn following IL-7 treatment Figure 3-7. Interestingly, however, the combination of sCD127
and IL-7 significantly enhanced the differentiation of T cells in IL-7 treated mice. The result
reported here is in contrast to previous in vivo findings demonstrating that IL-7 treatment does
not alter phenotypic markers of naive T cells, nor does it induces Tn to become Twm (174, 175).
The effect of IL-7 treatment on T cells appears to be reversible after treatment cessation (176),
so whether the differentiation of T cells reported in our model will regain the naive phenotype
as evident before treatment initiation will require further investigation.
4.2 Effects of Recombinant Murine IL-7 and sCD127 treatment on T cell
Reconstitution in Depleted Mice

After demonstrating that sCD127 augmented the effect of IL-7-mediated T cell
proliferation in healthy mice, we aimed to characterize the results in an experimental model.
Itis known that T cell proliferation is induced following lymphopenia. Lymphopenia can occur

following pathogenic conditions, such as viral infection or septic shock, or from therapeutic
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interventions by administering chemotherapy or radiotherapy (177-179). In murine studies,
lymphopenia can be induced by various approaches including, but not limited to, genetic
manipulation of mice by removing genes essential for T cell development and survival such
as recombination activating gene (RAG) and IL-7R genes (70, 180). Our primary goal was to
develop a mouse model where T cells would first be depleted, triggering compensatory T cell
proliferation that would subsequently lead to a reconstitution of the depleted cells. In this way,
T cells would be subjected to a depletion insult that would be followed by a healing period, a
model we believe better mimics numerous clinical conditions and preferable to using
genetically-modified knockout mice. It has been well documented that IL-7 signaling plays
indispensable roles in the homeostatic maintenance of T cells following lymphopenia (180),
therefore we were particularly interested in delineating the effects of SCD127 administration
on IL-7-mediated T cell reconstitution.

We first validated a mouse model of T cell depletion using wild type C57BL/6 mice
treated with specific monoclonal antibodies targeting CD4* and CD8* T cells. Different doses
of antibodies results in varying severity of T cell depletion. Notably, dosing of as low as 30 g
was associated with significant but partial depletion of the target T cells, whereas treatment
doses ranging between 100 and 500 ug were sufficient to deplete most of the T cells in
peripheral blood and secondary lymphoid organs (181-183). Therefore, we decided to treat
the mice with an equal dose of anti-CD4/anti-CD8 depletion antibodies — 150 ug of each, and
confirmed that both T cell subsets were rapidly and completely depleted from mice blood one
day following antibody administration (Figure 3-8). Interestingly the effect observed in our
study was specific to the targeted T cell populations and had minimal off-target effects on

other lymphocyte populations examined, specifically B and NK cells (data not shown). These
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observations are consistent with the fact that using anti-CD4 and anti-CD8 in combination is
more specific with more potent depletion efficacy compared to anti-CD3 antibodies (181).

In our depletion model, we were able to trigger homeostatic proliferation in depleted
mice, and delineate the pattern of T cell reconstitution among the different T cell subsets
presented herein. Although both CD4* and CD8" T cells exhibited a rapid and similar response
to the depletion, there was a substantial difference in the kinetics of CD4* and CD8" T cell
reconstitution Figure 3-8. The former was able to recover completely in a period of 6 weeks
following T cell depletion Figure 3-8A-C, whereas a delayed and incomplete recovery of
CD8" T cells was observed over the same time period Figure 3-8D-F. Notably, it took
approximately 3 months for CD8* T cells to return to their basal level (pre-depletion) using
this mouse model (data not shown). We therefore decided to stop monitoring the kinetics of T
cell reconstitution by 6 weeks as our results for the Ki-67 expression indicated that no active
division was observed for the subsequent time points Figure 3-10. This finding differs from a
previously published report by Engram et al., that showed CD8" T cells reconstitute more
rapidly after antibody-mediated depletion in non-human primate compared with that of CD4*
T cells (184). A similar trend of efficient and faster reconstitution among CD8* T cell
population has also been shown in human subjects following chemotherapy or undergoing
hematopoietic stem cell transplantation (185, 186).

