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ABSTRACT

Natural killer (NK) cells were so named for their uniqueness in killing certain tumor and
virus-infected cells without prior sensitization unlike T lymphocytes. NK cells possess a
myriad of activation receptors and cytokine receptors that allow them to recognize stress
ligands on infected/tumor cells and respond to the cytokines produced during the
inflammatory process. Upon activation, NK cells produce pro-inflammatory cytokines,
cytotoxic granules and chemokines to recruit other cells which ultimately result in killing of
target cells. These functions of NK cells are modulated in vivo by several immune
mediators; IL-15 being the most potent in enabling NK cell homeostasis, maturation and

activation. Indeed, IL-15 knockout mice have no detectable NK cells.

During microbial infections, NK cells stimulated with 1L-15 display enhanced cytokine
responses. This priming effect has previously been shown with respect to increased IFN-y
production in NK cells upon IL-12 and IL-15/1L-2 co-stimulation. In this study, | explored if
this effect of 1L-15 priming can be extended to other cytokines and observed enhanced NK
cell responses to stimulation with IFN-a, 1L-21, IL-2 and IL-4 in addition to IL-12. Notably,
we also observed elevated IFN-y production in primed NK cells upon stimulation through the
Ly49H activation receptor. IL-15 treatments induced NK cell proliferation, enhanced NK
cell responses to activating stimuli and equipped them with cytotoxic granules thereby
“readying” them for battle against infections and tumors. Here, we try to understand the
signaling mechanisms underlying 1L-15 treatments that activate NK cells. Currently, the
fundamental processes required for priming and whether these signaling pathways work

collaboratively or independently for NK cell functions are poorly understood.



To identify the key signaling events, we examined IL-15 priming on NK cells in which the
pathways emanating from IL-15 receptor activation were blocked with specific inhibitors.
Our results demonstrate that the PI3K-AKT-mTOR pathway is indispensable for cytokine
responses in IL-15 primed NK cells. Furthermore, this pathway is also implicated in a broad
range of IL-15 induced NK cell effector functions such as proliferation and cytotoxicity.
Given that NK cells are critical for control of viral infections like murine cytomegalovirus
(MCMV), we decided to analyze the consequences of blocking the PI3K-AKT-mTOR
pathway in NK cells on its anti-viral responses. Likewise, NK cells from mice treated with
rapamycin to block the mTOR pathway displayed defects in proliferation, IFN-y and
granzyme B production resulting in elevated viral burdens upon MCMYV infection. Taken
together, our data demonstrates the requirement of PI3K-mTOR pathway for enhanced NK
cell functions by IL-15. It also shows that IL-15 primes NK cell responses to several
cytokines and to Ly49H activation receptor stimulation. To our knowledge this is first report
to demonstrate the requirement of mTOR activity in NK cells for efficient control of acute
MCMV infections; thereby coupling the metabolic sensor mTOR to NK cell anti-viral

responses.
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1. INTRODUCTION

In this section, | shall review the cells of the innate immune system and their roles in
early protection against pathogens. | shall focus on NK cells, the key players of anti-viral
and anti-tumor immunity and the role of dendritic cells (DC) in NK cell activation. With
respect to NK cells, | have talked about various activation and cytokine receptors on their
surfaces, and the importance of these receptors in shaping NK cell effector responses. |
shall also focus on MCMV infections, which is a good murine model to study NK cell
functions. My project primarily deals with the role of IL-15 cytokine in “priming” and
activating NK cell functions. Therefore, | have introduced the importance of IL-15 in NK
cell biology with special focus on the pathways emanating from IL-15 receptor
activation. Finally, the role of PI3K-mTOR (Phosphatidylinositol-4,5-bisphosphate 3-
kinase-mammalian Target of Rapamycin) pathway has been reviewed, which has been

extensively studied in T cells but requires a more in-depth understanding in NK cells.

1.1. INNATE IMMUNITY OVERVIEW

The immune system protects us from small scars to dangerous pathogens like viruses and
bacteria. Immune responses are broadly classified as innate and adaptive that comprises
of variety of cells in each category. Innate immunity ranges from simple barriers against
pathogens to recognition of stressed cells like virus-infected or cancers by several cellular
mechanisms. The cells of the innate immune system comprises of antigen presenting cells
(APCs) like DCs, macrophages, including NK cells and granulocytes that are ready for

immediate responses to all pathogens (Beutler, 2004).



At its most basic level is the first line of defense against infections that comprises of a
myriad of pathogen recognition receptors (PRRs) for recognition of unique pathogen
associated molecular patterns (PAMPs) like viral nucleic acids and lipopolysaccardies
(LPS) of bacteria. Toll-Like receptors (TLRs) are most well studied of the PRR families,
present on the APCs both on their cell-surfaces and in the intracellular compartments like
endoplasmic reticulum (Mogensen, 2009; Randall and Goodbourn, 2008). Recognition of
pathogens by TLRs mounts an inflammatory response that involves transcription of genes
required for induction of chemokines and cytokines thereby recruiting immune cells,
production of anti-microbial peptides and up-regulation of adhesion molecules for
leukocyte arrests in the areas of infection etc. With recognition of viral infections,
especially by plasmacytoid DCs and macrophages, most TLRs signal intracellularly
through a MyD88-dependent pathway (e.g. TLR7 and TLR9 that recognize ssRNA and
DNA respectively) while some TLRs use a TRIF-dependent pathway (e.g. TLR3 that
recognizes dsRNA). This results in production of NF-kB and mitogen activated protein
kinase (MAPK) genes which results in transcription of several other inflammatory genes.
In parallel, type | interferon production occurs through regulation of interferon regulatory
factors (IRF3, -5, -7, -9) thereby initiating an inflammatory cascade (Randall and
Goodbourn, 2008; Tabeta et al., 2004). The importance of TLR3 in anti-viral response is
suggested by the fact that TLR3-/- mice are susceptible to MCMV most likely due to
reduced interferon production (Tabeta et al., 2004). Alternatively, TLRs are also
expressed on NK cells and can activate them directly or indirectly through interaction of

NK cells with macrophages and DCs (McCartney et al., 2009).



While innate immune responses have the potential of delivering immediate effects upon
microbial infections, they also exert immunoregulatory roles in order to shape the
adaptive arm of immunity mainly through activation of T lymphocytes by the peptide-
major histocompatibility complex (MHC) complexes on APCs (Beutler, 2004; Biron et
al., 1999). Innate Immune cells like neutrophils and macrophages are among the first to
take up the pathogen or damaged apoptotic cells by phagocytic processes. Coating of
damaged or infected cells with antigen-specific antibodies promotes opsonization due to
recognition of the Fc portion of antibody by the Fc receptors on phagocytes. APCs like
DCs digest and process the antigenic peptides which are presented on MHC complexes to
lysis-inducing T cells. Simultaneously, cytokines and chemokines released by phagocytes
result in activation and recruitment of other immune cells such as NK cells and T cells to
sites of inflammation. Cytotoxic cells like NK and CD8 expressing T cells induce target
cell death through directed release of proteins such as perforin and granzyme that activate
cell death pathways. Such cells can also express receptors to recognize tumor-necrosis-
factor related apoptosis inducing ligand (TRAIL) and Fas-ligand (FasL) and can directly
induce apoptosis of target cells (Biron et al., 1999; Biron et al., 1996; Smyth et al., 2003).
Therefore upon receiving “danger” signals, several mechanisms persist within the innate
arm of immunity, leading to increase in metabolic activity and proliferation of immune
cells and culminating in an inflammatory cascade that helps in the fight against the

invading pathogen.



1.2. NATURAL KILLER CELLS AND THEIR ROLE IN MCMV INFECTION

Natural Killer (NK) cells are innate immune cells derived from a common lymphoid
precursor during hematopoiesis in the bone marrow (BM) and are the third largest of the
lymphocyte populations after B cells and T cells. In 1975, they were first discovered as a
unique leukocyte population in BM, spleen and blood, had large granular appearance and
possessed spontaneous “natural” anti-tumor properties. They were so named for their
propensity to Kill target cells without the need for antigenic stimulation (Herberman et al.,
1975; Kiessling et al., 1976; Trinchieri, 1989). In C57BL/6 mice model most commonly
used for studying NK cells, they are classified by expression of the cell surface markers-
CD161c (NK1.1) or CD335 (NKp46) in addition to the lack of expression of T and B cell

antigen receptors (Yokoyama et al., 2004).

NK cells are important for early defenses against pathogens before T cells come into the
picture. Their lytic functions are mediated by contact-dependent cytotoxicity and
cytokine production. In response to inflammatory signals and upon recognition of tumor
or virus-infected cells, NK cells become metabolically active and rapidly proliferate. In
vivo exposure to type | interferons generated early during inflammation can induce
proliferation and blastogenesis in NK cells through IL-2/1L-15 dependent manner (Biron
et al., 1999; Biron and Welsh, 1982; Nguyen et al., 2002). Simultaneously, the signals
also induce production of pro-inflammatory cytokines such as IFN-y and TNF-a (Biron et
al., 1999). IFN-y interferes with viral replication and thus helps to control infections
(Lucin et al., 1994). In addition, signals through activating receptors stimulate NK cells

to release pre-existing cytotoxic granules such as perforin and granzymes thereby



destroying infected and cancerous cells. Perforin induces a transient Ca** flux in the
target, which triggers a damaged cell membrane repair process and delivers apoptosis-
inducing granzymes to the cytosol of target cells (Thiery et al., 2011). Additionally, NK
cells can secrete chemokines like macrophage inflammatory protein lo (MIP-1a),
macrophage inflammatory protein 1 (MIP-1f), including regulated on activation—
normal T cell expressed and secreted (RANTES) to attract other immune cells to sites of
infection (Biron et al., 1999). Therefore NK cells are important components of the host’s

protective mechanisms towards pathogens and cancers.

One of the best models to study the innate defense mechanisms of NK cells is MCMV
infections. MCMV is the mouse counterpart of Human Cytomegalovirus (HCMV) and
belongs to the Beta-herpesviridiae virus subgroup (Virology, 4™ Edition). They have
similar virion structures, pathogenesis and cell biology (Smith et al., 2008). MCMV
infection is characterized by cytomegaly of infected cells with liver and spleen being the
major sites of infection (Ho, 1991) Different species of CMV induce host specific
immune responses; MCMV genome is stable and laboratory strains do not undergo
mutations further making them a good tool to study CMV pathogenesis (Cheng et al.,
2010). HCMV is generally asymptomatic but is detrimental in immunocompromised
hosts like HIV patients and new born infants (Weller, 1971). Infection is controlled by a
combination of innate and adaptive immune functions, after which latent infection
continues for life. Primary infection, lifelong latency, and intermittent shedding resulting
from reactivation of virus commonly occurs unnoticed suggesting the unique relationship

between CMV and its host.



Several genetically inherited host resistance mechanisms mediated by NK cells have been
identified towards MCMV. For example, the Cmvl gene locus was mapped to the NK
gene complex (NKC) region of chromosome 6 in mice which also contains several NK
activation receptors like the Ly49 family. This locus was identified in certain inbred
mouse strains and confers resistance to and mediated survival upon MCMV infections
(Brown et al., 2001; Daniels et al., 2001; Lee et al., 2001). This resistance was further
attributed to the recognition of m157, a MCMV-encoded homologue of MHC class | by
Ly49H activation receptor present in roughly 50% of NK cells in C57BL/6 strains. This
recognition results in NK cell mediated viral control mechanisms. On the other hand
absence of Ly49H resulted in uncontrolled viral replication and death of MCMV -infected

mice.

Viral immunity in MCMV-resistant mice to some extent is conferred by secretion of IFN-
v by NK cells. NK cells can produce IFN-y during MCMYV infection and this production
is induced by IL-12. Depletion of NK cells in vivo affected the production of IFN-
v during MCMYV infection and depletion of anti-IFN-y drastically increased viral titers
and MCMV-induced liver pathology compared to control mice (Orange and Biron,
1996). The importance of NK cells in controlling MCMV is apparent in mice models
where NK cells are depleted prior to viral infections. NK-depleted mice had drastically
more titers of vaccinia virus, mouse hepatitis virus and MCMYV. They displayed hepatitis
of livers, characteristic of severe MCMYV infections due to lack of NK cell anti-viral lytic
functions. Whereas NK cell-depleted and control mice had similar amounts of LCMV

titers further indicating the importance of NK cell-mediated specific resistance



mechanisms to MCMV (Bukowski et al., 1984). In humans, the most famous case of NK
cell deficiency was a female adolescent with no other immunological impairment. She
along with another patient lacking CD56+NK cells were both highly susceptible to
herpesvirus infections further demonstrating the importance of NK cells in keeping these

infections under control (Biron et al., 1989; Orange, 2002; Wendland et al., 2000).

1.2.1. NATURAL KILLER CELL RECEPTORS

NK cell effector responses are often determined by the integration of signal transduction
pathways from multiple activating and inhibitory receptors (Lanier, 2008; Lee et al.,
2007). NK cell receptor families are germ-line coded and include: human killer Ig- like
receptor (KIR) family, mouse Ly49 family and NKG2 lectin like receptor family in both
humans and mice which are involved in the recognition of viral/tumor ligands or MHC
class | molecules (Lanier, 1998). All nucleated cells in our body express MHC class |
protein which can bind antigenic peptides that are recognized by T cell receptors eliciting
a cytotoxic response from T lymphocytes (Kuby 4™ Edition). However, certain tumor
cells and virus-infected cells have evolved strategies to escape immune recognition by
down-modulating MHC expression. This is where NK cells come in, by “missing-self
hypothesis” inhibitory receptors on NK cells can recognize self-MHC | molecules and
suppress activation of NK cells thereby sparing normal cells (Ljunggren and Karre,
1990). Therefore, aberrant cells (deficient in or lacking MHC) do not result in such
inhibitory signals, so signaling through activation receptors result in destruction of target
cells (Figure 1A). In this way, MCMV can downregulate MHC | expression by various

means to avoid CD8 T cell recognition (del Val et al., 1992). For example, m04, m152



and m06 MCMV-encoded genes have been shown to downmodulate MHC | expression

(Holtappels et al., 2006).