One possible explanation accounting for the discrepancy in the reconstitution rate
observed might be a result of the use of equal concentrations of the depletion antibodies in our
model. The fact that CD4* T cells make up a higher proportion of T cells than CD8* T cells
might require adjusting the dose of antibody regimens to account for the difference in the
composition of the targeted cells. As such, one can speculate that if CD8" T cells were

completely depleted from the periphery, CD8* T cell reconstitution would require de novo
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thymic T cell development, thus delaying the T cell reconstitution. On the other hand, if few
residual CD4* T cells resist antibody-mediated depletion, the CD4* T cells could be
replenished by undergoing homeostatic proliferation, which would be faster than de novo
thymic T cell development. Another factor that may explain the different response to the
depletion antibodies is the stability of the antibody used to deplete the T cells. The slower rate
of CD8* T cell reconstitution might be caused by the use of a more stable antibody against
CD8* compared to the antibody used against CD4* T cells. This could have been investigated
by monitoring the concentration of the depletion antibodies in mouse serum following the
administration, however, this has not been directly tested. Lastly, the source of replenishing T
cells after depletion might also play an important factor. Several lines of evidence suggest that
thymic-dependent and extrathymic-mediated homeostatic expansion lymphopoiesis are
responsible for the different patterns of T cell regeneration which differs between CD4* and
CD8" T cells (187-189). One limitation of this study is that we could not delineate the source
of the T cells recovered following the depletion, and further experiments would be required to
do so.

Lastly, this study aimed to determine the effect of administering murine IL-7 alone or
in combination with the sCD127 to enhance the reconstitution of CD4* T cells and CD8* T
cells in mice following T cell depletion. Similar to the dual therapeutic approaches used in
healthy mice, mice undergoing T cell depletion received one of two treatment plans with a
slightly different dosing frequency from healthy mice (See Figure 2-3 A-B). In the first
approach, T cell depleted mice were treated with a low concentration (of IL-7, sCD127 or
both) and only two treatment injections. Consistent with the negative results obtained from
healthy mice, this low dose approach in depleted mice also did not activate the proliferation of

T cells and had no impact on overall T cell reconstitution (See Figure 3-11A-C and Figure
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3-12A-B). However, repeating the experiments with more frequent and higher doses of the
treatment revealed significant effects suggesting enhanced T cell recovery (See Figure 3-11E-
G and Figure 3-12C-D). Again, as seen in the non-depleted model, CD8" T cells exert
preferential responses to our treatments relative to the effect seen on CD4* T cells. It is also
noteworthy that we were not able to demonstrate a statistically significant difference between
IL-7 treatment alone and the combination treatments, as IL-7 treatment likely resulted in
maximal T cell proliferation. Therefore, titrating IL-7 concentration is required first before
assessing if there can be an appreciable impact of sCD127 on T cell proliferation when
combined with a sub-maximal dose of IL-7. Another interesting observation was that both
treatments had a transient effect on T cell proliferation and reconstitution. The effect of IL-7
was completely reversible after treatment discontinuation in that the total number of Ki-67-
positive CD4* and CD8* T cells reverted to the level of control group (PBS treated mice) (See
Figure 3-12C-D). This finding is in line with previous reports showing the same observations
and all together suggested continuous treatment with IL-7 would required to achieve more
rapid recovery of the depleted T cells (174, 176).

It is evident that elevated IL-7 levels have been associated with several lymphopenic
conditions (190, 191). However, our attempts to determine how IL-7 concentrations would
change following T cell depletion were not successful (See Figure 3-9). This was possibly due
to the limitation of our study given the small the plasma volumes collected for this purpose.
As per University of Ottawa animal handling guidelines, we were limited to obtaining
approximately 100 pl of blood per mouse weekly. This volume was subsequently split in half:
half for blood cell analysis by flow cytometry, and half quantification of IL-7 in plasma. The
total plasma volume from each mouse acquired ranged between 20-30 ul, making it difficult

to detect a cytokine like IL-7 that is <10 pg/ml in mouse blood. Therefore, optimizing an
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antibody-mediated T cell depletion model in mice with an enhanced IL-7 quantification
method would be required in future experiments to have a better understanding of the biology

of this model.
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5. Future directions for targeting sCD127 as a modulator of IL-7 in disease models

Clinical development of IL-7 is currently underway as its therapeutic potential has been
examined in various animal models and human clinical trials (127). The most obvious clinical
application of IL-7 is to enhance immune reconstitution during lymphopenic conditions such
as those in cancer patients receiving chemotherapy or following infectious diseases such as
immunodeficiency-induced by HIV. As already discussed, sSCD127 has been shown to enhance
the effect of IL-7-mediated increases in both T cell numbers and proliferation (153). Therefore,
combination therapy with IL-7 holds promise as an alternative treatment that could provide
greater benefit than IL-7 alone for patients with profound T cell depletion. This may be
especially important in the setting of regenerating T cells following bone marrow
transplantation (BMT) (192), as diminished immune reconstitution characterized by abnormal
proportions of CD4* and CD8* T cells. Impaired T cell proliferation in response to mitogens
also remain obstacles for successful stem cell transplantation (193, 194). Since IL-7 in our
experiments induces T cell proliferation in both healthy and T cell depleted mice, and
subsequent combination with sCD127 further enhanced IL-7 functions, a combination therapy
proposed herein may potentially be used to enhance lymphocyte reconstitution following
BMT.

Another possible application of combination therapy is to improve the efficacy of
immunotherapy following adaptive T cell transfer to treat malignancies or chronic infections.
It is known that sustained immunological responses manifested by potent CD8* T cells can
mediate cytotoxicity and development of long-lived memory T cells that are of particular
interest for successful treatment. The results presented here showed that combination therapy
has the potential to stimulate T cell differentiation resulting in the development of more

memory T cells compared to that seen when mice were treated with IL-7 alone. This could
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therefore make combination therapy a promising candidate immune adjuvant therapy for
subsequent studies aimed to enhance memory T cell formation. Moreover, a previous report
from our laboratory showed that enhanced CD8" T cell responses, characterized by the release
of higher amounts of IFN-y, were more pronounced when human and mice CD8* T cells were
treated with the combination therapy compared to IL-7 alone (153). These data are
encouraging and indicate combining IL-7 with sCD127 may be used in subsequent models

aimed to enhance the cytotoxic effect of CD8* T cells.
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6. Concluding Remarks

This study has demonstrated that in healthy mice treatment with combination of
sCD127 and IL-7 enhances IL-7-mediated CD4* and CD8* T cells proliferation, increased
their cell numbers, and induced the differentiation of naive T cell compartments. Of note,
CD8* T cells exert preferential responses to the treatments in that a more pronounced
proliferation and significant increase in cell number was observed relative to the effect seen
on CD4* T cells in both healthy and depleted mice. For T cell depletion experiments, this is
the first time to the best of our knowledge that the kinetics of CD4* and CD8* T cell
reconstitution after antibody-mediated T cell depletion in mice has been performed. The main
findings for the depletion model are the following: (1) both anti-CD4/anti-CD8 depletion
antibodies induced a rapid, profound, and complete depletion of CD4* and CD8" T cells in
mice blood one day following the antibody administration; (2) CD4* and CD8* lymphocyte
depletion was followed by a rapid proliferation as quantified by Ki-67 expression which was
at its highest when cells were mostly depleted, and returned to its basal expression 6 weeks
following depletion; (3) the reconstitution of CD4* T cells was significantly higher and faster
than that of CD8* T cells, despite the use of equal antibody concentration; and (4) Following
T cell depletion, we were not able to report any increase in the mouse plasma levels of IL-7
that might correlate with the activation of T cell proliferation during the reconstitution phase.
We also concluded that treatment with IL-7 with or without SCD127 had a transient and
significant effect on T cell proliferation and reconstitution following depletion, and this
influence resolved after treatment discontinuation. Overall, work presented here will not only
help to have a better understanding for the biology of sSCD127 in regulating IL-7 functions, but
also will provide insight into potential therapeutic benefits to the use of IL-7 in future clinical

applications.
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7.2 Appendix Table

Table 7-1: Flow cytometry panels used to determine sCD127 and IL-7 activity on T cells.

FL1 FL2 (PE) FL5 (PE- | FL6 FL7 FL9 FL9
(FITC) Yellow Cy7) (V450) | (BV510) | (BV786) | (APC)
Blue Laser | Green Laser | Yellow Violet Violet Violet Red
Green Laser Laser Laser Laser
Laser
T cell Proliferation and Proportion Assessment
SET 1 CD3 NK1.1 Ki-67 Dead CD4 CDS8
SET 2 CD3 NK1.1 Ki-67 Dead CDh4 CDs8
FMO
Membrane CD127 expression on T cells
SET 3 CD3 CD127 Dead Cbh4 CD8
SET5 CD3 CD127 Dead CD4 CDs8
ISOCN
T cell Phenotype Assessment
SET 6 CD62L CD44 CD8 TCRp Dead CD4
SET7 CD62L CD44 ISO | CD8 TCRp Dead CD4
ISOCN CN

FMO: Fluorescence Minus One; ISO CN: Isotype Controls.
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7.3 Appendix Figures:

Body weight (grams)

Figure 7.1

20-

18-

16

PBS 200ul/mouse finjection n=5
CD127 5ug/mouselinjection n=5

IL-7 Sug/mouse/injection n=5

¢ > N O

Combined treatment 10pg/mouse/
injection n=5

o‘d’ 1
O

Days post injection

119



Figure 7-1: The effect of sSCD127 and IL-7 treatments on mouse body weight, total
n=20 mice. Body weight (in grams) of mice in each treatment group was recorded at
baseline (d-3) and after treatment (d5) with sCD127, IL-7, or sCD127 complexed with IL-
7, or PBS alone. The data presented here represent the mean body weight of mice in each
treatment group = SD.
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