In mice, self-tolerance is achieved through critical signals received by NK cells from
interactions between inhibitory Ly49 receptors and self-MHC class | (Thielens et al.,
2012). The main function of inhibitory receptors is to regulate the activation of NK cells.
While some inhibitory receptors are specific for MHC class |, others recognize ligands on
cell surfaces such as tumor or viral specific proteins. Inhibitory receptors belong to two
main families- type | glycoproteins like Killer and Immunoglobulin Inhibitory receptors
(KIR/LILR) of the Immunoglobulins superfamily and lectin type CD94/NKG2A and
Ly49 (-A, -C, -G, -1) families. Inhibitory receptors have a common signaling pathway
and contain the immunoglobulin tyrosine based motif (ITIM). Engagement of inhibitory
receptors lead to intracellular recruitment of SHP-1 and SHIP families of tyrosine
phosphatases which dephosphorylate signals in the vicinity of activation receptors
thereby dampening the proliferation, Ca2+ flux mediated de-granulation, and cytokine

production of NK cells (Lanier, 2008).

As discussed previously, lack of inhibitory signal leads to NK cell lytic responses, but
this also requires the presence of appropriate ligands on target cells for NK cell activation
receptors. One of the best examples of recognition of the pathogen-derived ligands by
activation receptors on NK cells is Ly49H recognition of MCMV infected cells. MCMV
infection induces m157 expression on the surface of infected cells and this is specifically
recognized by Ly49H activation receptor present on surface of NK cells (Arase et al.,

2002; Dokun et al., 2001; Smith et al., 2002). In immunocompetent mice, roughly 50% of

8



NK cells express Ly49H and these cells are preferentially expanded for control of
MCMYV infection. On the other hand, BALB/C mice strains lack Ly49H expression and
are susceptible to MCMV (Brown et al., 2001; Forbes et al., 1997; Lee et al., 2001)
(Figure 1B). Ly49H activation in response to MCMV infection is apparent at day 2 p.i.
and is sustained during the initial stages of infection up until day 6 in the infected organs
(Biron et al., 1999; Dokun et al., 2001). Recognition of ligands on virus-infected cells is
not restricted to MCMV infection alone, NKp46 and NKp44 activation receptors are also
capable of binding in vitro to haemagglutinin (HA) envelope proteins of influenza viruses

(Arnon et al., 2001; Bar-On et al., 2014).



Figure 1. Role of NK cells in Innate Immunity
(A) Diagram depicts the missing-self hypothesis of NK cells for recognizing tumor or
virus-infected cells. Balance of activation and inhibitory receptors on NK cells
determines target cell fate. (B) Diagram depicts the specific recognition of m157 viral
ligand on infected cells by Ly49H activation receptor on NK cells and consequent killing
of target cells and control of MCMV replication.
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T cells and B cells express a single dominant surface receptor that is responsible for their
activation but NK cells possess a myriad of activation receptors. This complex of
activation receptors are associated with several co-stimulatory transmembrane molecules
like FceRI-y, CD3-, DAP10 or DAP12, but they all contain a common immunoglobulin
tyrosine based motif (ITAM) that mediate the downstream activation signals. Most
activation receptors have shared downstream signaling events and result in recruitment of
Src family of Protein Tyrosine Kinases (PTKSs) including Lyn, Fyn and Lck and
activation of SyK/ZAP70 molecules. Some other common downstream signaling
molecules include phospholipase C-y (PLC-y), phosphatidylinositol 3-kinase (PI3K),
extracellular signal-regulated kinase (ERKSs) and Vav family of guanine nucleotide

exchange factors.

Some examples of activation receptors that mediate their signaling through adaptors
containing ITAM are discussed below. CD16 or FcyRIII is a low affinity receptor for 1IgG
present on both human and mouse NK cells and triggers antibody-dependent cell
cytotoxicity (ADCC). Immunoglobulins bound to antigen on target cells elicit cross-
linking of CD16 receptors and mediate ADCC and IFN-y production thereby destroying
target cells. Natural cytotoxicity receptors (NCR) namely NKp46, NKp44, and NKp30
activate natural cytotoxicity of NK cells upon contact with tumor or infected cells.
NKp46 is shared between mice and humans while Nkp30 is specific to humans (Colucci
et al., 2002). Some other examples of activation receptors are KIR2DS1, KIR2DS2,
KIR2DS3, KIR2DS4, KIR2DS5 and KIR3DSL1 in humans which bind MHC | molecules,

Ly49D and Ly49H belonging to the Ly49 gene family in mice.
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NKG2D is a unique activation receptor that can override signals from inhibitory
receptors. NKG2D can bind to certain tumor ligands like retinoic acid early transcript -1
(RAE-1) and histocompatibility antigen H-60 in mice. It can also recognize MCMV
infected cells though interaction with the murine UL-16 binding protein like transcript -1
(MULT-1). In humans NKG2D can bind MHC class | chain-related proteins A and B
(MICA/B) and recognizes HCMV encoded-UL16 binding proteins. These ligands are up-
regulated on stressed, transformed or infected cells indicating the important role played
by NKG2D in control of tumor and virus-infected cells (Raulet et al., 2001).
Overexpressing these ligands leads to tumor rejection in vivo (Cerwenka et al., 2001;
Diefenbach et al., 2001) and expression of these ligands in patients co-related with T cell
infiltration in solid tumors (Vetter et al., 2002). NKG2D activation receptors can
associate with both DAP12 and DAP10 adaptor molecules (Diefenbach et al., 2002).
DAP10 signaling does not require Syk family of kinases unlike ITAM associated
receptors; instead, they have a unique YINM motif which upon phosphorylation recruits
the p85 subunit of phoshpoinositide-3-kinase (PI3K) and Grb2—-Vavl. (Lanier, 2008). In
conclusion, different specificities of activating and inhibitory receptors endows NK cells

with multiple mechanisms to distinguish between self-cells and stressed cells.

1.2.2. NATURAL KILLER CELL RESPONSE TO CYTOKINES

Besides activation receptors, NK cells possess cytokine receptors that enable them to
respond to a myriad of cytokines namely type | interferons and interleukins such as IL-
12, 1L-2, IL-18, IL-2, IL-15 etc. Innate cytokines like type I interferons and IL-12 are

produced early in many viral infections by innate immune cells as a part of the
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inflammatory process. It was initially discovered that type | interferons (IFN o/f3) could
potentiate NK cell cytotoxicity (Trinchieri, 1989) in addition to promoting proliferation
indirectly by inducing IL-15 expression (Biron et al., 1999; Nguyen et al., 2002). With
respect to MCMV infections, survival and lytic activity of NK cells was regulated by
production of IL-15 in IFN o/B-STAT1 dependent manner, while production of pro-
inflammatory cytokine IFN-y was controlled by IL-12 (Biron et al., 1999; Nguyen et al.,
2002). IL-12 stimulates IFN-y production in STAT4 dependent manner (Kaplan et al.,
1996). NK cell derived IFN-y is observed during various viral infections, like, MCMV
(Orange and Biron, 1996) and influenza virus (Monteiro et al., 1998). NK cell derived
IFN-y influences macrophages to secrete IL-12, IFN-a and IL-18 further regulating NK
cell activity; suggesting a positive feedback and cross-talk between macrophages and NK
cells (Siren et al., 2004). In fact, IL-12 and IL-18 deficient mice had defects in NK
activity (Takeda et al., 1998). In cultures, human CD56°"™ NK cells produced negligible
IFN-y with 1L-12, IL-18 or IL-15 alone. But IL-12 and IL-18 co-stimulation produced
significantly more IFN-y and this synergy in IFN-y production is also observed with IL-
15 and IL-12 co-stimulation (Lauwerys et al., 2000). This provides an example of how
NK cells can respond to several cytokines produced in the inflammatory milieu and the

combination of cytokines elicits maximal effector responses in NK cells.

Studies have shown that IL-21 is important for terminal differentiation and activation of
NK cells. 1L-21 treatment induces maturation of NK cells, increase in perforin mediated
cytolytic activity and up-regulates expression of activation markers both in vivo and in
vitro (Brady et al., 2004). 1L-21 also induced production of pro-inflammatory IFN-y and

anti-inflammatory IL-10 in NK cells. Interesting developments have been made recently
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with regards to using IL-21 as co-stimulus for NK cell expansion ex vivo. Given the
therapeutic use of NK cells, both IL-2 and IL-15 treatment are used to expand NK cells
ex vivo, but this is limited to few generations as they undergo senescence due to telomere
shortening. This was shown to be rescued by IL-21 treatment which increases telomerase

expression in pSTAT3 dependent manner in NK cells (Denman et al., 2012).

As mentioned above, IL-2 is routinely used to expand mice NK cells and generate
lymphokine activated killers (LAK) cells and administration of this cytokine to humans
results in expansion of NK cells (Caligiuri et al., 1993; Shiloni et al., 1987). But perhaps,
the most potent among the cytokines in inducing NK cell activation is IL-15. IL-15 is a
pleiotropic cytokine secreted by several cells like DCs, macrophages, fibroblasts and
keratinocytes (Fehniger and Caligiuri, 2001; Grabstein et al., 1994). It was initially
discovered as a T-cell growth factor and belongs to the four a- helix superfamily along
with IL-4, IL-7, GM-CSF and IL-2. IL-2 and IL-15 possess structural and functional
similarities (Ma et al., 2006). IL-15 receptor (IL-15R) is heterotrimeric consisting of a
unique o chain, a shared B subunit with IL-2 and a common 7y subunit with several
cytokines. IL-2 and IL-15 have similar roles in vivo such as activation and proliferation
of immune cells and generation of T-cell dependent antibodies which were attributed to

the common receptor subunits (Carson et al., 1994; Ma et al., 2006).

Notably, IL-15 is required for survival and homeostasis of CD8-T, NK and NK-T cells as
demonstrated by IL-15-/- and IL-15Ra-/- knockout studies in mice which possess severe
defects in these populations (Fehniger and Caligiuri, 2001; Lodolce et al., 1998; Ma et

al., 2006). On the other hand, humans with rare genetic deficiencies in and knockout mice
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of IL-2 and IL-2Ra have intact NK cell numbers and activity further indicating the
specific role of IL-15 signaling for NK cell survival (DiSanto et al., 1994; Kundig et al.,
1993). Importantly, IL-15 and IL-15Ra subunits are present in several non-lymphocyte
populations further hinting at the importance of IL-15 in regulating innate immune
responses (Fehniger and Caligiuri, 2001). Studies have demonstrated that IL-15 can
promote differentiation of CD34+ human hematopoietic progenitor cells to CD56”""™ NK
cells which have large granular morphology, are cytotoxic and capable of producing
inflammatory cytokines (Mrozek et al., 1996). Parallel studies in mice have shown that
IL-15 or low IL-2 is required for CD122+ NK progenitor cells to differentiate to mature

NK cells (Rosmaraki et al., 2001).

Even though NK cells were originally recognized as “ready to act” cells that can
immediately cope with virus-infected or transformed cells (Herberman et al., 1975;
Kiessling et al., 1975), NK cells derived from laboratory strains of mice housed in
specific pathogen free (SPF) environments show minimal effector functions (Bryceson et
al., 2006; Fehniger et al., 2007; Lucas et al., 2007). Unlike human NK cells, naive mouse
NK cells are devoid of perforin and granzyme B cytotoxic granules and require additional
stimulations by IL-2 or IL-15 to induce rapid translation of their pre-existing mRNAs in
order to be fully equipped for action (Fehniger et al., 2007). Interestingly, their data also
shows that IL-15 among other cytokines was the most potent activator for synthesis of
cytotoxic granules. Thus murine NK cells require short term IL-15 exposure to become
large granular activated cells. Taken together, production of the cytokines vary depending

on the context and infection in question and regulates NK cell functions like cytokine
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production, proliferation and/or cytotoxicity at different stages of inflammation (Figure
2).

Figure 2. NK cell responses to various cytokines

NK cells possess several cytokine receptors in addition to activation and inhibition

receptors. Diagram summarizes the effect of different innate and adaptive immune
cytokines on NK cells functions.
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1.3. ROLE OF DENDRITIC CELLS IN ACTIVATION AND PRIMING OF
NATURAL KILLER CELLS

DCs are messengers that link the adaptive and innate arms of the immune system and
were first described in 1973 (Steinman and Cohn, 1973). These so called classical DCs
(cDCs) are present in several non-lymphoid organs and can respond to environmental and
pathogen cues, migrate towards T cell rich areas where they process and present antigens
as peptide-MHC complexes to activate T cells. DCs are also important for formation of T
cell dependent antibodies and for initiating transplantation rejection reactions (Steinman,
1991). Another population distinct from cDCs were called plasmacytoid DCs capable of
producing innate cytokines like IL-12 and type | interferons (IFN o/f) upon antigenic
stimulation (Steinman and Hemmi, 2006). IFN o/p produced by DCs regulate induction
of adaptive immune responses thereby limiting viral replication (Dalod et al., 2003).
Originally NK cells were assumed to be “ready to act” cells that can kill transformed
cells, but NK cells from naive mice are minimally cytotoxic and show barely detectable
cytokine production even when activated through their surface receptors. This suggets
that additional cues are required for NK cells to become active (Bryceson et al., 2006).
Several studies show that TLR ligands or interferon treatment in mice or IL-2 and IL-15
treatments ex vivo are required for activation of NK cells (Bryceson et al., 2006;
Herberman et al., 1979). Additionally, it was shown that bone-marrow derived DCs can
activate NK cells in cultures (Andoniou et al., 2005). Importantly, in the co-culture
experiments with NK cells and DCs, it was shown that IFN-y production by NK cells is
diminished in the absence of IL-12 and that cytotoxic functions of NK cells are

dependent on type 1 IFN production. Both of these innate cytokines- 1L-12 and type |
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interferons are produced by DCs. Interestingly, DCs also possess ligands for the NKG2D
receptor which could potentially contribute to further activation of NK cells. It was also
shown by another group that IL-15 which as discussed previously is an important factor
for NK cell survival can be produced by DCs in co-culture experiments (Ferlazzo et al.,

2004).

Several theories exist for how the NK cells and DCs cross talk; possibly through
recruitment at inflammed sites (Moretta, 2002), or exposure at secondary lymphoid
organs (Ferlazzo et al., 2004). Notably, it was shown that NK cells are recruited to
draining lymph nodes after injecting tumor or TLR-stimulated DCs (Martin-Fontecha et
al., 2004). However, recent evidences of IL-15 trans-presentation (discussed below) by
dendritic cells to NK cells have conclusively proved the importance of DCs in activating
naive NK cells (Koka et al., 2004; Lucas et al., 2007). Inducible ablation of CD11c"%"
DCs abrogated NK cell mediated IFN-y production and anti-tumor cytolytic activity.
These NK cells also failed to produce granzyme B cytotoxic granules and had increased
pathogen loads after infection with Listeria monocytogenes (Lucas et al., 2007). The
same group also demostrated that NK cell migration to the lymph nodes p.i. is a pre-
requisite for priming by dendritic cells and type I interferon signaling in non-autonomous
cells are required for NK cell priming. Indeed, type | interferon exposed DCs can
produce IL-15 (Lucas et al., 2007), which can bind to IL-15Ra in non-autonomous
fashion on presenting cells. In this way IL-15 is trans-presented to the intermediate

IL15R B/y subunits on nearby NK cells (Figure 3).
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Figure 3: IL-15 trans-presentation and activation of NK cells

IL-15 binds to its o subunit of I1L-15 receptor with high affinity either in cis or in trans. In
the latter case, IL-15 bound to its o subunit on a nearby cell is presented to the
B/y subunit on NK cells. Binding of IL-15 to its receptor subunits results in activation of
at least three parallel pathways downstream of JAK signaling as indicated in the figure.
The following inhibitors were used to study the importance of these signaling pathways
for IL-15 induced NK cell activation; JAK Inhibitor I, STAT5 Inhibitor 111 Pimozide,
PI3K Inhibitor LY294002, mTOR inhibitor rapamycin, AKT Inhibitor VIII AKTi-1/2,
and MEK Inhibitor PD98059.
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IL-15 can bind to their o subunit with high affinity either on same cell (cis) or on a
neighbouring cell (trans). In the latter case, IL-15 bound to IL-15 receptor o subunit is
presented to the B/y subunits of IL-15 receptor on NK cells. Trans-presentation is a
common mechanism by which IL-15 produced by neighboring cells activates and primes
NK cells. As previously discussed, during inflammation NK cells are recruited to lymph
nodes where they are activated by trans-presentation of IL-15 by IL-15Ra expressed on
DCs (Lucas et al., 2007). A pivotal role of DC-expressed IL-15 receptor a chain (IL-
15Ra) for trans-presenting IL-15 to NK cells has been demonstrated (Dubois et al., 2002;
Koka et al., 2004). Studies on monocytes have revealed that IL-15/IL-15Ra complex can

be recycled and trans-presented several times (Dubois et al., 2002).

Koka and colleagues showed that IL-15Ra expression on NK cells is dispensable for their
activation. They also showed that IL-12 or IL-15/IL-15Ra individually only modestly
produced IFN-y, but trans-presentation of IL-15 primes NK cells and synergizes with IL-
12 co-stimulation for maximal IFN-y production. Interestingly, it has been elegantly
demonstrated that IL-15 activates murine NK cells to become equipped with cytotoxic
granules and sensitize them to secondary stimuli. This “priming” has been previously
demonstrated with respect to IL-12 and IL-15 co-stimulation, which induces an
exaggerated IFN-y response in NK cells (Carson et al., 1994; Fehniger et al., 1999; Lucas
et al., 2007). Recently, it was shown that DAP10 knockout mice could not respond to IL-
15 and that DAP10 could be phosphorylated by IL-15 induced Jak3 kinase (Horng et al.,
2007). Interestingly, it was shown that the ability of cytotoxic T cells to efficiently kill

through NKG2D activation receptor required prior exposure to IL-2 or IL-15 (Meresse et

23



al., 2004; Verneris et al., 2004). This suggests existence of cross-talk between IL-15
cytokine receptor and NKG2D activation receptors for priming of NK cells. “Priming” is
possibly required by NK cells to enable some of their activation receptors to function
effectively against target cells. However, it is largely unknown which pathways are
responsible for NK cell priming or if it is achieved by a collaborative effort of multiple

pathways.

1.4. 1L-15 RECEPTOR SIGNALING

Despite differences in humans and mice NK cells, the intracellular signaling components
are fairly similar. The signaling cascades induced by the vy, chains of cytokine receptors
are well characterized and includes at least three parallel pathways: Ras-Raf-MAPK,
PIBK-AKT-mTOR, and JAK- STAT (Kovanen and Leonard, 2004; Ma et al., 2006)

(Figure 3)

1.4.1. IL-15-JAK-STAT PATHWAY

Engagement of IL-15R causes association of the § and y subunits on NK cells leading to
auto-phosphorylation and activation of Janus Kinases (JAK1 and JAK3), which in turn
activates signal transduction and activation of transcription proteins (STAT5 and
STAT3). JAKSs are tyrosine kinases found in association with cytokine receptors; IL-2Rp,
IL-4Ra, IL-7Ra, IL-9R, and IL-21R associate with Jakl, whereas common vy chain
associates with Jak3 (Leonard and O'Shea, 1998). Mutations in Jak3 cause severe
combined immunodeficiency in humans (Buckley, 2004) and Jak3 knockout mice do not

have NK cells (Park et al., 1995).
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Different cytokines employ different STAT proteins downstream of JAK activation.
There are seven mammalian STAT proteins in total (Statl, Stat2, Stat3, Stat4, Statba,
StatSb, and Stat6) (Figure 4). They are latent cytoplasmic transcription factors until
recruited by their SH2 domains to cytokine receptor docking sites for activation by JAKS.
This results in homo/heterodimerization of STAT proteins and translocation to nucleus
where they associate with nuclear factors to induce the transcription of cytokine
responsive genes. Statba and Stat5b are the most commonly associated with the vy,
cytokines. Data from NK cell-specific STAT5 ablated mice showed that NK cells are
absent in peripheral lymphoid organs (Eckelhart et al., 2011). Interestingly, there have
also been reports of a 16year old girl with a rare mutation in STAT5B that resulted in low
NK numbers combined with immunodeficiency (Bernasconi et al., 2006), suggesting a

critical role of 1L-15-STAT5 pathway in NK cell development.
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Figure 4: Different STAT proteins are activated by different cytokine families

NK cells possess several cytokine receptors in addition to activation and inhibitory
receptors. Diagram depicts how various cytokines employ different STAT molecules and
these cytokines were chosen for this study. Predominant STAT protein employed by
particular cytokines is indicated in red.
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1.4.2. IL-15-PI3K-AKT PATHWAY

Given the pro-survival and proliferative effects of IL-15 on NK and CD8 T cells, IL-15
can activate PI3BK-AKT pathway in lymphocytes (Barata et al., 2004; Hand et al., 2010).
Generally, RTKs activate PI3K which phosphorylates phosphatidylinositol-4,5-
bisphosphate (PIP2) to generate phosphatidylinositol-3,4,5-trisphosphate (PIP3). PIP3
interacts with pleckstrin homology (PH) domain-containing target proteins such as AKT
and phosphoinositide-dependent protein kinase (PDK1). AKT phosphorylation of two
negative regulators, tuberous sclerosis complex 2 (TSC2) and proline rich Akt substrate
of 40 kDa (PRAS40), leads to activation of the TOR complex-mTORC1. mTORC1
activation in turn controls protein synthesis, cell growth and metabolism (Laplante and

Sabatini, 2012).

PI3K and AKT have been shown to be involved in proliferation and survival (through
Bcl-2 induction) in B and T cells (Ahmed et al., 1997; Nelms et al., 1999). This pathway
is also implicated in T cell differentiation (at the double negative stage) and in effector
CD8 T cell generation (Araki et al., 2009; Kim and Suresh, 2013; Macintyre et al., 2011).
With respect to NK cell biology, PI3K has been shown to play a major role in ADCC,;
CD160 and NKG2D activation receptors’ signaling in NK cells is also PI3K dependent
(Loza and Perussia, 2001; Rabot et al., 2007). Indeed, pharmacological inhibition of

PI3K blocks NKG2D mediated tumor lysis by NK cells.

Previous studies using human NK cell lines have shown that blocking PI3K pathway
inhibited cytotoxic function of NK cells by inhibiting the movement of cytotoxic granules

towards targets. This was shown to be regulated upstream by NK activation receptor
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associated Syk/ZAP70 kinases, that in-turn leads to the phosphorylation of PI3K and to
further activation of downstream Racl-PAK1-MEK-ERK molecules (Jiang et al., 2000;
Jiang et al., 2002). In another study, PI3K-AKT inhibition affected cytotoxic functions
and pro-inflammatory cytokine production in human peripheral blood NK cells and this
was also regulated upstream by CD160 associated Syk activation receptor (Rabot et al.,
2007). Taken together, PI3K pathway is closely associated with activation and
downstream signaling events of IL-15 receptor and several other receptors like CD160
and NKG2D further implicating its critical role in activating NK cell functions. But these
studies have been limited to freshly isolated blood human NK cells or human NK cell
lines and these are different from inbred mice models. Therefore mice models are good
tools for analyzing the IL-15 receptor associated pathways and their roles in NK cell

activation, whose NK cells are truly naive without the appropriate cytokine signaling.

1.4.3. IL-15-MEK-ERK-MAPK PATHWAY

Adaptor protein Shc is known to mediate IL-2, IL-15 and IL-7 dependent growth and
survival by activating PIBK-AKT pathway but it can also activate the Ras-Raf-MEK-
MAPK pathway in parallel; the importance of the latter in T cell development is known.
T cell receptor (TCR) activation recruits Grb-2 and Sos adaptor molecules that in turn
activate MAPK-ERK through the Ras-Raf pathway (Franklin et al., 1994; Qian and
Weiss, 1997). Ras inactivation did not affect NK cell cytotoxic activity and surprisingly
MAPK-ERK activation was found to be Ras independent but PI3K dependent in human
NK cell lines (Jiang et al., 2000; Jiang et al., 2002). These studies have shown that MEK-

MAPK specifically controls the mobilization of cytotoxic granules towards target cells
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and killing of target tumor cells, however proliferation of NK cells was not altered with

MEK inhibition (Wei et al., 1998).

This cross talk between PI3K and MEK pathway for NK cell functions was also reported
by another group which demonstrated that the production of pro-inflammatory cytokines
like IFN-y, IL-6 and TNF-a were reduced by MEK blockade in human peripheral blood
NK cells. Similar to the former study, MEK was regulated upstream by the activation of
PI3K pathway in NK cells (Rabot et al., 2007). Contradictory results have been obtained
with respect to the type of NK sensitive-tumor cell lines used to analyze NK cell killing
functions. While it was shown that ADCC and granule exocytosis were blocked by PI3K
inhibitor (Wortmannin), lytic activity of NK cells towards target tumors (K562) was
unaffected in the presence of PI3K inhibitor (Bonnema et al., 1994). Therefore the exact
role of MEK-ERK in NK cell functions and whether it is always under the control of

PI3K for NK cell functions still needs further assessment in murine NK cells.

1.5. RECENT ADVANCES IN THE mTOR PATHWAY AND DISEASES

The serine/threonine kinase mTOR is a well-studied regulator of cell growth,
proliferation and metabolism. It acts downstream of the PI3K-AKT pathway and is
activated by growth factors, nutrients and various other signals controlling several
cellular functions (Laplante and Sabatini, 2012; Xu et al., 2012). mTOR functions
through mTOR complex 1 (mMTORC1) and mTOR complex 2 (MTORC?2); Akt activates
MTORC1 which leads to the phosphorylation of several downstream targets such as
ribosomal protein S6 kinase (S6K) and eukaryotic 4E binding protein (4E-BP) and

promotes protein translation. This kinase activity of mTORCL1 is specifically blocked by
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the drug rapamycin (Mamane et al., 2006). Rapamycin is a small molecule that is derived
from the bacteria Streptomyces hygroscopicus and binds to the FK506 binding protein
(FKBP12). This drug-FKBP12 complex further binds to and inhibits the mTORC1
complex, however prolonged exposures to rapamycin can also inhibits mTORC2

complex (Abraham and Wiederrecht, 1996).

MTOR deregulation is seen in many human diseases like neurodegenerative disorders,
cancers and diabetes. Many tumor cells over activate PI3K-mTOR pathway and this
supports their proliferation, growth and survival. Several mTOR inhibitors are being
tested in cancer therapy but their effectiveness is marred by the fact that several feedback
loops are activated in cancers upon mTOR inhibition (Blagosklonny, 2011; Laplante and
Sabatini, 2012; Xu et al., 2012). Active mTORC1 also down-regulates autophagy,
promotes lipid biosynthesis and mitochondrial biogenesis and therefore is implicated in
several neurodegenerative disorders associated with aging due to impaired mitochondrial
activity and protein degradation mechanisms (Rubinsztein, 2006). Recently accumulated
evidence demonstrates that mTOR pathway can regulate functions of immune cells by
modulating their metabolism. In fact, loss of mTOR activity due to rapamycin treatments
inhibits T cell proliferation and therefore rapamycin is used clinically as
immunosuppressive agent for the prevention of allograft rejection (Halloran, 2004).
Additionally, mTOR-null CD4 T cells were unable to differentiate to Thl, Th2 and Tth17
subsets due to impaired STAT phosphorylation while differentiation to Tregs was

preferentially activated (Delgoffe and Powell, 2009).
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While high doses of rapamycin are immunosuppressive, low dose rapamycin seem to
have immunostimulatory effects. Since mTOR controls metabolism, reduced mTOR
activity mimics dietary restriction and this is of great interest in attempts to improve life
span and quality of life. Several animal models display increased life span due to low
mTOR activity, but interesting results have been obtained with increased longevity in
rapamycin-treated, genetically heterogeneous older male and female mice (Harrison et
al., 2009). The most important and clinically relevant finding with respect to reduced
MTOR activity is that treating rapamycin at low doses improves quality and quantity of
memory CD8 T cells in vivo (Araki et al.). The observed increases in CD8 T memory
responses in rapamycin-treated mice also co-related with enhanced survival and delayed
tumor growth in mice (Li et al., 2011). B cell response to infections involves a series of
steps including migration of cells, formation of germinal centers, growth/proliferation, all
of which are controlled by mTOR (Blagosklonny, 2011; Laplante and Sabatini, 2012; Xu

etal., 2012).

Recently, it was shown that low dose rapamycin administration during primary infection
with influenza subsequently protected against secondary infections with different
influenza subtypes. This “cross-protective” immunity was mediated by inhibiting class
switch of B cells thereby enabling a unique repertoire of antibodies against conserved
epitopes (Keating et al., 2013). In conclusion, these immune-stimulatory roles probably
co-relate with the established anti-aging properties of reduced mTOR activity and

increased life-span observed in rapamycin-treated animals. Given the importance of
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MTOR pathway in disease and immune regulation, analyzing its role in NK cell functions

during viral infections is of great interest.

1.6. SPECIFIC OBJECTIVES OF THE PROJECT:

The main interest of this project was to study the role of cytokine IL-15 in priming NK
cells. Previous work on IL-15 has demonstrated its importance in the survival and
maturation of NK cells (Fehniger and Caligiuri, 2001; Lodolce et al., 1998; Ma et al.,
2006). It was also shown that IL-15 signals are required for murine NK cells to produce
cytotoxic granule like granzyme B and proliferation (Fehniger et al., 2007). Research
thus far shows that IL-15 receptor o subunit on dendritic cells is indispensable for trans-
presenting IL-15 and priming NK cells (Koka et al., 2004; Lucas et al., 2007). With
respect to cytokine production in NK cells, it is known that co-stimulation of IL-15 and
IL-12 produces exaggerated IFN-y production in NK cells than IL-12 stimulation alone
(Carson et al., 1994; Fehniger et al., 1999; Lucas et al., 2007), suggesting IL-15 signaling
primes NK cells for enhanced responses to I1L-12 stimulation. These findings have laid

the foundation for my thesis and have led to the following specific aims.

AIM 1: To analyze NK cell responses to various cytokines and the Ly49H activation
receptor upon treatment of IL-15/1L-15Ra complex.

IL-15/IL-15Ra complex mimics trans-presentation mechanism by DCs thereby providing
a good tool to study the effects of I1L-15 activation on NK cell functions and to compare
this with IL-15 priming in vivo.

1. Can “priming” of NK cell responses by IL-15 be extended to cytokines other
than IL-12?
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2. In addition, do IL-15 treated NK cells respond better to activation receptor

stimulations?

AIM 2: To analyze the role of the three parallel pathways downstream of IL-15
receptor on NK cell activation mediated by IL-15.
This was done by blocking the pathways with reversible cell-permeable inhibitors in NK
cells prior to analyzing the effects of 1L-15 treatment.

1. What are the signaling mechanisms required for 1L-15 mediated priming of
NK cell functions?

2. Is there a major pathway involved, or is it a collaborative effort of several
pathways downstream of I1L-15 receptor activation?

3. How does inhibiting these pathways affect IL-15 induced effector functions

of NK cells such as cytokine responses, proliferation and cytotoxicity?

AIM 3: To analyze the role of PI3K-mTOR pathway in NK cell anti-viral functions
Given that PI3BK-AKT-mTOR pathway is required for IL-15 induced NK effector
functions in vitro, | analyzed the importance of this pathway in IL-15 induced NK cell
responses in vivo. IL-15 is induced early in the inflammatory milieu following acute
infections and NK cells are exposed to it by way of trans-presentation by dendritic cells
(Lucas et al., 2007). This process generates activated NK cells in the periphery. For this
study, rapamycin was used to inhibit mTOR and MCMV was chosen as the model to
analyze the importance of mMTOR activity in NK cell anti-viral functions.

1. Does in vivo blocking of this pathway affect IL-15 priming of NK cell
effector functions?

2. Are NK cells from rapamycin-treated mice capable of controlling MCMV
infections in immunocompetent B6 mice, in which the requirement of NK

cell anti-viral roles is well established?

34



2. MATERIALS AND METHODS

2.1. MICE

WT C57BL/6 and B6.SJL (C57BL/6 congenic mice with CD45.1 allotype marker) mice
were purchased from Charles River and housed in specific pathogen-free environments.
Mice were used for experiments at 7-12 weeks of age. All procedures were approved by
and conducted in accordance with the institution’s animal guidelines of the University of

Ottawa.

2.2. MCMV STOCK PREPARATION

The Smith strain MCMV (ATCC® VR-1399™) was originally purchased from the
American Type Culture Collection (ATCC, Rockville, MD). MCMV stocks were
prepared in our laboratory as per the following procedure. Four week old BALB/c mice
were infected with 5x10* Plaque Forming Units (PFU) of MCMV. Mice were sacrificed
21 days p.i., their salivary glands harvested and pooled in 50ml of Media 199 (Gibco).
The mixture was then completely homogenized by using a Polytron homogenizer
(Model: PT 1600E) followed by centrifugation at 2500rpm for 15 minutes at 4°C.
Supernatants were stored in 1.5ml volumes in liquid nitrogen. Three days later, working
stocks were prepared by aliquoting the 1.5ml master stocks to 30pl volumes at -80°C. For
determining the concentration of my viral stocks, three vials from working stocks were
thawed, serially diluted in chilled 2% DMEM (DMEM containing 2%FBS) and PFU’s of
these dilutions were determined in triplicates by standard plaque assays (described in

later section).
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2.3. RAPAMYCIN AND MCMV INJECTIONS

Rapamycin (Calcibiochem), an mTOR inhibitor was dissolved in DMSO to make
20mg/ml stocks. Body weights of the mice were measured and the amount of rapamycin
to be injected was determined. Dilutions were made in sterile 1XPBS which was used as
injection buffers. Rapamycin (3mg/kg/day) or DMSO as vehicle control was
administered through intraperitoneal injections once per day until sacrificed on 1.5 or 2.5
days.

MCMYV viral stocks were appropriately diluted in sterile cold MCMV injection buffer
(IXMEM containing 2% FCS). WT C57BL/6 mice were injected with 5,000PFU of
MCMYV in 200ul of injection buffer intraperitoneally. MCMV infections were performed

4 hrs after the first rapamycin injection.

2.4. PREPARATION OF MOUSE EMBRYONIC FIBROBLASTS (MEF)

Embryos were obtained from BALB/c mice at 14-15 days of gestation and placed in
sterile 80mm petridish containing Phosphate Buffer Saline (PBS). Organs such as liver,
heart and blood tissues were teased apart and the remaining embryonic tissue minced to
tiny pieces. This was then washed with PBS and trypsinized with 0.05% Trypsin-EDTA
(Wisent Inc.) at 4°C overnight. Next day, excess trypsin was carefully removed and the
tissue containing residual trypsin was further incubated at 37°C for 15 mins. Warm 10%
DMEM (Dulbecco Modified Eagle’s Medium) (DMEM, 10% FCS, 10mM HEPES,
1xPenicillin/Streptomycin, 1% L-Glutamine) was added and single cell suspension was
prepared by using cell dissociation sieve tissue grinder kit (Sigma CD1-1KT). The

mixture was then centrifuged at 500g for 10 mins and cells resuspended in 2ml of 10%
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DMEM per embryo. About 5x10° cells/ml were seeded and cultured in the tissue culture
plate until they reached confluency. Cells were then recovered, centrifuged and
resuspended in sterile ice-chilled DMEM containing 20% FBS and 10% DMSO.
Working socks were prepared at a cell concentration of 2x10° cells/ml and stored in

liquid nitrogen.

2.5. VIRAL QUANTIFICATION ASSAY

Frozen MEF cells were thawed and cultured with 10% DMEM until they reached
confluency. A day prior to performing plaque assays, monolayers of cells were prepared
using 1.6x10°cells/ml in 24 well culture plates. After incubation at 37°C for 24 hrs in 5%
CO; incubator, the monolayer was washed with 2% DMEM (DMEM containing 2%
FBS). For measuring viral burdens in organs, spleens and livers from infected mice were
isolated and weighed into centrifuge tubes containing SS grinding 5 mm balls (Fisher
Scientific). They were homogenized using Magnalyser (Roche Applied Science) with the
following conditions- 7000rpm for 5 s for spleen, 7000rpm for 10 s for liver. The lysates
were appropriately diluted and overlaid on mouse embryonic fibroblasts cells in
duplicates. The virus was allowed to adsorb to cells for 1 h at 37°C in 5% CO, incubator
following which they were overlaid with DMEM containing low melting (LM) agar. The
media containing LM agar was prepared by dissolving 12.5 ml 2% LM in DMEM and
37.5 ml DMEM containing 13.5% FBS. After three days, cells were fixed with 10%
formalin for 10 min and stained with 0.1% crystal violet (in 70% ethanol) to determine

the number of plaques; plaques were represented as log PFU/organ.
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2.6. REAGENTS AND ANTIBODIES

The following monoclonal antibodies were used: a-CD16/32 (clone 2.4G2) from
Bioexpress, a-human/mouse Granzyme B (clone GB12) and Fixable Far Red Live/Dead
from Invitrogen. a-Ly49H (clone 3D10), a-TCR-B (clone H57-597), a-NK1.1 (clone
PK136), a-CD49b (clone DX5), a-CD8a (clone 53-6.7), and a-IFN-y (clone XMGL1.2)
from eBiosciences, a-BrdU (clone B44), a-CD4 (clone RM4-5) and mouse Isotype 1gG-
k from BD Biosciences. For detection of phosphorylated signals, BD PhosFlow
antibodies against pSTATL1 (clone 49), pSTAT3 (clone 4), pSTAT4 (clone 38), pSTAT5
(clone 47) and pSTAT6 (clone 18) were used except a-pS6 ribosomal protein
(Ser235/236) (clone D57.2.2E) from Cell Signaling. Cytokines, recombinant murine (rm)
IL-2, rmIL-4, rmIL-12, rmIL-15/IL-15Ra complex, and rmIL-21, are from eBiosciences
except rmIFN-o from Miltenyi Biotec. To physiologically mimic trans-presentation of
IL-15 to NK cells by DCs ex vivo, we decided to use rmIL-15/IL-15Ra. complex to
enable IL-15 stimulation of NK cells. The following inhibitors were purchased from
Calbiochem and used at the indicated concentrations; JAK Inhibitor | (0.4uM), STAT5
Inhibitor 11l Pimozide (10uM), PI3K Inhibitor LY294002 (4uM), mTOR inhibitor
rapamycin (1.6uM in vitro; 3mg/kg in vivo), AKT Inhibitor VIII AKTi-1/2 (0.8uM), and

MEK Inhibitor PD98059 (20uM).

2.7. SPLEEN LEUKOCYTE ISOLATION

The spleen was harvested under sterile conditions and transferred to 6-well plate
containing 5ml RPMI-1640 media/well (HyClone). The single cell suspension was

prepared by grinding spleen on 70 um mesh using end of 3cc syringe plunger. The cells
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were lysed with red blood lysis buffer, suspended in RPMI-1640 media and centrifuged

at 1200 rpm for 10 min at 4°C.

2.8. CELL STIMULATIONS

Cells were suspended in RP10 media (RPMI-1640, 10% FCS, 10mM HEPES,
1xPenicillin/Streptomycin, 1% L-Glutamine, 50uM [B-Mercaptoethanol). To block
signaling molecules, 1x10° splenic leukocytes were incubated in 96 well plates in
triplicates with the inhibitors for 1 hr prior to stimulation with rmIL-15/IL-15Ra complex
(10ng/ml) at 37°C and 5% CO,, The dose of IL-15 was chosen to induce maximum
proliferative response in NK cells without affecting CD8 T cells.

For evaluation of STAT activation, cells were harvested 24 hrs later, washed and rested
for 4 hrs in RP10 media at 37°C and 5% CO, (without IL-15) to reverse the effect of cell-
permeable inhibitors and remove the residual effects of IL-15 on STAT activation. This
was followed by stimulation with rmIL-21 (100ng/ml), rmIL-12 (10ng/ml), rmIFN-a
(1,000U/ml), rmIL-4 (100ng/ml) or rmIL-2 (50ng/ml) for 30 mins at 37°C and 5% CO,
before harvesting and measuring pSTAT expression for flow analyses. The cytokine
concentrations were determined from prior titration experiments that induced maximal
experiments on NK cells without affecting T cells.

To measure IFN-y production, IL-15/IL-15Ra complex-treated cells were added to 96
well plates pre-coated with plate bound a-Ly49H or control IgG antibody (both 10ug/ml).
Alternatively, IL-15/IL-15Ra complex-treated cells were added to 96 well plates with

either media alone or rmIL-12 (50ng/ml). Cells were stimulated for 5 hrs at 37°C and 5%
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COg, last 4 hrs in the presence of Sug/ml brefeldin A, harvested and stained for

intracellular IFN-y expression.

2.9. FLOW CYTOMETRY

For Live/Dead surface stainings, cells were recovered after 24 hrs of 1L-15 treatment and
surface stained for NK and T cells along with the Live/Dead viability marker to measure
the extent of cell toxicity after inhibitor treatment. For detection of phosphorylated
STATSs, cells were blocked with 2.4G2 and surface stained for NK and T cells with
monoclonal antibodies specific for NK1.1 and TCR-B. Following fixation with BD
Cytofix/Cytoperm buffer and permabilization with pre-chilled 100% methanol, cells were
stained for respective intracellular pSTATS, as previously reported (Miyagi et al., 2010).
Similar procedure was followed for the analysis of phosphorylated S6 Kinase (pS6K)
expression, which is blocked with rapamycin treatments (or mTOR inhibition).

Similarly, cells were blocked with 2.4G2, surface stained for NK and T cell proportions
followed by staining for intracellular Granzyme B expression or intracellular IFN-y
measurements in vitro immediately after 24 hrs of IL-15 stimulation. NK cell
proliferation was measured at 42 hrs (ex vivo) post treatment with 10, 50 or 100ng/ml of
IL-15/IL-15Ra complex or 2.5 days (in vivo) post- MCMV infection. BrdU (200uM) was
added to cultures (ex vivo) at 37°C or given as i.p. injections (in vivo) 2 hrs prior to
isolating cells. Cells were blocked with 2.4G2, surface stained for NK and T cell
proportions followed by intracellular staining for BrdU incorporation with anti-BrdU

antibody.
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For intracellular IFN-y measurements in vivo, splenic leukocytes were harvested p.i. at
D1.5 and incubated in media containing brefeldin A in addition to DMSO or rapamycin
(1.6uM) for 4 hrs at 37°C and 5% CO,. This was followed by staining for intracellular
IFN-y. In all conditions, freshly isolated untreated naive total splenic leukocytes were
used as controls. All intracellular procedures were carried out using BD
Cytofix/Cytoperm protocols. Cells were suspended in staining buffer (1xPBS, 2% FCS
and 0.09% sodium azide), acquired using FACS Cyan ADP and analyzed with Kaluza

software v2 (Beckman Coulter).

2.10. CYTOKINE QUANTIFICATION ASSAYS

Blood serum and lysates of homogenized spleen and livers from mice were appropriately
diluted and analyzed for the production of mouse IFN-y using Cytometric Bead Array kit
(BD Biosciences). Samples were prepared according to manufactures instructions,
acquired on FACS Cyan ADP (Beckman Coulter) and analyzed using the BD FCAP
Array Software (BD Biosciences. Cytokine production was presented as pg/ml for serum

and pg/10° cells for organs.

2.11. NATURAL KILLER CELL CYTOTOXICITY ASSAY

NK cell cytotoxicity was measured by analyzing the anti-tumor activity of NK cells
against YAC-1 target cells. Splenic leukocytes were isolated from infected and control
mice treated with either DMSO or rapamycin. To ensure that equal numbers of NK cells
were used for assays and to calculate the effector cell (NK cell) to target ratio, spleen
populations were surface stained for NK and T cells to ascertain NK cell proportions and

each sample adjusted to appropriate concentrations in sterile NK media (RPMI-1640,
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10% FCS, 10mM HEPES, 1xPenicillin/Streptomycin, 1% L-Glutamine, 50uM (-
Mercaptoethanol, 1% Non-Essential amino acids, ImM Sodium Pyruvate) containing
either DMSO or 1.6uM rapamycin. YAC-1 cells were cultured in sterile RP-10 media
and labeled with 100uCi of **Cr for 1 hr at 37°C, washed three times with PBS, and made
to a concentration of 5x10* cells/ ml in NK medium. In V-bottom 96-well plates, 100ul
of YAC-1 cells were added in triplicates and incubated for 4 hrs with 100ul of effector
cells with NK cell: target ratios ranging from 0.3:1 to 10:1. Supernatants were then used
to quantify the amount of >'Cr released due to specific lysis of YAC-1 targets by NK
cells, and counted using 2470 WIZARD? Automatic Gamma Counter (Perkin Elmer). NK
cytotoxicity was calculated according to the formula: % specific *'Cr release=

[(experimental release - minimum release)/ (maximum release - minimum release)] x100.

2.12. RNA EXTRACTION AND QUANTITATIVE PCR

Total RNA was extracted from splenic leukocytes using TRIZOL reagent (GIBCO BRL)
according to manufacturer’s instructions. cDNA was reverse transcribed from 500ng of
total RNA in a 20ul reaction using First strand cDNA synthesis kit (Thermo Scientific).
For quantification of B-actin and IL-15 genes by real-time PCR, one tenth volume of
cDNA was added to a 15ul reaction of FastStart Universal Probe Master Kit (Roche) and
amplified using ViiA 7 Dx Real-Time PCR Instrument (Applied Biosystems). Expression
of IL-15 in all the samples was normalized to B-actin levels. The primer sequences for
B-actin forward: S’>CCAACCGTGAAAAGATGAC3’

reverse: 5’GTACGACCAGAGGCATACAG3’,

IL-15 forward: 5> ACATCCATCTCGTGCTACTTGT3’

reverse: 5’GCCTCTGTTTTAGGGAGACCT3’ (Zhou et al., 2006).
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2.13. STATISTICS

Significance of results was determined by two-tailed unpaired student t tests

(*p=<0.05;**p<0.01; *** p<0.001) and graphed using Graph Pad Prism 5 software.
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3. RESULTS

This section is divided into three parts corresponding to the three specific aims of my
project as outlined previously. The first section demonstrates how IL-15 treatments
sensitize NK cells for enhanced responses to several cytokines in addition to the Ly49H
activation receptor. The second section deals with analyzing which pathway is
responsible for this broad range “priming” of NK cells by IL-15 to various receptors. The
main finding was that PI3K-AKT-mTOR pathway is required for 1L-15 induced effector
functions and priming in vitro. Finally the last section concludes with the importance of

mTOR activity for infection-induced NK anti-viral responses is demonstrated in vivo.

3.1. IL-15 PRIMES NATURAL KILLER CELLS TO A MYRIAD OF CYTOKINE

RECEPTORS AND Ly49H ACTIVATION RECEPTOR

In addition to inhibitory and activating receptors, NK cells express receptors for various
cytokines. Because the priming effect has only been shown with respect to enhanced
responsiveness to IL-12 when co-stimulated with IL-2 or IL-15 (Carson et al., 1994;
Fehniger et al., 1999; Grant et al., 2008; Lauwerys et al., 2000; Lucas et al., 2007; Wang
et al., 2000), we hypothesized that IL-15 “priming” of NK cell responses can be extended
to a broader range of cytokines that transmit their signal by employing the JAK-STAT

pathway.

Initially, 1 wanted to confirm the effects of NK cell priming with respect to IFN-y
production in our system. Therefore, | analyzed the sequential responses to IL-12

stimulation (rather than co-stimulation with I1L-15 and IL-12) in NK cells that have been
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previously exposed to IL-15. IFN-y production in NK cells is regulated by IL-12 in a
STAT4-dependent manner (Kaplan et al., 1996; Nguyen et al., 2002). Indeed, our data
indicates that NK cells pre-stimulated with IL-15 display enhanced phosphorylation of
STAT4 and consequently increased IFN-y production upon IL-12 stimulation compared

to naive cells (Figure 5A, B).

Signal transduction following cytokine stimulation involves multiple pathways, making it
difficult to determine whether functional consequences result from direct or indirect
effects. Therefore, to measure direct responses to cytokine stimulation, we decided to
evaluate the level of phosphorylated STAT (pSTATS), an activation event occurring
proximal to cytokine receptors. To test whether IL-15 can prime NK cells for an
extensive list of cytokines in addition to IL-12, we have stimulated naive and IL-15/IL-
15Ra complex-primed spleen leukocytes with five representative cytokines (i.e. Type |
IFN, IL-21, IL-12, IL-2, and IL-4), which transmit their signaling through STAT],
STAT3 STAT4, STATS and STAT6 molecules respectively (Figure 4) (Leonard and
O'Shea, 1998). Notably, our results demonstrated that in addition to previously described
enhanced effects upon IL-12 stimulation, IL-15 can prime NK cells to stimulations with

all cytokines tested based on enhanced phosphorylated STAT expression (Figure 5C).

45



Figure 5. I1L-15 primes NK cells through a broad range of cytokine receptors

(A) Naive and IL-15 primed splenic leukocytes (for 24 hrs) were stimulated with 1L-12
for 30 mins followed by intracellular staining for phosphorylated STAT4 protein.
Histograms depict the expression of phosphorylated STAT4 protein in NK and T cells.
Naive cells are depicted in blue, IL-15 treated cells in red and isotype antibody (negative
controls for intracellular staining) in grey. (B) Naive and IL-15 primed splenic leukocytes
were stimulated with media or IL-12 for 5 hrs; Brefeldin A was added during the last 4
hrs. Cells were then stained for intracellular IFN-y. Histograms depict IFN-y expression
upon IL-12 stimulation in NK cells and summarized in graphs where each bar indicates
an average of duplicate samples. (C) Naive and IL-15 primed splenic leukocytes (for 24
hrs) were stimulated with the indicated cytokines. After 30 mins, cells were stained for
intracellular expression of phosphorylated STAT proteins. Histograms depict the
phosphorylation of respective STAT proteins in NK and T cells. NK cells were defined
as NKI1.1+TCRp- populations and T cells as NK1.1-TCRB+ populations. Figures are
representative of three independent experiments. Numbers on histograms indicate
proportions of IFN-y expressing cells. Significance of results was determined between
naive and primed cells. **p <0.01;*** p<0.001
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We next analyzed whether this increased responsiveness in primed NK cells can be
extended to stimulation through activation receptors. It is known that stimulation through
both I1L-12-STAT4 and Ly49H-Syk/ZAP70 receptors induces IFN-y production in
activated NK cells (Biron et al., 1999; Lanier, 2008; Lee et al., 2007). We therefore
analyzed the IFN-y expression in primed NK cells after stimulation through Ly49H
activation receptor. Our results indicate that primed NK cells display significantly
elevated IFN-y expression in NK cells when stimulated though their Ly49H receptor
compared to naive cells (Figure 6). Even though stimulations induced basal IFN-y
production in naive NK cells, IL-15-primed NK cells produced dramatically enhanced

levels of IFN-y.

Taken together, priming with even low doses of IL-15/IL-15Ra complex sensitizes NK
cells to stimulations through cytokine receptors and Ly49H activation receptor. 1L-15
pre-exposed NK cells are more activated and produce significantly more IFN-y than
naive cells. It is worth noting that this priming effect was predominantly observed in NK
cells compared to T cells, indicating the unique effect IL-15 has on NK cell activation in

Vivo.
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Figure 6. I1L-15 primes NK cells through Ly49H activation receptor

Naive and IL-15 primed splenic leukocytes were stimulated on a-Ly49H or control
antibody coated plates for 5 hrs; Brefeldin A was added during the last 4 hrs. Cells were
then stained for intracellular IFN-y. Histograms depict IFN-y expression upon Ly49H or
control IgG1 stimulation in NK1.1+TCRp- cells and summarized in graphs where each
bar indicates an average of duplicate samples. Figures are representative of three
independent experiments. NK cells were defined as NK1.1+TCRp- populations. Numbers
on histograms indicate proportions of IFN-y expressing cells. Significance of results was
determined between naive and primed cells. **p <0.01;*** p<0.001

49



+ CONTROL  a-Ly49H

. =

o/ =1y —— c 60

el 11 % ] Naive VA|
Naive g 8 g 40 . Il Primed

3 .. pri— TR 5 X o9 —

> 153 48 T Z

-— — . Z
TG e
rimed |, | x CONTROL «a-Ly49H

IFN-y expression

50



3.2. SIGNALING MECHANIMS REQUIRED FOR IL-15 PRIMING

My preliminary data shows IL-15 broadly primes NK cells to stimulations through a
variety of cytokine receptors and Ly49H activation receptor. We hypothesized that this
IL-15 priming of NK cell functions like cytokine responses, cytotoxicity and proliferation
can be attributed to a common signaling mechanism. IL-15 binding to its receptor
initiates signaling through activation of Janus kinases (JAK) 1/3, which induces at least
three parallel cascades: Ras-Raf-MEK, PI3K-AKT-mTOR, and STAT5 (Kovanen and

Leonard, 2004; Ma et al., 2006).

In order to identify which signaling pathway downstream of IL-15-JAK activation is
predominately responsible for priming, NK cells were prepared by blocking each
pathway by pretreatment with specific cell permeable inhibitors. The pathways were
blocked prior to priming with IL-15/IL-15Ra complex. We used PD98059 for blocking
ERK 1/2, LY294002 for blocking PI13K, and Pimozide (STATS5 inhibitor I11) for blocking
STATS. In addition, AKT-1/2 inhibitor (CAS 612847-09-3) and Rapamycin (mTOR

inhibitor) were used to investigate the signaling events downstream of PI3K pathway.

3.2.1. DETERMINATION OF CELL TOXICITY OF INHIBITORS

To identify the working concentrations of inhibitors that did not affect viability of cells,
spleen leukocytes were treated with three different concentrations of drugs — high, low
and medium in the presence of IL-15 for 24 and 48 hrs. The samples were then recovered
and surface stained for NK and T cells along with a viability stain to determine the
percentage of live and dead cells. Only the dose that induced NK cell viability compared

to controls (IL-15 untreated cells) were chosen as working concentrations for further
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experiments. Having established the working concentrations, their toxicity on naive cells
were determined. In other words, the toxicity of working concentrations of the inhibitors
on naive NK cells that were not cultured with I1L-15 was analyzed within a few hours of
treatment. Notably, | observed that naive NK cell deaths in samples with working
concentrations of inhibitors were comparable to controls (without any inhibitor

treatment), suggesting no direct toxicity contributed by inhibitors (Figure 7A).

Next | wanted to re-confirm if the chosen concentrations maintained cell viability over a
24 hr culture period with IL-15. Therefore, NK cells were analyzed for cell deaths after
24 hrs of IL-15 stimulation. Cells were treated with inhibitors for 1 hr followed by IL-
15/IL-15Ra complex treatment. Since IL-15 is essential for NK cell survival, cells
deprived of IL-15 exhibit drastic cell deaths (Figure 7B). JAK1/3-STAT5 has been
known for mediating pro-survival effects of IL-15 in the cell (Ma et al., 2006; Park et al.,
1995; Yao et al., 2006). As expected, blocking JAK mimicked the dramatic cell death
observed with cells cultured in the absence of IL-15. The results are summarized in a
graph (Figure 7C) which indicates that blocking STAT5 pathway also resulted in
dramatic cell deaths. This further confirms the requirement of IL-15 for NK cell survival
and correlates with the observed NK cell deficiency in IL-15 and IL-15R-/- mice.
Notably, all other inhibitors tested maintained NK cell viability compared to IL-15
treated controls (cells without any inhibitor treatment), suggesting that blocking of PI3K
and MEK pathways at the indicated inhibitor concentrations did not affect NK cell

survival.
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Figure 7. Effect of various inhibitors on NK cell viability

(A) Naive splenic leukocytes were incubated with indicated concentrations of JAK and
STATS inhibitors for 1, 3 and 5 hrs, in addition to media alone or working concentrations
of the other inhibitors for a total of 5 hrs. Toxicity of the inhibitors was analyzed by
staining for proportions of Live/dead cells among various populations. Graph depicts
percentages of NK cells that stain positive for dead staining. (B) Spleen leukocytes were
incubated with working concentrations of JAK inhibitor for 1 hr, following which cells
were cultured for 24 hrs in media with or without IL-15/IL-15Rc.. Numbers on
histograms depict percentages of NK cells that stain positive for dead staining. (C)
Similarly, splenic leukocytes were incubated with working concentrations of the
inhibitors or DMSO controls for 1 hr, following which cells were cultured for 24 hrs in
media with or without IL-15/IL-15Ra. Graph depicts percentages of IL-15 treated NK
cells that stain positive for dead staining. NK cells were defined as NK1.1+TCRp-
populations. Figures are representative of at least three independent experiments. Each
bar indicates an average of duplicate samples.
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3.22. PIBK-mTOR PATHWAY IS REQUIRED FOR CYTOKINE
RESPONSIVENESS OF IL-15 PRIMED NATURAL KILLER CELLS

Having established the optimal concentration of inhibitors, we investigated the major
pathway responsible for cytokine responsiveness of IL-15 primed NK cells. 1L-15
induced pathways were blocked in naive splenic leukocytes by adding inhibitors 1hr
before IL-15/IL-15a complex stimulation for a total of 24 hrs. Treated cells were washed
and rested for 4 hrs to remove residual effects of IL-15 and reverse the effects of
inhibitors. They were then evaluated for phosphorylated STAT3 and STAT4 upon the
stimulation with IL-21 and IL-12 respectively. Notably, treatment with PI3K inhibitor
abrogated the priming effect, with phosphorylated STAT levels similar to that of naive
cells. Such inhibition was also observed with blocking mTOR and AKT, downstream
signaling components of PI3K pathway, suggesting that PI3BK-AKT-mTOR pathway is
critical for optimal responses of “primed” NK cells to 1L-21 (Figure 8A) and IL-12

(Figure 8B) stimulations.

Treatment of naive cells with the inhibitors did not show any reduction in their cytokine
responsiveness compared to controls (data not shown), indicating that the pathway is
specifically implicated in I1L-15 primed NK cells. In addition, blocking MEK reduced
phosphorylated STAT levels significantly with 1L-21 and modestly with IL-12
stimulations. Therefore, IL-15 treatment enhances NK cell responsiveness to cytokine
stimulations and the effects of priming is abrogated by blocking PI3K-AKT-mTOR

pathway during IL-15 treatment.
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Figure 8. PI3BK-AKT-mTOR pathway is critical for responsiveness of primed NK
cells to cytokine stimulations

Splenic leukocytes were incubated with working concentrations of the inhibitors for 1 hr;
followed by culturing of cells for 24 hrs with 1L-15/IL-15Ra. Naive and inhibitor treated-
primed spleen leukocytes were washed and rested for 4 hrs followed by stimulation with
the indicated cytokines. After 30 mins of cytokine stimulation, cells were stained for
intracellular phosphorylated STAT proteins. Histograms depict expression of
phosphorylated STAT3 and STAT4 proteins in primed NK cells upon stimulation with
(A) IL-21 and (B) IL-12 respectively and the effect of various inhibitors on the same.
Results are summarized in graphs where each bar indicates an average of triplicate
samples. Figures are representative of at least three independent experiments. Numbers
on histograms indicate percentages of pSTAT expression in NK cells. NK cells were
defined as NK1.1+TCR- populations. Significance of results was determined with IL-15
primed cells without any inhibitor treatment. *p<0.05;*** p<0.001
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3.23. PIBK-mTOR PATHWAY IS IMPLICATED IN IL-15 INDUCED
EFFECTOR FUNCTIONS OF NATURAL KILLER CELLS

3.2.3.1. IFN-y RESPONSE OF PRIMED NATURAL KILER CELLS

During inflammation, NK cells are exposed to IL-15 at early stages in lymph nodes and
become activated as a result of recruitment to sites of inflammation in the periphery
(Lucas et al., 2007). Activation of NK cells produce pro-inflammatory cytokines like
IFN-y and kill target cells via perforin/granzyme-mediated cytotoxicity. Therefore, we
decided to evaluate if PI3BK-AKT-mTOR pathway is also required for NK cell effector
functions induced by IL-15. Consistent with previous data, IL-15 primed NK cells
produced significantly more IFN-y than naive cells upon IL-12 (Figure 9A) and o-
Ly49H (Figure 9B) stimulations. Interestingly, IFN-y production in both stimulations

was severely reduced by PI3K-AKT-mTOR inhibition.

Blocking JAK1/3 and STAT5 abolished IL-15 induced IFN-y production upon IL-12
stimulation of NK cells, but STATS5 inhibitor did not dramatically affect IFN-y
production in NK cells with a-Ly49H stimulation. This suggests that unlike in IL-12
stimulation, blocking STAT5 may not be detrimental for primed NK cell responses to o-
Ly49H stimulation. In addition, MEK inhibition in NK cells reduced IL-15 induced

elevation in IFN-y production with both cytokine and activation receptor stimulation.
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Figure 9. PI3BK-AKT-mTOR pathway is required for optimal IFN-y production in
primed NK cells

Splenic leukocytes were incubated with working concentrations of the inhibitors for 1 hr;
followed by culturing of cells for 24 hrs with IL-15/IL-15Ra. Naive and inhibitor treated-
primed spleen leukocytes were stimulated with IL-12 or in a-Ly49H coated wells for 5
hrs; Brefeldin A was added in the last 4 hrs. Cells were then stained for intracellular
expression of IFN-y. Histograms depict IFN-y expression in NK cells upon stimulation of
(A) IL-12 receptor and (B) Ly49H receptor and the effect of various inhibitors on the
same. Results are summarized in graphs where each bar indicates an average of duplicate
samples. Figures are representative of two independent experiments. Numbers on
histograms indicate proportions of IFN-y expressing NK cells. NK cells were defined as
NKI1.1+TCRB- populations. Significance of results on each bar was determined with
primed cells without any inhibitor treatment. ** p<0.01; *** p<0.001
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3.2.3.2. CYTOTOXIC AND PROLIFERATIVE RESPONSES OF PRIMED
NATURAL KILLER CELLS

Unlike human NK cells, NK cells from mouse housed in specific pathogen free vivarium
are devoid of perforin/granzyme B expression, but can translate these cytotoxic granules
from pre-existing mRNA pools upon the activation by IL-15 (Fehniger et al., 2007). As
discussed previously, IL-15 treatment results in proliferation and expansion of NK cells
(Biron and Welsh, 1982; Nguyen et al., 2002). IL-15 treated cells, but not naive NK cells,
expressed significantly more granzyme B and BrdU incorporation suggesting
proliferation (Figure 10). The production of cytotoxic granules and proliferation in NK
cells were dose dependent and increased with increasing concentrations of 1L-15/IL-

15Ra complex.

Next | analyzed the effect of inhibiting the various pathways on IL-15 induced granzyme
B synthesis. Blocking PI3K-AKT-mTOR pathway drastically reduced granzyme B
expression in 1L-15 activated NK cells. Interestingly, MEK inhibition did not affect the
ability of primed NK cells to express granzyme B (Figure 11). Since the PI3K-mTOR
pathway is implicated in NK cell cytotoxic granule production, the effect of this pathway
in proliferation of NK cells was determined. Splenic leukocytes were stimulated with
three different concentrations (10, 50 and 100 ng/ml) of IL-15/IL-15Ra complex and
pulsed with BrdU 2 hrs prior to analysis for BrdU incorporation at 42hrs. Consistent with
their negative effect on survival, blocking either JAK or STAT5 completely abrogated

NK cell proliferation (Figure 12).
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Figure 10. Effect of IL-15 on proliferation and cytotoxic granule production in NK
cells

Splenic leukocytes were incubated with indicated concentrations of IL-15/IL-15Ra for
24 hrs. Naive and IL-15 primed cells were harvested; surface stained for NK and T cells
and stained intracellular granzyme B and BrdU incorporation. Graph depicts the
percentage of NK cells expressing intracellular granzyme B or BrdU. NK cells were
defined as NKI1.1+TCRpB- populations. Figures are representative of at least three
independent experiments.
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Figure 11. PI3K-AKT-mTOR pathway is required for granzyme B production in
IL-15 treated NK cells

Splenic leukocytes were incubated with working concentrations of the inhibitors for 1 hr;
followed by culturing of cells for 24 hrs with IL-15/IL-15Ra. Naive and primed cells
were stained for intracellular granzyme B. Histograms depict intracellular granzyme B
expression in NK cells and the effect of inhibitors on the expression. Results are
summarized in graphs where each bar indicates an average of triplicate samples. Figures
are representative of at least three independent experiments. Numbers on histograms
indicate proportions of cells expressing granzyme B. NK cells were defined as
NKI1.1+TCRB- populations. Significance of results on each bar was determined with
primed cells without any inhibitor treatment. *** p<0.001
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Figure 12. PI3K-AKT-mTOR pathway is required for proliferation of IL-15 treated
NK cells

Splenic leukocytes were incubated with working concentrations of the inhibitors for 1 hr;
followed by culturing of cells for 24 hrs with IL-15/IL-15Ra at the indicated
concentrations. BrdU was added in vitro (one tenth volume of a 96-well) to the cells, 2
hrs prior to intracellular staining for BrdU. Histograms depict BrdU incorporation in
naive and primed NK cells and the effect of inhibitors on NK cell proliferation at
different concentrations of IL-15/IL-15Ra. Results are summarized in graphs where each
bar indicates an average of 6 samples pooled from two independent experiments. Figures
are representative of at least three independent experiments. Numbers on histograms
indicate percentages of BrdU incorporation in NK cells. NK cells were defined as
NKI1.1+TCRB- populations. Significance of results on each bar was determined with
primed cells without any inhibitor treatment. *** p<0.001
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Notably, NK cell proliferation was severely affected with PI3K-AKT-mTOR inhibition
and this was reproducible in NK cells treated with higher doses of IL-15/IL-15Ra
complex. When the effect of MEK inhibition was analyzed at different 1L-15 doses,
blocking MEK did not abrogate NK cell proliferation with 10 and 100ng/ml of I1L-15/IL-
15Ra complex. However, there was decrease in proliferation of NK cells primed with
50ng/ml of 1L-15/IL-15Ra complex, but this was not as dramatic as the effects seen with

inhibition of the PI3BK-AKT-mTOR pathway.

Taken together, our data suggests that PISBK-AKT-mTOR pathway is central for IL-15
mediated NK cell effector responses including granzyme B expression, proliferation and
IFN-y production. MEK is important for cytokine responses and IFN-y production but is
not critical for granzyme B expression and proliferation; suggesting differential

regulation of MEK for effector functions of NK cells upon IL-15 stimulation.

3.3. mTOR ACTIVITY IS REQUIRED FOR INFECTION-INDUCED NATURAL
KILLER CELL EFFECTOR FUNCTIONS IN VIVO

To further extend my findings of the importance of PI3K-AKT-mTOR pathway for IL-15
induced NK cell functions in vivo, the effects of blocking mTOR pathway by
administering rapamycin were analyzed during MCMV infections where critical role of
NK cell for early control of virus replication is well known (Biron et al., 1999; Lee et al.,
2007). As previously mentioned, NK cells are recruited to secondary lymph nodes in
response to infections, where they are activated by IL-15 trans-presentation by DCs and

this releases activated NK cells in the periphery (Lucas et al., 2007).
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Wild Type (WT) B6 mice were given mTOR inhibitor rapamycin or DMSO by
intraperitoneal injections daily and either infected with 5,000PFU MCMV or left
uninfected as controls. To confirm inhibition of the mTOR pathway by rapamycin
treatment in vivo, we evaluated levels of phosphorylated S6 ribosomal protein which is a
target of S6 kinase downstream of mMTOR pathway (Mamane et al., 2006). Significantly
low phosphorylation levels of S6 ribosomal protein were found in rapamycin-treated
mice compared to controls, indicating efficient blocking of mTOR pathway by rapamycin

(Figure 13A).

Next, we evaluated the effects of rapamycin treatment on IL-15 production. IL-15 not
only plays a key role in survival, induction of cytotoxicity and proliferation of NK cells;
but also functions as a central mediator of inflammation by amplifying the inflammatory
response in various immune cells (Ma et al., 2006). To confirm if rapamycin treatment
does not hamper IL-15 production thereby enabling NK cell priming in vivo, we
quantified IL-15 mRNA levels in splenic leukocytes on day 1.5 by real-time PCR. IL-15
was induced upon MCMV infection and no significant differences in expression levels

between rapamycin-treated and control samples were observed (Figure 13B).

This was followed by evaluation of NK cell effector functions during MCMYV infections
such as intracellular IFN-y and granzyme B production in rapamycin treated mice on day
1.5. Both granzyme B (Figure 13C) and IFN-y (Figure 13D) expression levels were

induced after MCMV infection in NK cells. However, their productions were diminished
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in rapamycin-treated mice compared to controls. At this timepoint, MCMV infection
induced a well-defined innate cytokine peak response of IFN-y in serum, which was
dramatically reduced (>75%), indicating that cytokine response of NK cells is
compromised in the rapamycin-treated mice (Figure 13E). Similar patterns were
observed in the organs; rapamycin-treated mice displayed reduced IFN-y production in

the infected spleens (Figure 13F) and livers (Figure 13G).

Additionally, cytotoxic responses were studied ex vivo by measuring the ability of NK
cells from rapamycin or DMSO treated- control and infected mice to kill the NK cell
sensitive YAC-1 cells. NK cells from infected mice were able to efficiently lyse target
cells while naive cells displayed poor killing activity. Notably, splenic NK cells from
rapamycin-treated MCMV-infected mice on day 1.5 had attenuated lytic activities

towards target tumor cells (Figure 13H).
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Figure 13. In vivo inhibition of mMTOR affects NK cell cytokine production and
cytotoxic responses

Rapamycin or DMSO treated mice were either uninfected or given 5000PFU MCMYV i.p.
and sacrificed on day 1.5. Splenic leukocytes were isolated and used for the following
analyses: (A) Graph depicts intracellular expression of phosphorylated S6 ribosomal
protein in splenic NK cells. (B) Total RNA was extracted and quantified for IL-15
production by real-time PCR. Graph depicts IL-15 mRNA expression in controls and
infected samples normalized to B-actin levels. Graphs depict percentages of intracellular
granzyme B (C) and IFN-y (D) expressions in NK cells. Infected and control organs were
isolated, homogenized and the lysates used for analysis of cytokine production along with
blood serum by cytometric bead assays. Graphs depict the amount of IFN-y levels in
serum (E), spleens (F), and livers (G). (H) To measure NK cytotoxic activity, infected
and control spleen leukocytes were incubated ex vivo with their target YAC-1 tumor cells
at the indicated effector (NK cells): target cell ratios for 4 hrs in media containing DMSO
or rapamycin. Graph shows percentages of YAC-1 cells lysed by splenic NK cells. For
intracellular stainings, n=5-7 mice pooled from two independent experiments that were
matched for sex and age of mice. NK cells were defined as NK1.1+TCRp- populations.
Figures are representative of at least three independent experiments. Significance of
results was determined between DMSO and rapamycin treated samples. ** p<0.01; ***
p<0.001
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As previously mentioned, NK cell anti-viral defenses are critical at early stages for the
control of MCMV replication. Therefore, | investigated the consequences of blocking
MTOR pathway in NK cells by treating mice with rapamycin and evaluated NK cell
responses to MCMV infections on day 2.5; as specific proliferation of NK cells with
respect to MCMV begins at day 2. Significant reductions in the phosphorylation of S6
ribosomal protein were observed in MCMV-infected rapamycin treated mice compared to

controls, indicating efficient blocking of the mTOR pathway (Figure 14A).

The proportions of NK cells were comparable to controls and unaffected by rapamycin
treatment (data not shown). However consistent with the ex vivo data, proliferation of NK
cells as measured by BrdU incorporation was severely affected in rapamycin-treated mice
during infections (Figure 14B). Consequently, when virus loads in organs of mice treated
with rapamycin was measured at this timepoint, significantly higher viral burdens were
found in spleens and livers compared to those that received DMSO (Figure 14C). Taken
together, similar to ex vivo results blocking mTOR pathway in vivo affects IL-15 induced
cytokine production, proliferative and cytotoxic responses of NK cells during infections,

thereby resulting in elevated viral burdens upon MCMV infection.
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Figure 14. In vivo inhibition of mTOR affects NK cell proliferative and anti-viral
responses

Rapamycin or DMSO treated mice were either uninfected or given 5000PFU MCMV i.p.
and sacrificed on day 2.5 post-infection for the following analyses: (A) Splenic
leukocytes were isolated from infected and control organs and analyzed for the effects of
rapamycin treatment on mTOR pathway. Graph depicts intracellular expression of
phosphorylated S6 ribosomal protein in NK cells. (B) BrdU was injected intraperitoneally
(2 hrs prior to sacrifice) following which splenic leukocytes were isolated from infected
and control organs and analyzed for NK cell proliferation. Graph depicts proportion of
BrdU incorporation in NK cells. (C) Infected and control organs were isolated,
homogenized and the lysates used for viral quantification by plaque assays. Graph
indicates viral titers in the infected spleens and livers of DMSO or rapamycin treated
mice. For all graphs, n=4-7 mice pooled from two independent experiments that were
matched for sex and age of mice. Figures are representative of at least three independent
experiments. Viral titers for organs with no detectable plaques were arbitrarily set at the
level of detection for statistical calculation and graphical representation. NK cells were
defined as NKI1.1+TCRpB- populations. Figures are representative of at least three
independent experiments. Significance of results was determined between DMSO and

rapamycin treated samples. *p<0.05; ** p<0.01; *** p<0.001
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4. DISCUSSION

4.1. SUMMARY OF RESULTS

Priming of NK cells was generally understood as increased response to IL-12 when NK
cells were co-stimulated with 1L-15. Here, my data demonstrate that pre-treatment of NK
cells to IL-15 sensitizes NK cell responses not only to IL-12 but also to subsequent
stimulations with other cytokine families that employ the JAK-STAT pathway. In
addition, | observed increased responses of IL-15 pre-treated NK cells to Ly49H receptor
stimulations. My data also supports the notion that IL-15 treatment is required for
induction of major NK cell effector functions. It is known that during inflammation NK
cells are recruited to lymph nodes where they are “primed” by trans-presentation of IL-15
by DCs. This priming is particularly important as murine NK cells are minimally
cytotoxic and require appropriate signals to become activated. Indeed, my data shows that
IL-15 treatment is required for induction of granzyme B production and proliferation in a
dose dependent manner. In addition, | have demonstrated that IL-15 “priming” increases
IFN-y production in NK cells through Ly49H activation receptor stimulation. Overview
of IL-15 trans-presentation to NK cell is demonstrated in a model by which activated NK

cells are generated in the periphery during infections (Figure 15).

Analyses of the signaling pathways downstream of IL-15 receptor activation
demonstrated that inhibiting JAK and STAT5 abolished the pro-survival effect of IL-15
on NK cells. Importantly, my data implicates PI3K-AKT-mTOR pathway for IL-15
“priming” of NK cell responses to cytokine stimulations. In addition, this pathway is

critical for IL-15 induced NK cell proliferation, IFN-yand granzyme B production.
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Therefore blocking PI3K, AKT and mTOR ex vivo affected all the major functions of NK
cells. These results were confirmed in vivo where blocking mTOR pathway affected NK
cell effector functions including proliferation, IFN-yand granzyme B production.
Consequently due to a lack of NK cell anti-viral mechanisms, rapamycin-treated mice
were unable to efficiently control viral replication upon MCMV infections conclusively

demonstrating the role of PI3K-mTOR pathway for IL-15 induced NK cell functions.

4.2. 1L-15 PRIMING OF NATURAL KILLER CELL FUNCTIONS

The role of NK cells in killing infected and tumor cells are well studied over the years.
They share cytotoxic functions with T cells but unlike them, NK cells do not require prior
antigen stimulation. They are capable of specific and non-specific recognition of stressed
cells and are therefore important for both innate and adaptive immune responses (Biron et
al., 1999; Trinchieri, 1989). NK cell effector responses are often determined by the
integration of signal transduction pathways from multiple activating and inhibitory
receptors (Lanier, 2008; Lee et al., 2007). NK cells also possess a myriad of cytokine
receptors that allow them to respond to the various cytokines produced in the

inflammatory milieu of innate and adaptive immune responses.
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Figure 15. Effect of blocking different signaling pathways on IL-15 induced NK cell
effector functions

(A) IL-15 trans-presentation by DCs in secondary lymph nodes generates activated NK
cells in the periphery which can efficiently mount anti-viral functions. (B) Inhibition of
JAK and STAT5 molecules downstream of 1L-15 receptor activation affects survival of
NK cells. By extension this results in an absence of activated NK cells in the periphery
and inefficient control of viral replication. (C) Inhibition of PI3K-AKT-mTOR pathway
affects IL-15 induced NK cell effector functions and results in increased viral tires during
MCMV infections due to a lack of activated NK cells in the periphery. (D) Inhibition of
MEK pathway affects IL-15 induced increased cytokine responsiveness and IFN-y
production but is less critical for proliferation and cytotoxic granule production in
activated NK cells. NK cells produced IFN-y is necessary for control of MCMV viral
titers.
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IL-15 is most potent in inducing NK activation; IL-15 is unique in that it is required for
survival, maturation and homeostasis of NK cells. Indeed, IL-15-/- and IL-15Ra-/-
knockout mice have no detectable CD8 T, NK and NK T cell populations (Fehniger and
Caligiuri, 2001; Lodolce et al., 1998; Ma et al., 2006). IL-15mRNA is expressed in a
wide variety of hematopoietic and non-hematopoietic cells but not by T cells, IL-15 is
difficult to detect in vivo and predominantly occurs as a membrane bound form on many
accessory cells like macrophages, DCs and monocytes (Fehniger and Caligiuri, 2001;
Stoklasek et al., 2006). The IL-15 receptor consists of high affinity o subunit, and the
lower-intermediate affinity B (CD122) and y subunits (CD132), the latter two subunits are
shared between IL-15 with IL-2 (Carson et al., 1994; Giri et al., 1994). Unlike IL-2Ra.,
which exhibits low affinity for IL-2 in the absence of CD122 and CD132, IL-15 can bind
to the high affinity o subunit on same cell or in a non-autonomous cell fashion. Studies
have shown that IL15Ra on NK cells are dispensable for their activation and survival
(Koka et al., 2004). During infections, activated NK cells in the periphery are generated
by recruiting naive NK cells to secondary lymph nodes where innate immune cells like
dendritic cells trans-present IL-15 to NK cells (Koka et al., 2004; Lucas et al., 2007; Ma
et al.,, 2006). Activation of NK cells releases pre-existing cytotoxic granules such as
perforin and granzymes. Simultaneously, the signals also induce production of
inflammatory cytokines such as IFN-y and TNF-o (Biron et al., 1999). Both of these
functions are required for killing tumor cells and controlling pathogen replication. It was
shown IFN-y production by NK cells during viral infections is due to virus induced 1L-12
(Biron et al., 1999). NK cell priming by IL-15 is generally understood along the lines of

IL-12 or IL-15 stimulations. Such stimulations individually produced modest IFN-y in
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NK cells but IL-15 co-stimulation with IL-12 results in exaggerated IFN-y production

(Carson et al., 1994; Fehniger et al., 1999; Lucas et al., 2007).

In this report, | have demonstrated that prior exposure to IL-15/IL-15Ra primes NK cell
responses to further stimulations through a myriad of cytokine receptors and the Ly49H
activation receptor. IL-15/IL-15Ra (10ng/ml) was chosen to mimic trans-presentation
mechanisms by DCs. IL-15 is linked to IL-15Ro at the sushi domain along with
extracellular region of IL-15Ra subunit and this complex considerably enhances IL-15
binding to the CD122 and CD132 chains on the nearby cells. As complex increases the
binding of IL-15 to the CD122 and CD132 subunits by several fold, reduced
concentrations of IL-15 complex (i.e. 10ng/ml) are sufficient to activate NK cells. This
bypasses the requirement of high doses of IL-15 (in the absence of the IL-15Ra subunit)
which is capable of inducing proliferation of NK cells in addition to activation. CD122 is
also expressed in high amounts on memory CD8 T and CD4 regulatory T cells in
addition to NK cells. However, our data shows that 10ng/ml of IL-15 induced
proliferation and enhanced cytokine responses specifically in NK cells and not in T cells.
My data demonstrate that IL-15 priming of NK cell to cytokines is somewhat universal
and enhanced responses was observed to stimulations with cytokines employing different
STATs downstream of their receptor activation. As previously mentioned, IFN-y
production produced by NK cells is required for their anti-viral control mechanisms
(Lucin et al., 1994). Therefore, it was interesting to see that IL-15 primed NK cells
display enhanced IFN-y production through both IL-12 cytokine receptor and Ly49H
activation receptor stimulations. In addition, IL-15 is also critical for effector functions of

NK cells such as proliferation and granzyme B production. There was a dose-dependent
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increase in proliferation and granzyme B production with IL-15/IL-15R complex
treatments. Notably the effects of IL-15 observed in our model were specific to NK cells
and not observed in T cells, re-iterating the importance of I1L-15 trans-presentation for

NK cell priming.

4.3. PIBK-AKT-mTOR PATHWAY IS REQUIRED FOR IL-15 INDUCED NK
CELL PRIMING AND ACTIVATION

Given that I1L-15 primes NK cell cytokine and effector responses, we hypothesized that
there is a common signaling mechanism underlying IL-15’s effects on NK cells.
Engagement of IL-15R on NK cells causes auto-phosphorylation and activation of Janus
Kinases (JAK1 and JAK3), which induces at least three parallel signaling cascades: Ras-
Raf-MAPK, PI3K-AKT-mTOR, and signal transduction and activation of transcription
(STAT) 5 pathways (Kovanen and Leonard, 2004; Ma et al., 2006). However, it is largely
unknown if one of three major signaling pathways is responsible for NK cell priming or it
is achieved by a collaborative effort of multiple pathways. By using specific cell-
permeable reversible inhibitors to enable efficient blocking of individual signaling
pathways emanating from IL-15 receptor, | further demonstrated that PISK-mTOR
pathway is critical for IL-15-induced enhanced responses to cytokine stimulations. As
expected, JAK and STATS5 inhibition mimicked the negative impact of lack of IL-15 on
NK cell survival at 24 hrs of culture, indicating the importance of IL-15 in the
homeostasis of NK cells. But whether STATS is required for activation and priming of
NK cells independent of survival remains to be tested. As mentioned above, use of

inhibitors ex vivo or NK cell specific- STATS5 knockout mice models greatly hamper NK
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cell numbers. However recent advancements with tamoxifen inducible-Cre mice allows
STATS to be conditionally knocked out in mature NK cells during infection and inducing
the ablation of STAT5gene by injecting the mice with tamoxifen. This will overcome the
NK survival issue while addressing the role of STAT5 in priming and cytotoxic

responses in vivo.

PIBK-mTOR pathway is implicated in IFN-y production by primed NK cells when
stimulated through both IL-12 and Ly49H receptors. This is particularly relevant in our
B6 mice model, as Ly49H recognition of the viral ligand m157 during MCMV infection
triggers NK cell proliferation and enhances NK cell anti-viral responses (Arase et al.,
2002; Dokun et al., 2001; Smith et al., 2002). However, Ly49H expression in B6 mice
strains is restricted to roughly 50% of NK cells; therefore further investigation of NK cell
priming to other NK cell activation receptors is warranted. Moreover, several receptors
on NK and T cells using different adaptor molecules such as CD3, Syk/ZAP70, DAP10,
DAP12 etc. could be employed upstream and possibly converge to a common PI3K-
mTOR pathway for NK cell effector functions (Deshpande et al., 2013; Djeu et al., 2002;
Horng et al., 2007). For example, it has already been demonstrated that PI3K is a critical
component of NKG2D receptor signaling in NK cells, and IL-15 can enhance NKG2D
signaling by augmenting the phosphorylation of DAP10 signaling molecule. This along
with my data with Ly49H suggests a cross talk between activation receptors and 1L-15
cytokine receptor for achieving maximum NK cell activation. NK cells could possibly
employ a multitude of mechanisms such as activation by cytokines and engagement of

activation receptor for maximal effector functions; but PI3K-AKT-mTOR pathway
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induced by IL-15 is central for achieving maximal NK cell activation.

In addition, PI3K-mTOR pathway is required for IL-15 induced major NK cell functions
including granzyme B expression and proliferation. Previous studies have shown that
MEK inhibition affected NK cytotoxic activity by interfering with the mobilization of
cytotoxic granules towards target cells in human NK cell lines, while proliferation of NK
cells was unaffected (Wei et al., 1998). This was further shown to be regulated upstream
by Syk/ZAP70 molecules associated with the NK activation receptors, that in-turn leads
to the phosphorylation of PI3K and to the activation of downstream Racl-PAK1-MEK-
ERK molecules (Jiang et al., 2000; Jiang et al., 2002). The importance of the MEK
pathway in NK cell cytokine responses was also reported by another group which
demonstrated that the production of pro-inflammatory cytokines like IFN-y, IL-6 and
TNF-o were reduced by MEK blockade in human peripheral blood NK cells. Similarly in
their system, MEK was regulated upstream by the activation of Syk-PI3K pathway upon

CD160 receptor ligation on NK cells (Rabot et al., 2007).

Both these studies are consistent with my data that implicate MEK in responsiveness to
cytokine stimulations and also in IFN-y production upon IL-12 and o-Ly49H
stimulations, while MEK is relatively less important for proliferation. In addition, my
data show that the intracellular production of granzyme B was unaffected with MEK
inhibition. However, this does not necessarily translate to efficient NK cytotoxic
responses as NK cell activity is regulated at multiple steps. Therefore the mobilization of
cytotoxic granules towards the target cells needs to be analyzed in our model to further
understand the effect of MEK inhibition on NK cell lytic activity. As mentioned
previously, IFN-y production in NK cells during MCMV infection is necessary for
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efficient control of viral titers; and increased viral replication was observed when this NK
cell IFN-y production was blocked. Interestingly, it was shown that ablation of IFN-y did
not affect the cytotoxic granule mediated lytic activity of NK cells (Orange et al., 1995).
Therefore, it is likely that MEK inhibition will also result in uncontrolled viral titers

during MCMV infections compared to control due to defects in IFN-y production.

On the other hand, both in vivo and ex vivo results clearly show that PI3K-AKT-mTOR is
required for granzyme B, proliferation and IFN-y production in NK cells. It is also
important to understand the differences in models used to study NK cell functions. All
NK cells were initially thought of “ready to act cells” but unlike human NK cells which
are constantly exposed to microbes and other activating stimulus, mice housed at SPF
environments have long known to be poorly cytotoxic against tumor cells. This is
attributed to lack of perforin/granzyme B expression, but can translate the cytotoxic
granules from pre-existing mRNA pools upon the activation by IL-15 (Fehniger et al.,
2007). Therefore, murine NK cells are excellent models to study- 1) IL-15 activation of
naive NK cells and 2) The effect of blocking PI3K-mTOR pathway in 1L-15 induced NK

cell functions, without the influence of pre-existing stimuli.

44. mTOR ACTIVITY IS REQUIRED FOR NK CELL ANTI-VIRAL

FUNCTIONS DURING MCMV INFECTIONS

The serine/threonine kinase mTOR is a well-studied regulator of cell growth and
metabolism. It acts downstream of the PI3K-AKT pathway and is activated by growth

factors, nutrients and various other signals (Laplante and Sabatini, 2012; Xu et al., 2012).
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Activation of mTOR complex 1 (mMTORC1) leads to the phosphorylation of several
downstream targets such as 70-S6 kinase (S6K); and this kinase activity of mTORC1 is
blocked by rapamycin treatment (Mamane et al., 2006). Recently accumulated evidence
demonstrates that mTOR pathway can regulate immune response by modulating
metabolism of the individual immune cells. For example, rapamycin inhibits T cell
proliferation and therefore is used clinically as immunosuppressive agent for the
prevention of allograft rejection (Halloran, 2004). However, treating rapamycin at low
doses improves naive CD8 T cell differentiation to memory CD8 T cells in vivo,
suggesting immunostimulatory roles in memory response (Mamane et al., 2006). mTOR-
deficient CD4 T cells fail to differentiate into Th1, Th2, and Th17 cells and this defect
was largely due to impaired phosphorylation of respective STAT molecules required for
each lineage differentiation. This is similar to my ex vivo experiments where diminished
levels of phosphorylated STATSs in primed NK cells were observed with inhibition of

mTOR (Powell and Delgoffe, 2010).

Since my ex vivo data implicated the importance of PI3BK-AKT-mTOR pathway for major
NK cell functions, | decided to extrapolate these results to in vivo MCMV models where
the role of NK cells in controlling viral replication is well studied. My data showed that
in vivo blocking of mTOR by rapamycin affects NK cell cytotoxic and proliferative
responses during MCMYV infection, culminating in elevated viral burdens compared to
untreated controls. Our results show that the PISK-mTOR pathway is indispensable for
efficient NK cell activity and provides an example of how mTOR activity is linked to
immune functions of NK cells. The effect of rapamycin on NK cell functions during

MCMV infection was dramatic, showing severe defects in IFN-y and granzyme B
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productions in addition to lack of NK cell proliferation. It is well known that granzymes
and IFN-y are required for efficient NK cell lytic activity towards target cells (Loh et al.,
2005; Orange et al., 1995; Tay and Welsh, 1997; van Dommelen et al., 2006).
Consequently, mTOR inhibition affected NK cell cytotoxic responses towards target
YAC-1 tumor cells and were unable to efficiently control viral replication in the infected
organs. Presumably, the drastic effect of rapamycin on NK cells is due to the fact that
they are the most metabolically active cell population during acute MCMV infection.
During infections, NK cells undergo rapid blastogenesis and this expansion is dependent
on IL-15 (Nguyen et al., 2002; Orange and Biron, 1996). Studies have shown that I1L-15
trans-presentation is not likely to be affected by rapamycin treatments (Marcais et al.,
2014). My data also suggests that mTOR pathway might be required for the efficient
metabolic transformation of NK cells and the associated immune functions. However,
rapamycin can also have considerable effects on other innate immune cells such as
macrophages, which are reservoirs for MCMV infection and known to play important
roles in innate immune defense mechanisms. It remains to be tested in my rapamycin-
treated and infected mice models, if increased MCMV viral titers observed during
infection are due to the immune-supressive functions of rapamycin on macrophages and

dendritic cells.

45. EFFECT OF OTHER CYTOKINES IN NK CELL PRIMING AND
ACTIVATION

My project focuses on the effect of IL-15 primed NK cell responses to five representative
cytokines IL-2, IL-4, IL-12, IL-21 and IFN-a, with each cytokine employing different

87



STAT molecules downstream of the JAK pathway. But as indicated in Table 1, naive NK
cells possess several other receptors such as IL-3, IL-7, IL-10, IL-23, IL-27 etc. The
response of NK cells to stimulations with the latter set of cytokines have not been tested
in this study and it is likely that IL-15 exposure enhances NK cell responses to the above-
mentioned cytokines. Therefore to further confirm if IL-15 priming of NK cell cytokine
responses through the PI3K-AKT-mTOR pathway is a general phenomenon, the response
of IL-15 treated NK cells to the extended list of cytokines in the table that have the
corresponding receptors on NK cell surfaces needs to be analyzed. Furthermore, it could
be possible that IL-15 treatment up-regulates the expression of those cytokine receptors

on surfaces of NK cells that were absent in untreated naive cells.
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Table 1. Different cytokines, their receptors and the STAT molecules employed
The table displays the extensive list of cytokines that employ the JAK-STAT pathway. It

also shows the presence or absence of the cytokine receptor expression on naive NK
cells. Only dominant STAT molecules that are employed by the particular cytokine are
shown. The five representative cytokines that employ different STAT molecules
downstream of JAK pathway and tested in this study are highlighted in yellow.
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Receptor on

Cytokine Receptors cells STATs**

Type I IFN IFNAR Yes STATI1, STAT2
IL-2 IL-2Ra, IL-2/15RpB, common y chain Yes STATS
IL-3 IL-3Ra, common B chain Yes STATS
IL-4 IL-4Ra, common y chain Yes STAT6
IL-5 IL-5Ra, common B chain No STATS
IL-6 IL-6Ra, gp130 Yes STAT3
IL-7 IL-7Ra, common y chain Yes STATS
IL-9 IL-9Ra, common y chain Yes STATS
IL-10 IL-10Ra, IL-10RB Yes STAT3
IL-12 IL-12RB1,IL-12RB2 Yes STAT4
IL-13 IL-13Ra, common y chain No STATe6
IL-15 IL-15Ra, IL-2/15RpB, common y chain Yes STATS
IL-20 IL-20Ra, IL-20RB No STAT3
IL-21 IL-21Ra, common y chain Yes STAT3
IL-22 IL-22R1,1IL-10R2 No STAT3
IL-23 IL-12RB1,1IL-23R Yes STAT3, STAT4
IL-24 IL-22R1,1L-20R2 No STAT3
IL-26 IL-20R1,1IL-10R2 No STAT3
IL-27 IL-27Ra, gp130 Yes STATI1, STAT3
IL-28 IFNLR1, IL-10R2 No STATI1, STAT3
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In this way, while naive NK cells do not possess receptors for some cytokines such as IL-
5 and IL-13, IL-15 treatments might induce the expression of the same on primed NK
cells. Therefore, while it is true that IL-15 exposure enhances NK cells responses to
certain cytokines, their responses to the extensive list of cytokines that employ the JAK-
STAT pathway and the relative expression of cytokine receptors on their cell surfaces

after IL-15 treatment needs further analysis.

As previously mentioned IL-15 is constantly required for survival of NK cells, while
other cytokines like IL-2, IL-4, IL-7, IL-12, IL-18 and IL-21 either do not affect or have
minor roles in NK cell development and homeostasis. These cytokines, however, have
pronounced effects on NK cell functions and maturation. For example, IL-12 and IL-18
produced by innate immune cells is necessary for IFN-y production and tumor clearance
by NK cells (Takeda et al., 1998). It is well known that combination of IL-15 and IL-12
enhances IFN-y production in NK cells, but such synergistic effects on NK cell cytokine
production is also observed with other cytokines. In fact, IL-12 and IL-18 in combination
elicited maximum cytokine responses in NK cells (Lauwerys et al., 2000). Besides IL-2
and IL-15, IL-21, IL-12 and IL-18 treatments also resulted in large granular morphology
and maturation of NK cells in vitro. Interestingly IL-15 and IL-2 induced the lytic
capacity of NK cells which was enhanced in presence of IL-21 in vitro (Brady et al.,

2010).

Taken together this suggests that several cytokines can modulate different functions of
NK cells and the cytokine milieu that NK cells are exposed to influences the functional
subsets of NK cells in vivo. These results also indicate that other cytokines can activate

certain functions of NK cells to a similar or lesser degree compared to I1L-15. Since many
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of these cytokines employ the JAK-STAT pathway, prior exposure of NK cells to these
cytokines could possibly enhance NK cell responses to subsequent cytokine stimulations
in vivo. Additionally, several of these cytokines which are induced during inflammatory
responses in vivo are likely to activate the PI3BK-mTOR pathway and therefore could
“potentially prime” NK cells through enhanced activity of this pathway. This is
especially relevant in mature NK cells exposed to IL-15 and IL-21 which significantly
enhances their cytokine production and lytic activity (Brady et al., 2004). This suggests
that IL-21 treatments can enhance NK cell functions and their responses to other
cytokines similar to that of IL-15 “priming” of NK cells. Finally given that IL-2 and IL-
15 possess functional similarities, it would be interesting to probe if IL-2 exposure can

“prime” NK cell responses to other cytokines.

5. CONCLUDING REMARKS

To our knowledge, this is the first study to link the 1L-15-induced mTOR pathway to NK
cell functions in vivo during acute virus infections like MCMYV. This project has
demonstrated that the signaling axis of IL-15-PI3K-mTOR in NK cells is important for
their cellular proliferation, responsiveness to cytokine stimulations and cytotoxic
functions. IL-2/1L-15 share receptor subunits of IL-2/IL-15R-f and -y chains and both are
being widely used for ex vivo expansion of NK cells in immunotherapy. Their promising
therapeutic capacity for a variety of human malignancies has stimulated an interest in
using NK cells for anti-cancer treatments (Kalinski et al., 2005; Vivier et al., 2012). IL-2

is accompanied by severe toxicity; IL-15 might be better for NK expansion and activation
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but warrants use of physiologically irrelevant high doses. My data shows low doses of
IL-15/IL-15Ra complex sensitizes NK cells to several activating stimuli. Therefore,
understanding the molecular mechanisms by which IL-15 primes and activates NK cells
will allow manipulation of IL-15 signaling for improving NK cell-based therapeutic

strategies against cancers and infectious diseases.

Given that IL-15Ra on dendritic cells are required for activation of NK cells, studying
how IL-15 can enhance NK cell functions will help in designing cell based vaccines for
tumor therapy similar to the recently approved Provenge™ vaccine for prostate cancers.
For example, treating patients DCs with IL-15 in addition to tumor ligands ex vivo can
enhance antigen presentation to tumor infiltrating lymphocytes and simultaneously
activate NK cell tumor activity in vivo. Alternatively, DCs can be stimulated with TLR
ligands to promote IL-15 synthesis and presentation. In fact, transfecting cancer cells
with IL-15Ra has shown positive outcome in mice with trans-presentation of IL-15 to
NK cells and rejection of colon carcinoma cells in mice (Kobayashi et al., 2005). In
conclusion, given that IL-15 is indispensable for their survival and maturation it is
imperative to study the mechanisms of how IL-15 primes NK cell functions in vivo.
Therefore the results of this study will provide insights into optimal activation of NK
cells and can be applied to developing NK cell based immunotherapies for various

diseases.
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